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ABSTRACT

The class of investigative methods collectively termed evolutionary or comparative
genomics embraces the principle that features of a protein or nucleic acid are significantly
influenced by ancestry and are the product of extensive natural selection. The application of
different computational techniques exploiting this principle yields insight into evolution and
function, and also provides a sound theoretical framework for further experimental investigation.
This dissertation uncovers such insights by applying these techniques to selected protein folds,
namely the PUA, P-loop NTPase, Rossman, and [3-grasp folds.

Highlights of these investigations include the discovery of a conserved protein domain in
the ASC-1 transcriptional coactivator complex with an ancestral linkage to the PUA fold and
prediction of an RNA-binding role for the domain. Multiple evolutionary origins for viral DNA
packaging ATPases of the P-loop NTPase fold were discovered, and novel components of viral
DNA packaging systems were detected. Contrary to previous assumptions, portal proteins of

diverse tailed phages, the primary interacting partners of packaging ATPases, were determined
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to be of monophyletic origin. A third higher-order assemblage of domains belonging to the
Rossmann-like fold was established, unified by conserved sequence features which contribute to
metal-chelation. Determinants of catalytic activity in the Haloacid Dehalogenase (HAD) and E1-
like protein superfamilies of the Rossmann fold were elucidated; these describe how structural
and domain architecture variation have influenced exploration of substrate space by these
superfamilies. These findings also led to the identification and crystallization of the first member
of the HAD superfamily lacking catalytic activity, and functional predictions for these inactive
HAD domains. The determinants of functional diversity in the (3-grasp fold were also identified
resulting in discovery of a novel superfamily of ligand-binding [3-grasp domains, the first
dedicated soluble-ligand binding activity identified in the fold. Functional predictions for
domains in this superfamily were made for diverse systems such as polysaccharide export, DNA
uptake, and intracellular redox reactions. Investigations into the p-grasp fold also led to the
elucidation of the evolutionary origins of the eukaryotic ubiquitin signaling system and the
prediction of several distinct, entire ubiquitin-like modification systems in prokaryotes featuring

conjugation and deconjugation of ubiquitin-like proteins.
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INTRODUCTION

Traditionally, decoding interactions between biomolecules in the cell has relied on the
techniques of biochemistry and molecular biology. While these investigations have been central
to the current picture of fundamental life science, they tend to underplay an important aspect—
all biological systems are a product of natural selection. This fact enforces an element of historical
reasoning in biology which may be missed in the traditional methods of analysis on account of
their focus on model systems which are studied in isolation. The key consequence of this
evolutionary element in biology is that any given biological system must be viewed as a product
which is downstream of a long line of stochastic variations that have been channeled through
natural selection. This means that a given feature of a biomolecule such as a protein is heavily
influenced by its ancestry rather than by its current functional properties alone. These basic
assumptions underlying evolutionary reasoning have been applied by several workers even
within the sphere of classical molecular biology and biochemistry. However, their relevance has
come to the fore more recently due to the revolutionary developments in genomics over the past
decade. These developments provide us with an unprecedented amount of data whose full
significance can only be fully realized upon application of methods of evolutionary analysis.

Broadly, the methods of analysis which exploit evolutionary logic include a variety of
techniques which identify homology between proteins or nucleic acid elements [1, 2], reconstruct
evolutionary (phylogenetic) trees at the level of individual molecules, collection of molecules or
whole genomes [3] and extract contextual information from genomic organization and high-

throughput experimental data sets for gene and protein expression and protein-protein



interaction [4-9]. Collectively, this class of computational analyses may be termed evolutionary or
comparative genomics [1].

On the technical side, comparative evolutionary genomic analysis of protein sequences
and structures has mainly concentrated on the development of sensitive sequence and structure
similarity search methods, development of statistics to assess significance of sequence and
structure similarity, alignment techniques for protein sequences and structures, and construction
of phylogenetic trees using multiple alignments (see overview of methods employed below). On
the side of biologically relevant applications, the main focus of evolutionary studies on proteins
has been prediction of organismal biology or biochemical function from sequence data. More
specifically, the latter area has included: protein domain discovery which has vastly improved
biochemical understanding of proteins, prediction of novel functional components of biological
functional systems, understanding the biochemical mechanisms of enzymes, and reconstructing
interaction networks for components of biological systems. The research comprising this
dissertation chiefly focuses on the latter area, the application of computational approaches in
comparative genomics to understand protein function, structure, and evolution.

The earliest efforts in comparative or evolutionary genomics typically relied on a limited
sample of sequences from a limited number of organisms. The first studies recognizing similarity
between biomolecular sequences and the possible evolutionary implications of these findings
were performed by Drs. Russell Doolittle, Linus Pauling, and Emile Zuckerkandl [10], [11], [12],
[13]. The first attempts to systematically classify large amounts of sequences manually collected
and maintained within in-house databases were initiated in the lab of Dr. Margaret Dayhoff in
the 1960s and 1970s [14, 15]. Improvements in sequencing techniques in molecular biology,

notably the development of Edman degradation in determining amino acid sequences [16],



enabled researchers to more rapidly obtain sequences derived from genomic sources and
contributed to an increase in sequence availability, leading to an increase in the 1980s in the
number of public databases housing genomic sequence data [17-19]. However, the application of
these computational techniques to investigation of biological phenomena truly came of age with
the development and utilization of high-throughput genome sequencing technologies [20, 21] [22,
23] and the commencement of international initiatives to improve structure-solving technologies
and increase the output of solved protein structures [24-26], resulting in a veritable flood of
biological data. The rise of centralized and large, publicly-financed databases corresponded with
this increase in data, and include, among others, the sequence storing GenBank (originally
housed at Los Alamos [27]) and Protein databases at the National Center for Biotechnology
Information (NCBI) [28] and the EMBL and SWISS-PROT databases at the European
Bioinformatics Institute (EBI) [29, 30]. Databases housing other types of large-scale biological
data have also emerged more or less concomitantly, structural data at the Protein Data Bank [31]
hosted by Rutgers University and the University of California, San Diego, and metabolic and
interaction network data at the Kyoto Encyclopedia for Genes and Genomes at Kyoto University
[32], VisANT at Boston University [33], and BIOGRID at the Ontario Cancer Institute [34].
Algorithms capable of rapidly assessing similarity between sequences of interests and an entire
database of biomolecule sequences were subsequently developed (see overview of methods
employed below for detailed descriptions), most notably the omnipresent BLAST program [35],
as well as its forerunners FASTP [36] and FASTA [37] and successor PSI-BLAST [38]. The increase
in search space and efficiency of tools performing the searching has ultimately allowed

researchers to comprehensively explore features on a genome-wide scale across numerous



organisms, whether these features are conserved across all organisms or restricted to a smaller set
of organisms.

Several landmark research findings have been based on comparative evolutionary
genomics, and while a comprehensive review of these findings is beyond the scope of this
introduction, a sampling is instructive as to the role this field has played in shaping theoretical
and experimental discussions in biology over the past 15 years. 1) Providing support for and
describing the driving forces behind eukaryogenesis (the origin of eukaryotic cell) [39-41] 2)
Novel genes contributing to human disease conditions have been analyzed and function,
structure, and evolution have been predicted [42-44]. 3) Identification of genes and other
conserved functional genomic elements [45-47]. 4) Elucidation of interacting networks of proteins
and the evolutionary descent of characterized biological systems. 5) Providing evidence in
support of the RNA world hypothesis and prediction of the functional importance of so-called
“RNA genes” in extant organisms [48, 49]. 6) Providing novel insights into the function and
evolution of various components of important metabolic and signaling pathways [50, 51]. 7)
Comparison of prokaryotic genomes leading to the conclusion that horizontal gene transfer has
played a fundamental role in prokaryotic evolution [52].

An additional accomplishment in the field of comparative evolutionary genomics that
will frame the organization of this dissertation is the construction of a classification hierarchy for
the protein domain universe. Most proteins, with the exception of certain transmembrane
proteins and several proteins displaying primarily unstructured regions, can be decomposed into
globular regions termed domains. The entire collection of protein domains forms the different
components of the protein universe. Comparison of protein structures was again first

investigated on a small scale by Pauling, Zuckerkandl, and Doolittle. The first systematic



approaches to classification were performed by Dayhoff and Dr. Michael Rossmann, with
Dayhoff proposing in 1976 that related groups of protein domains form “superfamilies” based on
shared sequence features [53], [54]. In the early 1980s, Jane Richardson developed the Ribbon
diagram method of schematically representing protein structures in three dimensions; the
underlying concepts of this method would later aid the development of structural comparison
and prediction algorithms [55]. Because sequence diverges at a faster rate than structure,
determining higher-order relationships exclusively from sequence data has proven impossible.
The development of sensitive structural similarity-based search algorithms allowed researchers
to begin probing more ancient homologies between domains. The first algorithm capable of
searching against a database of structures was the Dali algorithm developed by Holm and Sander
[56]; their research based on Dali-derived scores was the first attempt at a comprehensive
classification of the protein domain universe [57]. Murzin and colleagues refined the classification
and released the SCOP database [58] after a careful case-by-case analysis of individual domain
structures. In brief, the top level of the hierarchy is formed by what are termed “classes”, which
contain domains sharing very general sequence features; for example, domains comprised of all
[3-sheets form the all-f3 class, entirely a-helical domains form the a-class, the a/f class contains
domains with mixed a/f elements, and the a+{ class contains domains where the a-helices and
-strands are largely segregated. The next level down the hierarchy, the fold level, consists of
domains containing the same topological arrangements of secondary structure elements. Within
folds, domains with low sequence identity but containing shared structural or sequence features
suggestive of a common evolutionary origin are grouped together into superfamilies. The family
level at the bottom of the hierarchy typically contains orthologous sets of proteins performing the

same function across different organisms [58].



Organization of the Dissertation

In my research, I will be utilizing state of the art tools (see below) for comparative
evolutionary analysis to investigate specific problems relating to several key protein folds
spanning several of the different classes of protein domains: the PUA fold of the all (8 class, the P-
loop NTPase and Rossmann folds of the o/ class, and [3-grasp fold of the a+f3 class. Each section
of this dissertation will relate to one of these folds and contain one or more sub-sections
representing specific studies in which I performed the bulk or all of the research involved, under
the guidance of other researchers in the lab. The specific motivations for investigating each fold
are introduced at the beginning of the relevant section along with a brief discussion of its known
biological significance and the history surrounding its initial discovery.

This dissertation spans a range of different topics related to each fold listed above, tied
together by a common set of methods used to analyze the folds. In order to simplify the reading
of this dissertation and eliminate repetition, this introduction will proceed with a description of
the methods used across all of the studies, discussing theory and specifically describing
commonly-used algorithms. The specific implementation of these methods will then be detailed
case-by-case within individual sections of the dissertation (see Table of Contents). Following the
description of the methods, the introduction will conclude with an account of how these methods
are similarly or differently applied in other labs.

Due to the broad range of topics contained in this dissertation, I have modularized each
section to facilitate in the reading of a particular section, regardless of whether all sections have
been read. Vital concepts and methods are thus described towards the beginning of individual
sections; tailored to the specific content of that section. In this way the dissertation provides an

easy reference for individuals interested in the findings of a single section.



Overview of Methods Employed

The methods employed in this research can be divided into four general categories:
sequence analysis, structure analysis, phylogenetic tree-building, and genomic contextual
comparison methods. Each category and its associated techniques are described in detail below,
following a description of the software package used by the lab as a platform for performing
computational procedures and the computing resources that were available for use.
TASS software package

All large scale procedures were directed by the TASS (Tools for the Analysis of Sequence
and Structure) software package developed in our lab by Vivek Anantharaman, S. Balaji,
Abhiman Saraswanti, and L Aravind. The TASS package shares many functionalities with the
SEALS (System of Easy Analysis of Lots of Sequences) software package originally developed at
the NCBI by Rolen Walker and Eugene Koonin [59]. TASS, currently being prepared for
publication, is designed to run on open systems and be flexible enough to allow for easy
modification of the different tools built into the system and the easy incorporation of other open-
source tools. TASS is designed for use only on the Unix operating system, as it is dependent on
the Unix pipe feature (see below for explanation and example). There are approximately 100
commands currently in the package; commands are constructed to be modular, permitting the
construction of long “sentences” of several consecutive commands, as was the case in the SEALS
package [59].

The primary “currency” of the TASS package mediating access and retrieval of specific
sequences of interest is the gi number, a unique identifier for individual sequences housed in
databases at the NCBI, including the Protein and Nucleotide databases. After retrieving a

sequence or sequences through this gi number, TASS performs a range of processing functions



including conversion into an assortment of formats, retrieval of specific regions in sequences, and
alignment construction through links to various alignment programs like T-COFFEE [60],
MUSTANG [61], and MUSCLE [62]. TASS is also capable of evaluating sequences through
scripted links to search tools like BLAST [35] and HMMer [63], transmembrane helix prediction
programs like TMHMM?2 [64] and SignalP, and phylogenetic tree-building programs like TREE-
PUZZLE [65] and Weighbor [66]. Evaluation is also achieved through accessing gene
neighborhoods of user-specified size from the NCBI PTT tables. TASS is also useful for
constructing easy-to-view outputs, including alignment viewing in seqrows format (examples of
which are scattered throughout the dissertation) and also through automatic generation of color-
coded alignments in html format constructed according to various user-specified parameters.
TASS is therefore a means of performing complex analyses on sequence and structure
through the use of simple and logical sentence structures. For example, an extended sentence

containing multiple commands would be as follows:

{/home}> gi2fasta <gi number> | splishpgp —d nr - 7 -h 0.01 | psi2normal | blast2gi —pcut 0.01 |

gi2fasta | muscle | fasta2seqrows

In this command, the sequence corresponding to gi number is retrieved in fasta format from the
NCBI Protein database, and the PSI-BLAST program (see below) is called by the splishpgp
command with several common parameters used in command-line BLAST searches. The
psi2normal command removes all iterations from the completed PSI-BLAST search except for the
final command, the blast2gi retrieves the gi numbers from a blast search above a certain specified

cut-off (given in the —pcut option), and the gi2fasta command retrieves the sequences from the



PSI-BLAST output. The muscle command sends the sequences to the MUSCLE alignment
program, and the final fasta2seqrows command converts the format provided by the MUSCLE
output into an easier format to view.
Computing resources

For operations requiring a minimal amount of memory, one of five local general purpose
Linux machines dedicated to research pursuits at the NCBI was used, four of these contain 32-bit
memory and one is 64-bit machine. Operations that could be broken into multiple smaller jobs
were performed on the Compute Farm at the NCBI, a Platform LSF cluster designed by the

Platform Computing company (http://www.platform.com/). The Compute Farm contains roughly

50 interconnected processors each with 8 GB maximum available RAM, and is accessed through
the set of commands standard to the LSF platform via the local Linux machines mentioned above.
Several commands in TASS are designed to send input directly to the Compute Farm, although
due to the need to interface with the LSF platform, these results can not be outputted to another
TASS command.

For more computationally intense procedures the National Institutes of Health (NIH)
Biowulf cluster was utilized, a Linux distributed memory parallel processing system available to
the NIH community designed and constructed by NIH staff. The Biowulf cluster consists of 1560
compute nodes with over 3700 Opteron, Xeon, and XP/Athlon processors, combining for a

floating-point 10 TFLOPS capacity (http://biowulf.nih.gov/). We generally did not have the need

for this kind of computational power; however, it was on occasion used for rapid processing of

batch searching of entire genomes.
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Methods of Sequence Analysis

The primary search tool used for protein sequence profile analysis in this research is PSI-
BLAST [38]. PSI-BLAST is based on the Basic Local Alignment Search Tool [35] (BLAST), a
heuristic algorithm which searches for homology between a query sequence and a database of
sequences. To describe simply, the BLAST algorithm breaks the query sequence down into
composite “words”, small subsequences of a user-defined length (default for protein sequences
W=3; nucleotide sequences W=11). These words are searched against a database of sequences,
and when an exact match is made BLAST attempts to extend an ungapped alignment in both
directions. If the score for the extended alignment falls above a certain threshold, BLAST
constructs a complete gapped alignment between database and query sequence with a modified
version of the Smith-Waterman algorithm.

Several methods for scoring alignments of proteins like those outputted by the BLAST
algorithm have been developed; these revolve around the use of substitution matrices that assign
scores for matched and mismatched proteins in an alignment; based on the frequency of changes
observed across related sequences. In my research, two matrix types were commonly applied in
conjunction with the BLAST algorithm: the PAM (Point Accepted Matrix) matrix developed by
Dayhoff and the BLOSUM (BLOck SUbstitution Matrix) matrix developed by Henikoff and
Henikoff [67]. In PAM matrices, scores are calculated through comparison of differences in
proteins superimposed on an accurate or accepted phylogenetic model. The PAM1 matrix is
normalized to reflect expected substitution rates if 1% of the amino acid residues across
sequences had changed. Extrapolating from PAMI1, matrices which reflect changes occurring
between sequences over a longer period of time can be constructed, the largest commonly in use

is the PAM250 matrix. In BLOSUM matrices, scores are calculated by clustering “blocks” of
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highly conserved sequences at a specific sequence identity threshold in a multiple alignment,
comparing substitutions within these blocks, and weighting each substitution according to the
number of occurrences in a given block and across all blocks in a sequence. The scoring threshold
for a given BLOSUM matrix is given in its name; the standard BLOSUM62 matrix implies that
blocks of sequences within an alignment were clustered at 62% sequence identity [68].

These two matrix types have distinct differences, leading to relative advantages and
disadvantages. PAM is based on explicit evolutionary models while BLOSUM is based on
implicit models contained in multiple sequence alignments, giving PAM the advantage of more
closely representing evolutionary substitution patterns. On the other hand, one common criticism
of PAM is that a comparison of substitution events across a phylogenetic tree may fail to take into
account multiple substitution events that may have occurred between two nodes in a
phylogenetic tree [69]. Furthermore, PAM matrices are also based on global alignments across
neighboring sequences in a phylogenetic tree; these alignments can include highly variable
regions that could particularly exacerbate the multiple substitution problem. BLOSUM avoids
these problems by focusing on blocks of highly-conserved regions in multiple alignments. One
additional difference in matrix construction is observed in the method of calculating substitution
events between closely-related sequences; PAM considers substitutions as equally important
events while BLOSUM weights substitutions according to conservation across different clusters
of sequences in a block of a multiple alignment. One other difference in terms of implementation
is that higher-numbered PAM while lower-numbered BLOSUM matrices are designed to detect
more distant evolutionary relationships between proteins. Since my research deals primarily with

distantly-related proteins, these are the matrices that were generally employed [68].
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In addition to detecting high-scoring matches and constructing pairwise alignments
between query and database sequences, the BLAST algorithm also provides estimates of the
statistical significance of a detection event, also referred to as a “hit.” Karlin and Altschul
developed the BLAST statistics; determining that the significance of scores for a given hit found
by the BLAST algorithm depends on the score of an alignment between two sequences identified
by the search (S, which is calculated using match and mismatch scores from one of the scoring
matrices described above against an expected frequency of observing a given amino acid pair),
sequence lengths (m and n), and a pair of pre-calculated scaling parameters that gauge the search
space size and the selected scoring model (K and A, respectively). They additionally showed that
the maximum of a large number of such scores roughly follows an extreme value distribution,
with the following equation calculating the expected number (e-value) of hits with at least a score
S:

E=Kmne~$

The PSI-BLAST program was specifically designed to search for distant relationships
between a protein and other proteins in a database beyond what might be identified in a simple
BLAST search. PSI-BLAST builds a position-specific weight matrix (PSSM) from BLAST hits that
score above the specified e-value. This constructed PSSM captures the sequence conservation
patterns of a given protein domain and can be used to iteratively search the database in
subsequent discrete steps, with each search being followed by reconstruction of the PSSM based
on the results of the previous search. In my research, a PSSM was typically built using either a
single sequence or a multiple alignment as starting queries; and was run against the non-
redundant (nr) database for a set number of iterations or until convergence was achieved. I often

employed the built-in statistical test for compositional bias (known as the SEG filter) associated
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with PSI-BLAST might also used to avoid the detection of spurious hits emerging from
compositional bias in protein sequence [70].

Despite the solid statistical basis grounding BLAST and PSI-BLAST searches, it is
important to remember that these statistical tests are not fail proof. All sequence analyses in this
research were followed by extensive manual examination of the final or, if necessary,
intermediate results falling below the scoring cut-off of the PSI-BLAST searches for the presence
of conserved sequence and structural motifs diagnostic of a particular protein fold or superfamily
[2, 51]. Likewise, sequences recovered above the cut-off were also examined, as genuine hits can
also on occasion escape detection. In short, while the BLAST statistics can, and should, be used as
a useful guide; ultimately it is a tool useful in answering the binary question (yes or no) of
whether or not two sequences are related.

As an independent confirmation of sequence homology, the HMMer software package
that also searches for homology between a query sequence and a database of sequences was also
employed. Instead of constructing a PSSM, HMMer utilizes Hidden Markov Models (HMMs)
constructed from a multiple alignment of a protein domain. Briefly, HMMs are models
containing a set of states with emission probabilities determining what will be emitted in a state
and a set of transition probabilities determining the likelihood of moving from one state to
another state. For example, when modeling a multiple alignment, there would be three states for
each column in an alignment, an amino acid state, a gap state, and an insertion state. The amino
acid state would contain emission probabilities representing the likelihood of observing a given
amino acid in that position, based on the observed count of all twenty amino acids in that
position gauged against an amino acid background frequency, often calculated from the total

count of a particular amino acid observed throughout a multiple alignment. Likewise, the gap
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and insertion states model the likelihood of observing the introduction of a gap or insert region
into the alignment. If a column in an alignment corresponds to a common hotspot for insertions
in a protein scaffold, the transition state probability for entering the insert state will be higher at
this point in the HMM model than at other points.

Using an HMM constructed from a protein domain multiple alignment to test other
sequences for possible homology is an example of a classic HMM evaluation problem where a
model is provided and the probability that a given sequence of events was generated by the
model is in question. Evaluation problems like these are solved through application of the
forward-backward algorithm, which considers all possible paths through a model and scores the
match between an HMM and an observed sequence. This algorithm is rooted in the Markov
assumption, which states that the probability of transitioning to a state is dependent only on the
current state and not any previous states. The algorithm is thus able to compute probabilities of a
sequence of states given a model while expending a minimal amount of computational time as
each state depends only on the previous calculation as well as the transition and emission
probabilities characteristic of the current state. The HMMer software package builds an HMM
from a multiple sequence alignment using the hmmbuild command, and then uses the forward-
backward algorithm in the hmmsearch command to search a database of sequences for homology
[68]. Studies have shown that the probabilities generated by HMMer and PSI-BLAST are
comparable over the same sets of data, the major difference being that PSI-BLAST runs
considerably faster [71].

Often after retrieving large sets of protein sequences from sequence homology-based
searches it is often of interest to finely cluster these proteins based on shared sequence features,

as it has been shown that differences in sequence feature conservation often correlate with
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functional divergence [72, 73]. In this research the BLASTCLUST program

(ftp://ftp.ncbi.nih.gov/blast/documents/blastclust.html) has primarily been used to accomplish

this type of clustering. BLASTCLUST employs a single-linkage clustering method grouping
sequences in a cluster if it is defined as being a neighbor to at least one sequence in that cluster.
Because this method of clustering is inclusive relative to other methods like complete linkage
clustering in which a sequence is added to a cluster if it was found to be a neighbor with all other
sequences in a cluster and average linking clustering in which a sequence is added if it is a
neighbor with at least half of the sequences in a cluster; care must be taken to manually examine
the results for false positives. In BLASTCLUST, sequences are defined as neighbors if they meet
two user-defined parameters, the coverage and score density. Coverage is calculated by
maximum (or minimum, if desired) length of the alignment relative to the total sequence length
while score density is calculated from the score of a BLAST hit alignment divided by the
minimum alignment length of the two sequences being aligned. BLASTCLUST was run at
different parameter values until stable clusters of related sequences fell out of the operation;
implying that the clusters represented cores of legitimate families or subfamilies of the set of
sequences in question. BLASTCLUST was also used to remove redundancies from a set of related
sequences by clustering at very high score density and coverage values.

Multiple alignment building can be used to infer key functional residues by gauging
conservation across multiple species and can form the basis for several other kinds of
computational analysis, including the construction of HMMs discussed above and construction
of phylogenetic trees, discussed in detail below. I chiefly employed three multiple alignment
programs: T-Coffee [60], MUSCLE [62], and PCMA [74]. The forerunner for all of these programs

was the CLUSTAL W program [75] which introduced the progressive alignment method, which
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builds a distance matrix based on pair-wise alignment scores of all sequences to be included in an
alignment and then uses these scores to construct a rough guide phylogenetic tree utilizing the
neighbor-joining algorithm (see below). The multiple alignment is then built by aligning the
closest-related sequences on the tree, progressively moving up form the terminal branches of the
tree until reaching the root.

T-Coffee (tree-based consistency objective function for alignment evaluation) is a
weighted progressive multiple alignment program that also constructs a library of pairwise
alignments of all sequences that will comprise the alignment. T-Coffee, however, in contrast to
CLUSTAL W, aligns each pairwise alignment with all other single sequences in the multiple
alignment for the purpose of calculating a value for each position in the alignment that depends
on observed residue matches and mismatches. These values are then used as guides during the
alignment building stage, which proceeds by progressively aligning the closest sequences as
determined by the guide tree [60].

The PCMA (profile consistency multiple sequence alignment) program employs a
strategy that combines attractive elements of the algorithms underlying both the T-Coffee and
CLUSTAL W programs, primarily for the purpose of reducing computational time. PCMA
identifies groups of sequences with a sequence identity of over 42%, and aligns these groups
using CLUSTAL W. Similar to T-Coffee, PCMA then calculates scores for each position in an
alignment for all sequence triplets (or groups of sequence as in the CLUSTAL W aligned groups),
but it calculates PSSMs for these, similar to those used in PSI-BLAST (see above). Using the
PSSMs, PCMA can then quickly calculate rough E-values for groups of sequences, and then
progressively build an alignment by combining pairs or groups of sequences beginning with the

best scoring sequences. PCMA typically performs around 20 times faster than T-Coffee [74].
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The MUSCLE alignment algorithm is considerably more complex, featuring two rounds
of progressive alignment followed by an iterative refinement process. In the first step, a distance
matrix based on kmer distances (calculated from the fraction of common kmers across sequences
being aligned [76]) and guide tree is constructed using UPGMA instead of neighbor-joining (see
below) and an initial progressive alignment is formed. In step 2, this initial tree is refined through
recalculation of distances, this time finding the Kimura distance (which is more accurate than
kmer distance but requires a pre-existing alignment) and again constructing a UPGMA-
assembled guide tree and progressive alignment based on that tree. The final step consists of
systematically breaking the guide tree formed in the second step by removal of a single edge, and
then constructing and aligning PSSMs for the two sets of sequences. Alignments between PSSMs
can be scored using the SP (sum of pairs) method which essentially adds normalized match and
mismatch penalties across a column using a substitution matrix and gap penalties [77]. If the
resulting new alignment scores higher than the previous, the previous is rejected and vice versa.
The final step is repeated until a (local) maximum is achieved. Remarkably, the MUSCLE
algorithm is twice the speed of CLUSTAL W and capable of aligning many more sequences in a
single run [78].

Each of these aforementioned alignment programs occupied a distinctive niche in my
research. MUSCLE, which is extremely fast but generally not as accurate as other methods, was
often used to generate a quick overview of the general shared features in an aligned set of
sequences. T-Coffee was used to construct more reliable alignments at the expense of greater time
taken to construct the alignment. PCMA, meanwhile, was adept at aligning sequences that

contain blocks of conserved regions that were otherwise extremely divergent.
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Another method for extracting information stored in a multiple alignment is through
application of programs predicting secondary structure from sequence. Several reviews discuss
the strides made in accurately predicting secondary structure over the last 40 years [79-81], initial
methods were based on the propensities and physicochemical properties of individual amino
acid residues observed in individual sequences, these methods, however, barely crested the 60%
accuracy mark. The application of evolutionary information to prediction in the 1990s through
incorporation of distant homologues into multiple sequence alignments, nearest neighbor
approaches, and training of neural networks on an annotated data set of multiple alignments led
to breakthroughs pushing accuracy beyond the 70% mark. Combinatory algorithms
incorporating several or all of the above methods developed at the turn of the century brought
accuracy near the 80% mark; my research utilized one of these algorithms, the JPRED algorithm
[82]. Recent developments in the field involve the incorporation of known small peptide
structural information into prediction; researchers claim to have surpassed the 80% accuracy
mark [83].

JPRED combines the following prediction methods: PHD, a 3-level neural network
algorithm [84]; DSC, an algorithm that relies on amino acid propensity and attribute [85]; NNSSP,
a nearest-neighbor algorithm that locates related sequences known to fold in a particular manner
and applies this to the existing alignment [86]; PREDATOR, which creates pair-wise alignments
of all sequences and uses a modified nearest-neighbor approach to predict secondary structure
elements which are ultimately combined for a final prediction [87]; ZPRED, an prediction
algorithm based on amino acid properties which are in this case weighted according to the
differing conservation observed across secondary structure elements (i.e. 3-strand, a-helix, loop)

[88]; and MULPRED, which is an algorithm devised by the JPRED builders combining a series of
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single sequence prediction methods. The final prediction of secondary structure in JPRED
depends on a simple majority vote of the results from the different techniques, with the PHD
algorithm casting the tie-breaking vote. Several other methods of determining the final prediction
were attempted by the authors including modified voting schemes where greater weight is given
to techniques showing better predictive ability on specific element types and neural network
training, but no technique improved on the simple majority vote [89].

Prediction of bulk properties was accomplished through several programs.
Transmembrane regions of proteins were predicted primarily with the TMHMM2.0 [90] program,
which has been shown to predict accurately 97-98% of all transmembrane helices. This detection
algorithm is based on an HMM (see above) trained against a known set of experimentally-
characterized transmembrane helices and contained several states capturing the architecture of a
transmembrane helix and the regions surrounding it, including helix core, helix cap, and loop
states. The program discriminates well between signal peptides and transmembrane helices, and
also accurately predicts topology of transmembrane helices based on several well-characterized
features typical of cytoplasmic vs. non-cytoplasmic regions of these helices [90]. The presence of
signal peptide protein regions were predicted using the SignalP program [91], which similarly
uses an HMM to predict signal peptide length and the most likely site of peptide cleavage. The
SEG program detects globular regions in proteins which typically correspond to the presence of a
domain, as opposed to a disordered region with low sequence complexity [92], [93].

Methods of Structural Analysis

Several programs designed for structural examination and manipulation are currently

available, I favored two programs in this research: SWISS-PDB viewer [94] and PyMol

(http://www.pymol.org). SWISS-PDB viewer is particularly useful due to its intuitive interface;
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atom-atom distances can be quickly calculated and simulated mutations easily performed using
this program. PyMol is considerably more complex, but produces superior images, and is also
useful for qualitatively assessing molecular surface diagrams of protein domains.

Comparisons between solved crystal structures were performed using the DALI program
[56]. The DALI program converts three-dimensional protein structures into two-dimensional
distance matrices, also called distance plots or distance maps. The algorithm then breaks these
distance matrices into overlapping subsets of hexapeptide patterns and searches for matches
between the patterns from the two query proteins. DALI stores all matches in a pair list, and then
uses a Monte Carlo optimization search to perform a random walk designed to extend the
matches until a score an optimal score is reached. Conceptually, Monte Carlo methods begin with
a match and then randomly select another match, ultimately rejecting or accepting the match
depending on whether the final score of the newly-aligned match decreases or improves. The
scoring function chosen by Holm and Sander adds the set of all scores from matched residues in a
given alignment based on the Ca-Ca distance of the matched residues. The basic scoring function
¢ is given below:

(1,j)=6-1d(@)i-d (b
where dj is the distance between equivalenced elements as determined by the distance matrix
and 0O is equal to 1.5 angstroms, or the presumed level of absolute similarity [56].

When searching against a database, the DALI program provides a Z-score as an indicator
of the level of significance for a given match. Z-scores calculate the standard deviation from the
expected score across a normally-distributed set of scores. When gauging relationships between
different proteins in this research, I employed the scoring scheme established by Koonin and

colleagues suggesting that Z-scores >10 are characteristic of obvious relationships, such as those
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between two closely related proteins of the same family. Z-scores between 10 and 6 typify more
distant relationships that might be recovered through sequence profile analysis and searches
using HMMSs. Z-scores <3 fall in the realm of remote structural relationships and require
additional analysis, such as comparisons of topologies to make further inference regarding these
relationships [95, 96].
Phylogenetic tree-building

Several problems related to my investigations required the application of phylogenetics,
including the need to distinguish between very closely related orthologs in a protein family and
the need to discern overarching trends in the evolution of a particular protein domain family or
groups of closely related protein domain families. I did not favor any particular analysis over
another; instead seeking and reported findings where a consensus across several different
phylogenetic techniques was reached. To this end, several different tree-building methods were
often applied to the same problem, including distance-based, maximum likelihood, and
parsimony methods. Due to the relative ease of construction and algorithm speed, trees were first
built using distance-based methods, most commonly with the neighbor-joining and UPGMA
algorithms (as implemented by the MEGA [97] and WEIGHBOR [66] software packages). At the
core, distance-based methods all entail the construction of a pairwise distance matrix which is
calculated from similarity-based scores. Despite the speed of these algorithms, several
disadvantages are inherent; first, a degree of evolutionary information is inherently lost through
the use of pair-wise scoring systems [98] and second, these algorithms are based on evolutionary
assumptions that are, charitably-put, tenuous at best in many situations (for example, the
molecular clock hypothesis [99] in the UPGMA method assumes a constant rate of evolution

across diverging lineages).
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Maximum-likelihood methods, which select the tree from the set of all possible tree
topologies that maximizes the likelihood given the data and a standard model of evolution (like a
substitution matrix, see above), are among the most statistically robust methods of tree-building.
However, they are also the most time-consuming and for a large number of sequences, like the
amounts this research typically traffics in, ML-methods border on intractability. To circumvent
this, I often built distance-based trees as initial guide trees using the FITCH program of the
PHYLIP package [100], and then performed local rearrangements using the PROTML program of
the MOLPHY package to obtain a maximum likelihood tree [101]. While this tree is not
guaranteed to be the global optimum, it can be reasonably assumed to be a close approximation
[102]. In cases when the total number of sequences was tractable, full ML trees were constructed
using the Proml program of the PHYLIP package [100]. ML distance analyses used TreePuzzle
4.02 [65] to calculate ML distance matrices along with Puzzleboot for 1000 replicates

(http://www.tree-puzzle.de); resampled matrices were then analyzed using Fitch from the

PHYLIP package [100] and the WEIGHBOR program [66]. We additionally employed Bayesian
inference, a method rooted in likelihood analysis, with Markov chain Monte Carlo simulations
implemented in the MRBAYES package [103] (see above for a brief discussion of Monte Carlo
simulations).

Maximum parsimony-based methods, which select a tree topology minimizing the
number of differences observed between sequences, were also implemented. The disadvantages
of using parsimony tend to surface when a large number of differences are present across the
sequences being examined, i.e. when the degree of homoplasy increases. When this occurs,
parsimony methods are less likely to determine the true tree topology because of their inability to

discern the different intermediate steps minimizing differences. On the other hand, a powerful
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advantage to this approach is that it can be done in the absence of an evolutionary model (like a
particular substitution matrix) [104, 105], and is therefore not reliant on the assumptions of that
model. It is possible this approach will become more reliable as the number of completely
sequenced genomes increases, thus minimizing the level of divergence between the two closest-
related sequences in a tree. Another kind of parsimony commonly employed in this research is
cladistic parsimony, which asserts that shared derived, preferably irreversible characters (also
known as synapomorphies) are useful determinants of phylogenetic relationships [106]. This
analysis has historically been associated with the use of SINE and LINE elements as shared
characters [106] and the use of intron presence and intron position has been gaining popularity
[107, 108]. Rare amino acid replacements have also been recently proposed as a novel type of
character [109]. Identify of shared structural characters is often at the core of higher-order
evolutionary classifications constructed in this research.
Contextual Inference Analysis

The clustering of functionally related genes in prokaryotic genomes into co-transcribed
and co-regulated units, gene neighborhoods, often allows functional assignments through the
principle of 'guilt by association' [4-8]. Generally, genes whose products physically interact to
form a complex or are involved in successive steps in a biochemical pathway form gene
neighborhoods that are conserved over large evolutionary distances. Well-established examples
of this phenomenon include the clustering of ribosomal proteins and several functionally
associated metabolic proteins in prokaryotes. Assessment of the statistical significance of a
prediction based on a conserved gene neighborhood has been an ongoing issue in the
comparative genomics community, the currently accepted standard requires conservation across

three or more genomes with 87% or less pairwise SSU rRNA identity, below which gene order is
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randomized in most genomes [7]. However, it is important to note that even in closely-related
genomes; gene order can serve as predictors of functional association between gene products, an
example being the relatively poorly-conserved lac operon studied in introductory biochemistry
textbooks. Notable examples of functional assignment using conserved gene neighborhoods
include identification of novel proteins involved in DNA repair complexes and their components
[110], novel ribonucleotide reduction genes [7], and identification of several novel components of
the translation machinery [4]. The gene neighborhood for a given gene is collected from the NTT
tables at the NCBI which contain the gene order for all complete genome sequences and whole
shot-gun sequences via the TASS command gi2operons.

Other forms of contextual analysis are also useful in elucidating function where it is not
well-understood. Phyletic profiles, or the pattern of co-occurrence of orthologs of a particular
gene in a set of genomes under comparison [111, 112] can be used in implicating the function of
an uncharacterized gene that shares a profile with a gene of known function. Domain
architectures may also be used as contextual information. Certain kinds of protein domain
fusions are useful in predicting function, particularly those occurring in the more terminal
domains branches of the tree of life and are observed separately in several genomes. These
fusions often indicate direct physical interaction between the proteins encoded by solo versions
of these genes [113].

Differences and similarities in the application of above methods to other laboratories

Several labs focusing on comparative evolutionary genomics have emerged in the past
fifteen years. A few of these labs include those headed by Eugene Koonin, Peer Bork, Alex
Bateman, Erik Sonnhammer, and Alexei Murzin. In general, differences between the labs

manifest themselves not in techniques used, but in the kinds of biological problems that are
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investigated. For example in this lab the focus is mainly on protein sequence and structure, with
genome analysis secondary while the labs of Drs. Koonin and Bork spend significant time
directly analyzing DNA sequence and genome organization at the level of nucleic acids.

That being said, minor differences in the application of the techniques outlined above do
exist across the different labs. Although all labs tend to incorporate both PSSM and HMM-based
sequence database methods into experimental design, the primary method of searching varies.
Drs. Bateman and Sonnhammer tend to prefer HMM-based searching while the others (this lab
included) tend to favor PSSM-based searches. There are compelling arguments for both sides,
PSSM-based searching is generally considered better at capturing higher-order relationships. This
is due to the implementation of the PSSM-based algorithms which use all positions
simultaneously to identify matches, implying that sequences retaining ancestral position
similarities will be detected [114] more easily than HMM-based techniques, which assume
position independence during searches. Additionally, PSSM-based methods are consistently
much faster at identifying and scoring matches relative to HMM-based techniques [71]. HMM-
based methods, on the other hand, are advantageous due to a more robust probabilistic basis;
HMMs use probability theory to guide scoring while PSSMs rely on additional parameters like
database size and the assumptions underlying scoring-matrices.

Another difference is seen in Dr. Bork’s lab, which has pioneered novel statistical tests
designed to robustly assess the significance of contextual associations compiled from a variety of
sources including gene neighborhoods, gene fusions, text mining, and co-occurrence or co-
exclusion of a gene in phylogenetic profiles. A web-based implementation of the algorithm is

available [115]. Our lab has kept using the standards described above, as questions regarding the
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efficacy of the annotations used in text-mining [116] and problems associated with over-
representation of certain bacterial genomes [117] may undermine the efficacy of the algorithm.
Our lab is unique from most other labs in the emphasis of cladistics in reconstruction of
evolutionary history, although another lab is also known to apply similar techniques at times
[118]. As described above, many researchers in the molecular phylogenetics employ cladistics-
based approaches in examining irreversible character states; we feel that unique, conserved
structural feature constitute irreversible states, as they are under selective pressure to retain that
state. Some molecular phylogeneticists do not share this view, claiming that sequence features

should be the sole source in assessing evolutionary affinities [119].
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INVESTIGATION RELATING TO THE PUA FOLD

The PUA fold belongs to the all-3 class of protein domains and was initially
characterized by Koonin and Aravind in 1999 [120] as a novel class of RNA-binding domains.
The ensuing chapter describes the discovery of the ASCH superfamily of proteins, their
evolutionary connection to the PUA fold, and the different lines of evidence predicting an RNA-
binding role in the cell for ASCH domains. A recent review by Pérez-Arellano and colleagues
gives a good overview of the structural diversity in the fold, the recruitment of the domain to
RNA-binding in a variety of functional contexts, and touches on the discovery of the ASCH

domains described in the investigation below [121].

The ASCH Superfamily: Novel Domains with a Fold Related to the PUA Domain and a
Potential Role in RNA Metabolism
(based on reference [122])
Introduction

Systematic analyses of the proteins involved in RNA metabolism have suggested that
despite the complexity of this system the majority of proteins are constructed from a relatively
small set of conserved globular domains (for summary see [123]). The phyletic profiles of these
conserved domains derived from large-scale comparative analyses of genomes from the three
super-kingdoms of life show certain interesting features [1, 123]. Many of the RNA-binding
domains, typically those present in ribosomal proteins, translation factors and tRNA and rRNA-
modifying enzymes, are widely represented across the three superkingdoms of life. These appear

to be ancient innovations, which were originally utilized in core RNA metabolism processes that
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are likely to have been already present in the last universal common ancestor (LUCA) of all
cellular life forms. In some cases, a subset of these ancient domains also appear to have been
secondarily recruited to many of the unique eukaryotic innovations such as splicing, post-
transcriptional gene silencing, mRNA capping and polyadenylation, and nonsense mediated
RNA decay [123, 124]. Identification of these ancient RNA-binding domains have helped
considerably in uncovering aspects of RNA-protein interactions that hold good across a wide
range of biological functional contexts, and in clarifying the roles of uncharacterized conserved
proteins from phylogenetically distant organisms (For example see: [125-129]).

Given these antecedents, my lab was interested in the identification of any potentially
novel ancient conserved domains that might throw light on poorly understood ribonucleoprotein
complexes that have been identified in the cellular transcription apparatus. The activating signal
cointegrator 1 or the thyroid hormone receptor interactor protein 4 (ASC-1/TRIP4) is a
transcriptional coactivator that is widely conserved in eukaryotes and is part of a potential RNA
interacting protein complex [130, 131]. ASC-1 directly interacts with a wide range of unrelated
transcription factors such as the serum response factor, NFkB, AP-land nuclear hormone
receptors, and has been shown to be part of a protein complex that bridges these specific
transcription factors to the basal transcriptional apparatus [131]. One of the proteins of this
coactivator complex is an RNA helicase, while the other one has an RNA-binding KH domain
fused to a 2H RNA phosphoesterase [131, 132]. ASC-1 itself contains a conserved cysteine-rich
Zn-chelating domain, which binds transcription factors [131] and a conserved C-terminal domain
which has thus far not been characterized.

Using sensitive sequence profile searches and structural comparisons we show that C-

terminal domain of ASC-1 domain defines a superfamily of domains that is widely distributed
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across the 3 superkingdoms of the life. We show that this superfamily assumes a protein fold,
which was originally observed in the RNA-binding PUA domain. Our findings suggest that this
unique B-barrel fold, which is encountered both in the new superfamily of domains typified by
the C-terminal domain of ASC-1 and the PUA superfamily, defines an ancient structural theme in
RNA-protein interactions.
Application of Methods

Sequence analysis for this project was performed by Laksminarayan lyer, a staff scientist
in the lab. The non-redundant (NR) database of protein sequences (National Center for
Biotechnology Information, NIH, Bethesda) was searched using the BLASTPGP program [38].
Iterative sequence profile searches were done using the PSI-BLAST program either with a single
sequence or an alignment used as the query, with a profile inclusion expectation (e) value
threshold of 0.01, and were iterated until convergence [38]. For all searches with compositionally
biased proteins, the statistical correction for this bias was employed [70]. Multiple alignments
were constructed using the T_Coffee program, followed by manual correction based on the PSI-
BLAST results [60]. Hidden Markov Models (HMMs) were built from alignments using the
hmmbuild program and searches carried out using the hmmsearch program from the HMMer
package [63]. Protein secondary structure was predicted using a multiple alignment as the input
for the JPRED and PHD programs [82, 89, 133]. Preliminary clustering of proteins was done using
the BLASTCLUST program with empirically determined length and score threshold cut-off

values (For documentation see ftp:/ftp.ncbi.nih.gov/blast/documents/blastclust.html). I

performed structural analysis tests and contributed to genome contextual analysis along with the
aid of Dr. Iyer, including structure similarity searches that were conducted using the DALI

program [96]. Structure manipulations and the construction of ribbon and surface diagrams were
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performed using the Pymol program [134]. Gene neighborhoods were obtained by isolating all
conserved genes, in the neighborhood of the gene under consideration that showed a separation
of less than 70 nucleotides between their termini. Genes fulfilling this criterion were considered
likely to form operons. Gene neighborhoods were determined by searching the NCBI PTT tables

(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Genome) with an in-house PERL script

incorporated into the TASS package.

Results and Discussion

Identification of the ASCH domain

The ASC-1 proteins from animals are relatively large proteins (around 580-650 amino acids), and
the only characterized globular domain in them is a unique Zn-chelating domain with 7 cysteines
and 1 histidine. This domain was shown to be critical for the interaction of ASC-1 with specific
transcription factors and is likely to form a binuclear metal cluster chelating two Zn atoms [131].
Given that other polypeptides of the ASC-1-containing complex have characteristic RNA-
interaction domains, we further investigated the ASC-1 proteins to identify potential links to
RNA interaction. Analysis of the human ASC-1 protein with the SEG program revealed that it
contains additional globular segments, including a C-terminal globular segment (gi: 6013191, 434-
581), which in searches of the NR database with the BLASTPGP gave significant hits to the
proteins SAP1p60 from the bacterium Streptomyces avermitilis and Mbur03000455 from the
archaeon Methanococcoides burtonii (e=105 and 102 respectively). This region of similarity did not
map to any previously published protein domain and more or less encompassed the entire length
of the prokaryotic proteins, suggesting that it might define a novel protein domain. Further
iterations of the search retrieved a large number of uncharacterized proteins from vertebrates,

prokaryotes and bacteriophages such as LOC541578 from Homo sapiens (iteration 3; e=103), gp69
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from the Mycobacteriophage Che9c (iteration 2; e=10-¢ ), PF0238 from Pyrococcus furiosus (iteration
3; e=10*) and the TTC18981protein from Thermus thermophilus (iteration 3; e= 10-%) whose crystal
structure has been determined (pdb id: 1wk2). All the sequences showed a highly conserved
GxKxxxxR motif that they shared with the ASC-1 protein. At convergence, the search also
retrieved several proteins with the GxKxxxxR motif with e-values of border-line significance (e >
.01). In order to retrieve all possible homologs for a comprehensive analysis, transitive sequence
profile searches were performed by seeding with several homologs of the ASC-1 protein which
were recovered in the above search. As a result, several additional significant hits from diverse
species from all three superkingdoms were recovered, and proteins whose structures have been
determined as part of various structural genomics project (e<102) such as the uncharacterized
proteins YqfB (pdb:1TE7) from Escherichia coli, PF0455 (pdb: 1504) from P.furiosus, and EF3133
(pdb: 1T62) from Enterococcus faecalis (Fig. 1). Some these proteins had been classified into
separate families of domains of unknown function, DUF437, DUF984 and DUF1530, in the PFAM
database [135].

The sequence affinities between the proteins recovered in the above searches were also
independently corroborated by searches with HMMs derived using a seed alignment of the
originally detected set of ASC-1 homologs. Furthermore, comparisons of the predicted secondary

structures for different sub-groups of these homologous domains with the above-mentioned
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Fig. 1. Structures and domain architectures from the ASCH and PUA superfamilies

Cartoon representations of structures from the ASCH and the PUA superfamilies are mapped on
a tree showing the inferred higher order relationships between the two superfamilies. The
clustering was derived using distances from pairwise DALI Z-scores. Each structure is labeled
with its Protein Data Bank (PDB) identifier. Conserved (3-strands are shown in light blue while
the characteristic conserved a-helix is shown in red. Variable helical inserts located between
strand-4 and strand-5 are colored tan. The structures are shown with strand-2 vertical and
approximately central to the depiction. S1 and S5, which are the first and the last strands of the
PUA-ASCH fold, are labeled. Key conserved residues lining this cleft in the ASCH superfamily
are are rendered as ball and stick. Domain architectures of the ASCH superfamily and those of a

subset of the PUA superfamily are shown in the top right and top left panels, respectively.

120 amino acid long domains define a novel monophyletic superfamily (Fig. 1). We refer to this
superfamily, containing over 180 distinct representatives in the NR database from viruses and
cellular organisms belonging to all three superkingdoms of life, as the ASC-1-homology (ASCH)
superfamily. Structure similarity searches with members of the ASCH superfamily showed that it

contains a fold, which was previously noted in the PUA domain (Fig. 2) (DALI Z-scores 4.5-6).
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For example, DALI searches with the Thermus TTC18981 protein (pdb id: 1wk2) retrieved the
PUA domains from pseudouridine synthase (pdb id: 1k8w, Z score: 4.8), ATP sulfurylase (1g8f, Z
score: 4.8) and Archaeosine tRNA-guanine transglycosylase (1k8w Z score: 3.6) in addition to the
bona fide ASCH proteins derived from structural genomics projects (pdb ids: 1t62, 1xne, 1zce,
1t5y, Inxz; Z scores: 4.6-5.8). The PUA domain is an ancient RNA-binding domain, which is
fused to the catalytic domains of a variety of RNA-modifying enzymes such as pseudouridine
synthetases of the TruB family, the archaeosine transglycosylase, Rossmann fold methylases,
YggJ-type SPOUT domain RNA methylases and thiouridine synthases, and also occurs as stand-
alone forms [120, 136, 137]. However, PUA domains were not recovered in any of the sequence
profile searches seeded with the ASCH domain or vice-versa, suggesting that these two classes of
domains form distinct sequence superfamiles, despite them sharing a common fold. We propose
that the fold be renamed the PUA-ASCH fold to reflect the two distinct superfamilies of the fold.
The ASCH domains contain a conserved core of 5 strands that form a (-barrel, and a
characteristic helix between strand-1 and strand-2 (Fig. 2). Additionally, most versions of the
ASCH domain, unlike the majority PUA domains, contain a long insert between strand 4 and 5
that usually forms two or more helical segments (Fig. 2). In terms of sequence conservation, the
most characteristic feature of the ASCH superfamily is a GxK motif (where x is any amino acid)
that is found in the distinctive turn between the core helix and strand-2 (Fig. 1, 2). Members of the
ASCH superfamily also contain a highly conserved polar position, two residues downstream of

this GXK motif, which is typically occupied by either glutamate or threonine (Fig.1, 2).
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Fig. 2. Multiple alignment of members of the ASCH superfamily

Proteins are shown with their gene name, species abbreviations and genbank ID (gi) numbers
separated by underscores. The pdb codes of proteins with X-ray crystal or NMR structures are
shown in brackets after the gi number. Columns in the alignment are colored based on the
residue conservation profile at 90 and 70% consensus. Sample operons and domain architectures
of interest are shown to the right of the alignment. The domains in the architectures are separated
by a '+ symbol, whereas genes in operons are separated by ‘-’ symbol with the *>" pointing from
the 5' to the 3' directions of the coding sequence. X1 and X2 refer to uncharacterized domains,
which were found fused with certain ASCH domains. The Pfam domains of unknown function,
DUF437, DUF1530 and DUF984, include some of the representatives, respectively, from families
1, 3 and 4 defined by us. The consensus for residue conservation and the coloring scheme are as
follows: h, hydrophobic residues (ACFILMVWY), shaded yellow; b, big residues
(LIYERFQKMW), shaded gray; s, small residues (AGSVCDN) colored green; p, polar residues
(STEDKRNQHC) colored magenta. The lysine residue that is characteristic of the ASCH
superfamily is shaded red. Species abbreviations are given at the end of the paper.

Predicted functions of members of ASCH superfamily

In order to obtain functional insights regarding members of the ASCH superfamily, we used the
combined evidence gleaned from different forms of contextual connections, namely physical
interactions, gene fusions and conserved operons. In different Gram-positive bacteria such as
Mycoplasma, Ureaplasma and Lactococcus lactis, members of the ASCH superfamily are embedded
or associated with the ribosomal protein operon (Fig. 1). Specifically, in M. penetrans the ASCH
domain is fused to the ribosomal protein S3, whereas in U.parvum it is fused to ribosomal protein
L22 (Fig. 2). Other members of the ASCH family are also found tightly linked with genes
encoding RNA-binding proteins with RRM (e.g. in Acinetobacter, gene ACIAD0497) or R3H (e.g.
Listeria, gene Imo2852) domains, implying that they are co-transcribed and probably functionally
cooperate. These associations with ribosomal and RNA-metabolism proteins are consistent with
the physical interactions of the vertebrate ASC-1 with proteins involved RNA processing and the
potential requirement for RN A-protein interactions for transcriptional co-activation by the ASC-1

containing complex [131]. A study of the available structures of four distinct members of the
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ASCH superfamily indicates that they contain a prominent cleft, whose scaffold is formed by the
conserved helix and the downstream strand-2 (Fig. 2, 3). The above-described conserved residues
of the ASCH superfamily, like the lysine from the GXK motif, and other polar residues associated
with strand-2, line this cleft forming a positively charged surface (Fig. 3). A similarly positioned
cleft has been observed in the structures of the PUA domain found in the Archaeosine tRNA-
guanine transglycosylase, Pseudouridine synthase II TruB and the predicted RNA methylase
[127, 138, 139], and is likely to form its RNA-binding surface. Taken together the above

observations suggest that the ASCH domains are likely to possess RNA-binding activity.

Fig 3. Molecular surfaces
of observed binding cleft 8 . Binding Cleft 5 Binding Cleft

— —

in ASCH superfamily = Scale:

Structure of ASCH . a ~1 nucleotide
superfamily (PDB: 1TWK2)
depicted in four different
ways. In A, B and C the
protein is oriented to
expose the  potential
binding cleft, located
between the helix and
strand 2. In the top left
(A), the predicted three-
dimensional surface of the
protein is shown with the

D. Back View

conserved residues lining
the binding cleft of family
1 colored in red while
other surfaces are colored in blue. On the top right (B), cartoons indicating secondary structure
features are shown against the transparent outline of the predicted molecular surface of the
protein colored in dark blue. The most highly conserved residues found along the cleft are
rendered as ball and sticks and are colored in green (G21, K23, E26). In the bottom left (C) and
right (D) the front and back views of the predicted molecular surface are shown. Surfaces of
residues are colored according to consensus conservation across the entire ASCH superfamily;
red denotes positions with at least 90% conservation, while yellow denotes positions with at least
70% conservation.
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Over the past few years a number of studies have shown that coactivator complexes are
often bi-functional proteins that not only co-activate transcription mediated by specific
transcription factors, like nuclear hormone receptors, but also participate in pre-mRNA
processing [140-142] and regulation of splicing. Furthermore, a regulatory pseudouridylated
RNA termed the steroid receptor coactivator RNA (SRA), together with specific RNA-binding
proteins with which it interacts, have been shown to be a part of coactivator complexes that
couple nuclear hormone receptors to the basal transcription machinery [143-145]. Given these
observations, it is likely that the ASCH domain mediates some of the interactions between RNA
and the ASC-1 coactivator complex. Its RNA partner could either be the pre-mRNA generated
from the transcription of its target genes or a regulatory RNA like SRA. The association with the
ribosomal proteins might indicate that some of the prokaryotic versions might be involved in
translational regulation.

The prokaryotic and phage ASCH domains, with a few exceptions, occur as standalone
versions (Fig. 1), which are encoded by genes in predicted co-transcribed arrays containing a
wide variety of other genes. In several of these cases they are found adjacent to a gene encoding a
helix-turn-helix protein, which is the transcriptional regulator of the predicted operon (Fig. 1). In
Brucella an ASCH domain is fused to a cl-like HTH domain within the same polypeptide (Fig. 2).
These associations suggest that solo ASCH proteins of prokaryotes functionally cooperate with
transcription regulators, probably by binding the transcripts generated from particular operons,
and thereby regulate their expression.

Evolutionary diversity of ASCH domains and general conclusions
The ASCH superfamily encompasses considerable diversity and can be sub-divided into

several families that are unified by specific sequence signatures. The ASC-1 proper family is
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typified by a unique insert between strand-3 and strand-4. It is present in animals (two
paralogous versions, with and without a fusion to the Zn-chelating domain are seen in
vertebrates, respectively typified by human ASC-1 and LOC541578; Fig. 1), plants, and
trypanosomes amongst the eukaryotes and in certain cyanobacteria, actinobacteria and their
phages, Burkholderia and the archaeon Methanococcoides. The two copies in the vertebrates appear
to have emerged from a relatively recent duplication in the common ancestor of the extant
vertebrates with sequenced genomes. Related to the ASC-1 family is family 1 typified by the
Thermus protein TTC1891 (termed DUF437 in PFAM) that is present in Thermus, Pyrococcus and
Archaeoglobus. Family 2 (typified by the standalone ASCH domain protein Zymomonas protein
ZM00922) is predominantly found in bacteria and archaea, with isolated eukaryotic
representatives from the filamentous fungi such as Neurospora and Magnaporthe (Fig. 1). Likewise
sporadic eukaryotic representatives from plants are seen in the otherwise prokaryotic family
typified by the Pyrococcus protein PH0447 protein (family 3). All the other families of ASCH
domains, such as families 4 (DUF984, e.g. EF3133), 5, 6, 7, 8 and 9 are restricted to prokaryotes
and their phages. This phyletic pattern of the ASCH superfamily suggests that it diversified in
the prokaryotes followed by multiple lateral transfers to the eukaryotes. The Zn-chelating
domain and a predicted globular segment immediately downstream of it (Fig. 2) in ASC-1 are
conserved in all eukaryotes, and occur as a standalone unit independent of the ASCH domain in
basal eukaryotes like Giardia (Supplementary information). Hence, the transfer of the ASCH
domain from prokaryotes that gave rise to eukaryotic ASC-1 appears to have happened after the
divergence of the basal eukaryotic lineages like Giardia, followed by a fusion to the above-
mentioned standalone unit. This was followed by losses of the ASCH domain in crown group

eukaryotes, such as in the fungi. In addition to the emergence of ASC-1, there appear to have
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been independent sporadic transfers of other prokaryotic ASCH family members to specific
lineages of crown group eukaryotes (Fig. 1).

In terms of phyletic patterns, the PUA domains can be confidently traced back to the
LUCA of all cellular life forms. The ancient versions of the PUA domain include those fused to
key RNA metabolism enzymes such as the pseudouridine synthetase which are conserved in all
the three superkingdoms of life [123, 138]. In the case of the ASCH domain no single family is
conserved across the 3 superkingdoms of life, making it unclear whether it was present in LUCA.
However, its broad phyletic range in the prokaryotes suggests that the ASCH domain emerged
very early in the evolution of the prokaryotic superkingdoms. It is however not universally
represented in all prokaryotic genomes and has been lost in some eukaryotes such as the fungi.
This suggests that they are likely to belong to the more easily dispensable regulatory apparatus
rather than the core aspects of RNA metabolism. No ASCH domain occur as multiple repeats in
the same polypeptide unlike many other RNA binding domains such as the KH or the RRM
domains. This suggests that it is likely to form single isolated contacts with specific features on
RNA rather than extended multi-site contact with long RNA molecules. Furthermore, unlike the
structurally similar PUA domains, which typically occur in multi-domain proteins fused to other
RNA modifying or interacting domains [120, 123, 137], the ASCH domains typically occur as the
sole globular domain in the polypeptide (Fig. 1, 2). The conserved residues on the surface of the
predicted cleft are also distinct in the PUA and ASCH superfamilies, suggesting that they bind
very different types of target RNAs. The PUA domain appears to have mainly colonized core
functional niches related to rRNA and tRNA modification, while the ASCH domains appear to
have to been recruited to a distinct set of functional niches, including transcription co-activation

and regulation of translation. Thus, the ASCH and PUA domains appear to have emerged from a
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common RNA-binding precursor and subsequently diversified to perform distinct functional
roles, probably as result of the diversification of their binding clefts.
Supplementary material

A complete of alignment of all ASCH domains in the NR-database and other domains
found fused to the ASCH can be retrieved from the following website:

http://www.ncbi.nlm.nih.gov/CBBresearch/Lakshmin/aschsupplementary.html.
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INVESTIGATION RELATING TO THE P-LOOP NTPASE FOLD

The phosphate-binding loop (P-loop) protein domain fold belongs to the a/f3 protein
domain class and was initially identified as an important assemblage of ATP- and GTP-binding
proteins [146] with several conserved motifs involved in the binding and transfer of phosphate
groups to substrates [147, 148]. It has also been recognized as the largest assemblages of
paralogous globular protein domains of the cellular proteomes, likely due to its fundamental role
in driving catalytic reactions depending on ATP, the currency of energy in the cell [149].

This section consists of a comparative analysis of viral DNA packaging systems. Recent
landmark studies identified a common domain (the B-jelly roll domain) in viral capsid proteins
across several virus types including dsDNA, ssDNA, and ssRNA viruses suggesting a common
evolutionary origin for capsid proteins from diverse viral lineages [150, 151]. At the same time, it
has been recognized for some time that the packaging ATPases of diverse DNA viruses all belong
to the P-loop (phosphate-binding loop) NTPase fold [152] [153], suggesting possible evolutionary
relationships existing between these packaging systems. This lab has performed a numerous
studies on the higher-order relationships of different members of the P-loop ATPase fold [154-
158] and as such was poised to study these packaging proteins as well as other components of the
system in depth to establish their precise origins, affinities, and evolutionary trajectories. Results
from this study provide novel insight into the DNA viral packaging mechanism and also into the

general evolution of DNA viruses.
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Comparative Genomics And Evolutionary Trajectories Of Viral ATP Dependent DNA-
Packaging Systems
(based on the following reference [159])
Introduction

Proper segregation of chromosomes and their partitioning into daughter cells or capsids
is a common problem faced by cellular and viral replicons. While diverse solutions to this
problem have evolved in different viruses, they may all be categorized under two broad
mechanistic themes [160, 161]. Most RNA viruses and several small DNA viruses do not appear
to require an active energy-dependent process for packaging their genomes, and the process
simply proceeds via coating of the nucleic acids by capsid subunits. Coating is usually initiated
by packaging signals in the form of sequence or structural features in the nucleic acid, resulting
in condensation of the capsid proteins on the nucleic acid scaffold [162, 163]. In the second theme,
an active ATP-dependent process drives the genome of larger double stranded (ds) DNA viruses
and single (ss) stranded DNA viruses of the Inovirus family into empty capsids [158, 161, 164].

Extreme sequence divergence of viral proteins has hampered understanding of
relationships between components of chromosome segregation and packaging systems of
different viruses. However, recent availability of a wealth of crystal structures and complete
sequences of numerous viral genomes allows us to address this problem using a variety of
sequence and structure analysis techniques and comparative genomics. Some recent
developments in this regard include structural studies on viral coat proteins revealing that
barring a few exceptions, the principal capsid or coat protein of the majority of characterized
viruses contains a distinctive B-strand fold with a B-jelly-roll topology [150, 151]. Remarkably,

this structural conservation of capsid proteins transcends the diversity of viruses, which might be
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otherwise unrelated in terms of their genomic nucleic acid or replication and packaging
mechanisms. This raised the intriguing possibility that principal capsid proteins of a majority of
viruses might have descended from a common ancestor [151].

Similarly, sensitive sequence comparisons showed that packaging ATPase motors of
diverse large eukaryotic and prokaryotic DNA viruses belong to the HerA-FtsK superfamily
which includes the DNA pumps involved in prokaryotic cellular chromosome segregation and
related DNA pumps of several conjugative plasmids and transposons [158]. Packaging ATPases
of the HerA-FtsK superfamily are encountered in the recently unified Nucleo-cytoplasmic Large
DNA virus (NCLDV) assemblage and in several dsDNA phages like PRD1 and the Inovirus
family [158, 164].The other major functionally characterized ATP-dependent DNA-packaging
system is the terminase-portal protein system first noticed in caudoviruses (tailed prokaryotic
viruses) and herpesviruses [152, 153]. In its most basic form the system consists of the two-
subunit terminase complex and a multimeric portal protein (PP) providing a conduit for nucleic
acid entry into capsids. The terminase large subunit (TLS) has both ATPase activity that powers
DNA translocation and nuclease activity, which cleaves the replicating DNA into genome-sized
fragments [165-168]. In addition to these systems, there are smaller families of packaging
ATPases in $29-like bacteriophages and the adenoviruses whose evolutionary affinities were
previously unclear [169, 170].

This study builds upon these previous studies to provide a synthetic overview of the
protein components of various ATP-dependent phage DNA-packaging systems. This study
establishes the evolutionary affinities of several poorly understood components and also describe

new potential components. Relationships and structural features of packaging proteins presented
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here also throw light on various functional aspects of DNA packaging, with general implications
for the origins of chromosome segregation.
Application of Methods

Due to the enormous amount of profile searches ran, often using as queries all of the
proteins in a given viral genome, Dr. Iyer and I worked together to conduct profile searches using
the PSI-BLAST program with either a single sequence or alignment as query [38]. I also
performed all of the contextual analyses outlined in the paragraph below, as well as the statistical
analyses on gene distribution in the virus genomes (see description in main text below). Drs. Iyer
and Aravind both aided in guiding the investigation through its different phases.

PSSM searches were typically run with a PSSM inclusion expectation (E) value threshold
of 0.01, and were iterated until convergence. All other sequence analyses were performed by
myself; multiple alignments of protein sequence were constructed using the T_Coffee [171],
PCMA [172] and MUSCLE [62] software packages, followed by manual correction based on the
PSI-BLAST results. Protein secondary structure was predicted using a multiple alignment as the
input for the JPRED program, with information extracted from a PSSM, HMM and the seed

alignment itself [173]. Similarity based clustering of proteins was carried out using the

BLASTCLUST program (ftp://ftp.ncbi.nih.gov/blast/documents/blastclust.html). I also performed
all structure and phylogenetic-related analyses; searches of the PDB database with query
structures were conducted using the DALI program [96]. Protein structures were visualized and
manipulated using the Swiss-PDB viewer program [174]. Phylogenetic analysis was carried out
using the maximum-likelihood, neighbor-joining and least squares methods. This process
involved the construction of a least squares tree using the FITCH program or a neighbor joining

tree using the NEIGHBOR program (both from the Phylip package) [175], followed by local


ftp://ftp.ncbi.nih.gov/blast/documents/blastclust.html
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rearrangement using the Protml program of the Molphy package [176] to arrive at the maximum
likelihood (ML) tree. The statistical significance of various nodes of this ML tree was assessed
using the relative estimate of logarithmic likelihood bootstrap (Protml RELL-BP), with 10,000
replicates. Gene neighborhoods were collected and analyzed using the custom script of the TASS
package (V.Anantharaman, S.Balaji and L.A unpublished) that derives tables of gene neighbors
centered on a query gene.
Results and Discussion
The demography of packaging ATPases in large DNA viruses

Amongst large eukaryotic DNA viruses all the NCLDVs, which includes poxviruses,
iridoviruses, African Swine Fever Virus, phycodnaviruses and the mimivirus, share a packaging
ATPase of the HerA-FtsK superfamily [158, 177]. The herpesviruses contain a terminase-portal
packaging system similar to the bacteriophages [152]. Additionally, a HerA/FtsK-type ATPase is
also encoded by a novel DNA transposon that is widespread in Trichomonas, ciliate and nematode
genomes. It also has some relationship with adenoviruses in terms to its DNA polymerase and
processing protease, suggesting that it might assemble into virus like particles aided by this
ATPase [158, 178]. The unique packaging ATPase of the adenoviruses has thus far not been seen
in any other viral lineage [170, 179]. Packaging ATPases, if any, of certain large DNA viruses like
baculoviruses and the shrimp white spot syndrome virus are unknown, but they are unlikely to
define large new lineages of packaging enzymes.

A systematic survey of phage packaging system components in completed genomes of
239 prokaryotic DNA viruses showed that they encompass a comparable diversity in terms of
their ATPases. Up to a genome size of about 20 kb there is a steady increase in the fraction of

phages encoding packaging ATPases (Fig. 4A). Beyond this size, 95% of phages encode a
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packaging ATPase. The majority of small phages lacking packaging ATPases are microviruses,
which initiate their packaging through a passive interaction with a small genomically encoded
polypeptide [163]. This suggests that 20 kb is the approximate size threshold above which
packaging appears to require an active energy-dependent process. The most common packaging
ATPase in currently available phages is the terminase-type ATPase (seen in ~70% of the phages),
whereas ~20% of phages utilize a version of the HerA-FtsK ATPase superfamily (see
supplementary material: SM). The presence of a terminase-type ATPase is strongly correlated
with the tailed capsid morphology typical of caudoviruses, the most common type of

bacteriophage. The HerA-FtsK family appears to exclusively occur in phages with internal lipid
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Fig. 4. Packaging ATPase presence/absence and position distribution in viral genomes.

(A) Presence/absence of a packaging ATPase in completely-sequenced viral genomes is depicted
as a stacked column graph. Percentages of genomes containing a packaging ATPase within a
certain genome size range are green columns while percentages lacking an ATPase are red. (B)
Genome position frequency distribution of packaging ATPases from completely-sequenced viral
genomes with linear chromosomes is shown as bars graph. Statistically significant preference for

placement in the middle or termini of viral genomes is observed (x% p<107).
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membranes, such as tectiviruses, corticoviruses and Sulfolobus turreted virus, irrespective of their
outer protein coat morphology (SM) [158, 164, 180]. These phages also often contain terminal
inverted repeats in their genomes. Furthermore, 82% of viruses with terminase-type ATPases
have linear chromosomes, while 63% of those with HerA-FtsK type ATPases have circular
chromosomes (SM). This suggests that while each system can handle either chromosome type,
there might be a preferred type for each of them.

A study of the positional distribution of genes for packaging ATPases in phages with
linear genomes revealed that in 80% of the cases they are either located at an end or close to the
center of the genome (Fig. 4B). This unusual distribution is highly significant (p<10-5 by Chi-test)
and appears to be related to the time of transcription of the packaging ATPase in the virus life
cycle. Placement of these genes towards the chromosome termini or middle may allow late
transcription, thereby making the packaging apparatus available only at the last phase of the
viral cycle. This bias in chromosomal position of the gene for packaging ATPases provides a
contextual means of predicting potential packaging ATPases of uncharacterized viruses. Two
archaeal globuloviruses are observed (Thermoproteus tenax spherical virus 1: TTSV and
Pyrobaculum spherical virus: PSV) with genome sizes greater than 20 kb lacking any known
packaging ATPases. However, both viruses encode an uncharacterized P-loop NTPase at the
termini of their genomes (TTSV: ORF1 and PSV: ORF582). Sequence searches with these proteins
showed no close relation to any other ATPases involved in replication such as helicases or clamp

loaders; supporting its possible role as a packaging ATPase.
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Multiple origins for different packaging ATPases within the P-loop NTPase fold

All known and predicted packaging ATPases of DNA viruses belong to the P-loop
NTPase fold, one of the most prevalent protein folds in both cellular and viral genomes [153, 158,
170]. Members of the P-loop NTPase fold are unified by the conserved nucleotide binding
(Walker A) and Mg? binding motifs (Walker B) and belong to one of two major divisions; the KG
division which includes P-loop kinases and GTPases, and the ASCE ( additional strand conserved
E (glutamate)) division [154, 181]. The latter division is characterized by an additional conserved
acidic residue (typically a glutamate occurring immediately after the conserved Walker B
aspartate) and a conserved polar residue (Sensor 1) occurring at the end of the 4% core strand of
the domain [181, 182]. Examination of all characterized packaging ATPase domains, namely the
TLS N-terminal domain, the HerA-FtsK ATPase domain, the $29-like phage ATPase domain, and
the adenoviral packaging ATPase domain revealed hallmark features of the ASCE division,
indicating derivation from within this radiation of the P-loop fold [158, 170]. This observation is
consistent with the fact that majority of highly active ATPases mediating energy dependent
processes in biological systems belong to the ASCE division [154, 181, 182].

However, relationships between different viral packaging ATPases and affinities to other
major classes of ATPases of the ASCE group have remained largely unclear. Previous systematic
analysis of the HerA-FtsK superfamily revealed that viral packaging ATPases of this superfamily
do not form an exclusive virus-specific clade but are successive out-groups of the crown-group
formed by cellular HerA and FtsK families. The basal-most clade was comprised of packaging
ATPases of filamentous inoviruses with ssDNA genomes while those from remaining diverse
groups of lipid membrane-containing dsDNA viruses of prokaryotes and eukaryotes formed a

large assemblage, an immediate sister group of the cellular and plasmid members of this
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superfamily [158]. Preliminary sequence searches with (29-like ATPases recovered only cognate
ATPases of other related viruses and secondary structure prediction revealed that $29-like
ATPases contained an a-f unit C-terminal to strand-2 as seen in the FtsK, RecA, helicase and PilT
assemblage within the ASCE division. Furthermore, the ¢29-like ATPases bore a conserved
arginine at the base of strand-4, equivalent to identically positioned arginine fingers in
HerA/FtsK ATPases. ¢29-like ATPases also possessed a conserved asparagine at the end of the
sensor-1 strand, equivalent to the glutamine seen in the HerA/FtsK superfamily (SM). These
observations together with the statistically significant recovery of (29-ATPases by sensitive
profiles of the HerA/FtsK superfamily indicate that the former are a distinct branch of the latter
superfamily. However, there were no specific features that unified $29- ATPases with
HerA/FtsK-type packaging ATPases of other dsDNA viruses, suggesting that they are likely a
rapidly diverging independent lineage within the HerA/FtsK superfamily.

TLSs are almost always two domain proteins with an N-terminal ASCE-type P-loop
ATPase domain and a C-terminal nuclease domain with a RuvC-like version of the RNaseH fold
[183, 184]. The secondary structure of the terminase ATPase domain revealed the presence of at
least one additional strand after strand-2 (SM, Fig.5), placing them in a monophyletic assemblage
of the ASCE division along with HerA/FtsK, PilT, RecA and helicase superfamilies [158].
However, they lack the C-terminal B-hairpin or any other specific features characteristic of most
members of the above assemblage [158] (SM). The TLS ATPase domain is distinguished from
other related ATPases by the presence of a poorly conserved but universally present insert after
the second B-a¢ unit which includes strand-2. They also contain a characteristic arginine at the
third position in the Walker A motif. While it could potentially act as an arginine finger in the

terminase multimer, such a function remains uncertain as the arginine is absent in a few active
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terminases, like that of phage T1 (SM). Thus, it appears that TLS ATPase domains comprise a
separate lineage within the above monophyletic assembly of the ASCE division.

Adenoviral packaging ATPases (IVA2) consistently retrieved ABC ATPases as best hits. They
specifically share with the ABC ATPases two polar residues at the end of the sensor-1 strand, one
of which is a highly conserved histidine. Secondary structure predictions also suggest that they
contain an insert with B-strands after helix-1 which might be equivalent to the corresponding
insert found in all ABC ATPases [185]. Hence, adenoviral ATPases were probably derived from
the ABC superfamily. Adenoviral ATPases additionally contain a distinct C-terminal extension
predicted to form an o+ domain with two conserved aromatic positions and several polar
residues (SM). It might play a role in recognizing packaging-initiation signals in genomic regions.
Thus, it appears that DNA packaging has been derived on at least three independent occasions
within the ASCE division of P-loop NTPases, with two of them being exclusively comprised of
packaging ATPases (HerA/FtsK and terminase) and the third from a superfamily of ATPases that
were ancestrally associated with DNA (ABC ATPases). The predicted packaging ATPases of
archaeal globuloviruses can currently only be identified as members of the ASCE division with
no close relationships to any of the other three classes, and might represent a fourth independent
innovation. Interestingly, the only characterized packaging ATPases of dsRNA viruses, those of
cystoviruses (e.g. ¢12), represent another independent recruitment for packaging function from
within the RecA superfamily [186, 187] (Fig. 5).

Ancilliary components of DNA packaging systems

Functional studies to date have not uncovered any conserved system of interacting proteins that
function along with viral members of the HerA/FtsK superfamily. Previous studies have shown

their cooperation with diverse nucleases in resolving target DNA during active pumping by
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Fig. 5. Topology diagrams depicting ASCE division of P-loop NTPases and accompanying
cladogram depicting higher-order relationships.

Strands and helices forming the core of the ASCE P-loop NTPase domain are numbered and
colored. Strands are in green with the central strand 5S4 in yellow and helices in orange.
Synapomorphies shared across different lineages are colored pink, elements not conserved across
lineages are colored gray and outlined in broken lines. Lines connecting different lineages
represent higher-order relationships constructed by comparison of shared structural and/or
sequence similarities. Broken lines represent relationships with more uncertainty. Abbreviations:
WA, Walker A; WB, Walker B and Sen1, sensor-1.

these ATPases [158]. Hence, it is likely that these ATPases cooperate during packaging with
different resolvases, including the frequently present RuvC-like resolvase, in NCLDVs and

prokaryotic dsDNA viruses [180, 188, 189]. The ¢-29 lineage of the HerA/FtsK superfamily
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appears to utilize a distinct portal protein (PP) containing a globular domain of the SH3 fold
[190]. This domain forms a multimeric ring similar to those formed by other nucleic acid binding
members of this fold such as the RNA binding Sm domain [190-192]. Adenoviruses possess a
unique ancillary protein, not observed elsewhere in the viral universe, which functions in
conjunction with the IVA2 ATPase to interact with genomic packaging sequences [193, 194].
Secondary structure predictions of this protein indicate a lineage-specific a-helical fold.
Terminase systems show considerable diversity with different types of PPs and ancillary
components like terminase small subunits (TSS). Given this diversity, their origins were
investigated and new interacting components were identified using genomic context information.
Diversity of the terminase-dependent packaging systems: a common origin for portal proteins of all tailed
bacteriophages

In addition to the TLS whose two domains supply ATP-dependent motor and nuclease
activity, packaging systems of all characterized caudoviruses also require a PP. PPs form homo-
multimers providing a conduit for DNA into the viral prohead Guasch, 1998 #176;Simpson, 2000
#178; Bazinet, 1988 #183}. In contrast to the common origin of the TLSs, the PPs of these viruses
were believed to belong to distinct families, typified by versions found in phage T4, T5, A, A118
and Mu [195]. To investigate evolutionary affinities of PPs, systematic transitive sequence profile
searches were initiated from all known versions of PPs. As a result of these searches, PPs were
recovered from a variety of phages or their equivalents such as the head-tail connector protein
(gp8) of phage T7; consequently unifying all known PPs of tailed bacteriophages. These searches
showed that every TLS-containing phage also encoded one predicted PP suggesting a strict
functional association (SM). The above unification of PPs of diverse phage families also suggested

descent from a common ancestor like their terminase counterpart. However, they have
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subsequently undergone rather drastic sequence divergence. Secondary structure prediction of
the conserved core shared by PPs indicates a six-stranded region embedded between two
predominantly a-helical elements. The most prominent sequence conservation is in the B-strand
rich region and includes a Gxs (where ‘X’ is any amino acid and ‘s’ a small residue) prior to the
first conserved strand (SM). Sequence similarity-based clustering and examination of conserved
shared motifs in the alignment helped us to discern eight distinct families (Supplementary table
1), which further grouped together into four higher order clades (T1/T5/e-like clade, the T4/SPP1/
¢dgle-like clade, the phage p-like clade and the phage T3/T7-like clade).

The presence of a conserved p-strand-rich region in the PPs is reminiscent of the SH3 fold
B-barrel in the $29-type PP. The conserved Gxs motif in the former superfamily is also
reminiscent of a similar motif seen in the corresponding position of the SH3-like barrels [196].
Hence, despite the lack of significant sequence similarity, it is not impossible that a similar B-
barrel might be present in the PPs of the terminase-dependent systems. Likewise, the herpesviral
PPs, while displaying no significant sequence similarity to those of the phages, also contain a core
B-strand rich region suggesting the presence of a similar structure (data not shown). I propose
that this B-strand rich region might form a comparable B-barrel domain, which multimerizes to
give rise to the funnel shaped portal.

Contextual information and inference of novel components of the terminase portal systems

Conserved gene neighborhoods (operons) and gene fusions have proven to be a powerful
method for predicting previously unknown functional associations and protein-protein
interactions in prokaryotes and their viruses [4, 197]. In order to identify other functional links to
the terminase-portal system, all gene neighborhoods of terminase-portal pairs were

systematically explored in bacteriophages. In terms of gene neighborhood, the most commonly
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found association is between the TLS and the PP with the two typically occurring as neighboring
genes in several viral genomes (some exceptions include A, T3/T7 and T5) (SM, Fig. 6). PP genes
are rarely fused to other genes suggesting that multimerization and strict interactions with TLS
are likely to select against fusion proteins. One notable fusion of the PP is with a lysozyme (e.g.
Burkholderia prophage, gi: 78061894; Fig. 6) which might correlate with the incorporation of
lysozymes in viral capsids for their role in host entry.

Terminase small subunits (TSS) have been characterized in phages such as T4, T7, A and
SPP1, but corresponding small subunits have not been found in many of the other tailed
bacteriophages [198-200]. Examination of gene neighborhoods suggested a strong association
between the genes for the TSS and the TLS (Fig. 6). The crystal structure of the A small subunit
shows a specialized derivative of the winged HTH—the MerR-like HTH, which lacks the first of
three conserved helices in the HTH domain [201]. This suggests that the primary role of the TSS is
binding DNA. Accordingly, the contextual information of gene neighborhood and sequence
profile searches were combined to characterize the other TSSs and identify previously undetected
versions. Our searches identified TSSs in 151 of the 206 phages containing terminase-portal
systems. While all these small subunits contain the HTH fold, they included versions distinct
from the MerR-type HTH seen in A-like TSSs. In total, seven distinct families of TSS were
identified and also few sporadic unclassified HTH domains. Of these, the largest families were
SPP1-type TSS and D3-like TSS. The SPP1-like family was shown to contain a simple trihelical
HTH module of the FIS type, while the remaining families did not belong to any previously
characterized type of HTH domain and likely represent phage-specific divergent versions of the

fold (SM). In a subset of phages, including P2, the SPP1-like TSS is fused to the TLS, supporting
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Fig. 6. Phylogenetic tree of TLS depicting gene displacement among portal protein families.
Phylogenetic trees were built using the least-square method with subsequent local rearrangement
to obtain the maximum likelihood tree (see SM for details). Reliability of the tree topology was
assessed using the RELL bootstrap method of MOLPHY, with 10,000 replications (SM). Branches
where gene displacement has occurred as discussed in the text are colored orange for emphasis.
Gene neighborhoods corresponding to TLSs are adjacent to branch ends, genes are shown as
boxed arrows. TLS genes are colored in red, TSS colored in yellow, MuF colored in green, and
PPs are colored according to family type. Nodes with bootstrap support >70% are linked by
circles and labeled by bootstrap value. Domain architectures are also given below the tree, with
organism abbreviations and gene names (separated by an underscore) written below.
Abbreviations: HhH, helix-hairpin-helix; PRPP, PRPP amidotransferase. Please see SM for phage
abbreviations.

the strong functional association between the two subunits through physical interaction (SM).
The above observations suggest that unlike the TLS, the TSS has been derived from the HTH fold
on multiple occasions, and convergently evolved similar functional associations with TLS.

The next major family of proteins, often encoded in the same conserved gene
neighborhoods as other components of the terminase system, is the so-called MuF family. This
family, typified by phage SPP1 gp7 protein, is a component of the phage prohead. In Gram-
positive bacteria, the MuF protein is known to associate with the PP and is believed to be led into
the prohead by the latter [202, 203]. In our sequence profile searches, MuF proteins were detected
in representatives of all major tailed prokaryotic virus families and their prophage derivatives
(including one in archaeon Methanococcus: MJ0329). Nevertheless, several phages in each of these
families lacked MuF, suggesting that it might not be an essential component of terminase-portal
systems (Fig. 6). The MuF gene is almost always immediately downstream of the PP gene and is
associated with genes for several distinct families of portal proteins in different phages like T1,
T5, Mu, A and SPP1 (Fig. 6). In one instance it is fused to a T5-like portal gene (Neisseria prophage,

gi: 59800934), reinforcing the strong functional association between these two components.
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MuF contains a characteristic C-terminal region with conserved cysteines, histidines and
acidic residues suggesting it might form a distinct metal-chelating domain which might be
involved in MuF-mediated DNA binding activity. MuF proteins show a number of fusions to
other domains in several (pro)phages. These include fusions to the DNA-binding HhH domain
(Nostoc prophage, gi: 23130420) and several catalytic domains such as ADP ribosyltransferase
(Enterococcus prophage, gi: 29374974), pol-B-fold nucleotidyltransferase (phage Aad23, gi:
31408074), PRPP amidotransferase (Haemophilus prophage, gi:16273315) and multiple intein-type
HINT peptidase domains (Fusobacterium, gi: 34763916; Bifidobacterium gi: 23335596). ADP
ribosyltransferases have been observed in a variety of phages, including T4 and eukaryotic
NCLDVs, like PBCV and mimivirus [180]. T4 ADP ribosyltransferases ModA, ModB and Alt are
packaged into phage heads, and are involved in modifying a range of host proteins [204]. Hence,
the MuF might help in loading ADP-ribosyltransferase and other catalytic activities in the phage
head for modification of host or viral proteins. HINT peptidases fused to MuF are related to the
BUBLI1 peptidase of ciliates which is involved in cleaving tandemly-fused ubiquitin repeats and
ADP ribosyltransferase domains [205]. Consequently, MuF associated HINT peptidases might be
similarly involved in phage head maturation. In this context, it should be noted that the portal-
terminase system genes including MuF are often combined with another conserved gene
neighborhood, which contains proteases involved in capsid maturation belonging to ClpP or
herpesvirus assemblin-like folds.

In situ gene displacement in terminase portal gene neighborhoods

Diversification of PPs into several distinct subgroups and recruitment of several distinct

types of HTH domains as TSS raised the question of whether there was a correlation between the

distinct families of these proteins and the phylogeny of the TLS. Only TLSs show sufficient
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sequence conservation to reconstruct a suitably resolved phylogenetic tree through conventional
methods (Fig. 6). Hence, this tree is used as a reference to study the distribution of other
components of the terminase-portal system and structures of their gene neighborhoods. This
distribution showed the following features. 1) MuF proteins show a sporadic distribution with
related phages often differing in its presence or absence. 2) Phages with related TLS might often
differ in the type of PP or TSS they are associated with. For example, phage SPP1 has an SPP1-
like PP (PP2 family) while the related phage Sf6 contains a P22-like version. Likewise, related
TLSs of phages P2 and B3 differ in terms of associated TSS and PP and presence or absence of
MuF (Fig. 6).

These observations suggest that terminase-portal gene neighborhoods are prone to: 1)
frequent gene loss and acquisition, evidenced by sporadic distribution of MuF and 2) in situ
displacement of functionally equivalent proteins by evolutionarily unrelated or distantly related
counterparts. This situation is parallel to previously observed gene neighborhoods of phage
single strand annealing proteins and capsid maturation proteases [206, 207]. The presence of
relatively strict gene orders (TSS followed by TLS, PP and MuF) suggest strong constraints with
respect to their synthesis and interactions. General rarity or absence of gene fusions among TSS,
TLS and PP suggest that their interactions are strongly coupled without much scope for
additional associations. Based on gene order and nature of domain fusions, I speculate that TSS is
synthesized first and associates with viral DNA. It subsequently recruits the TLS which processes
DNA and recruits the PP through which DNA is loaded into the prohead. The PP in turn appears
to recruit MuF, which might help position DNA into proheads and recruit other catalytic

activities for capsid maturation.
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Evolutionary considerations and general conclusions

The systematic survey of diverse active viral DNA-packaging systems suggests that their
motors have been derived from two major superfamilies of ASCE ATPases (HerA/FtsK and TLS
N-terminal domain). The remaining packaging motors are also derived from the ASCE division,
but are very limited in their spread and appear to lack an extended evolutionary history. Taken
together with monophyly of the capsid proteins of several DNA and RNA viruses, this suggests
an early origin for the two major ATP-dependent packaging systems in the context of ancient pre-
existing capsid-like envelopes [180].

Interestingly, both ancient superfamilies of packaging ATPases function in conjunction
with DNAses that process or manipulate the products of genome replication. While TLSs contain
the C-terminal RNaseH fold nuclease domain, the HerA/FtsK superfamily functions with a range
of distinct nucleases in cellular and viral systems, such as XerC/XerD, NurA, RCR, pT181/Rep,
Sir2 and possibly RuvC-like resolvases (in several NCLDVs) [158, 188, 189]. The RNaseH-fold
domain in TLS is most closely related in terms of its conserved active site to the RuvC resolvases
and nuclease domains of several transposases (such as TnpA, mariner, hermes, Ragl/Transib and
retroviral integrases) [184, 208, 209]. Thus, ATPases of both packaging systems probably
associated with an ancestral DNA manipulating nuclease of the RNaseH fold, which appears to
have diversified into nuclease, integrase or resolvase families of viral and cellular replicons.
HerA/FtsK ATPases form ring-structures and lack domain fusions with their nuclease partners.
This appears to have allowed more frequent evolutionary displacements of their nuclease
partners by functionally equivalent nucleases [158]. In contrast, there is no evidence for TLSs
forming comparable arginine finger-stabilized rings, and fusion with their nuclease partner

appears to have been retained throughout their evolution. In general, functional associations
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between nucleases and packaging ATPases suggest that from inception packaging systems were
closely associated with post-replication genome segregation. Increasing size of DNA-based
genomes probably provided the selection pressure for emergence of such systems [180].
Interestingly, diversification of several other superfamilies in the ASCE division of P-
loop NTPases might be linked to emergence and expansion of DNA-based replication systems.
These include DNA helicases of AAA+, recombinases of RecA, and higher order chromosome
condensation proteins of ABC superfamilies. Hence, the two major DNA packaging systems
probably arose as part of this diversification of ASCE NTPases concomitant with diversification
of DNA-based replicons that occurred well before the emergence of the Last Universal Common
Ancestor (LUCA) of cellular life. The nature of the envelope of early replicons, lipid membranes
or purely protein capsids, appears to have played a principal role in emergence of the two
independent packaging motors. In this context, it is notable that cellular systems (bacteria and
archaea) use related packaging ATPases as viruses with lipid inner membranes. Thus, precursors
of cellular compartments could have emerged from systems similar to lipid containing viral
capsids [180]. While both major packaging systems remained largely mutually exclusive, on rare
occasions potential hybrid systems were found. The $29 system uses a HerA/FtsK ATPase but
depends on a PP analogous to caudoviruses. Like the latter, it lacks an inner membrane, and has
a unique hexameric RNA component [210]. It remains unclear if this pRNA is a remnant of a
more ancient system or merely a lineage-specific innovation of $29-like phages. Similarly,
evolution of adenoviruses, might have involved displacement of the HerA/FtsK ATPase of the
above-mentioned DNA elements by a neomorphic packaging system. Our unification of PPs
suggests that the terminase-dependent system emerged with a PP partner from earliest stages of

their existence. The observation that most of these viruses also contain a version of the HTH
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domain (TSS) suggests that there might have been a third DNA-interacting component recruiting
nucleic acids to the motor in ancestral versions of this system.

I hope this investigation might help in further experimental investigations on functional
interactions in these systems.
Supplementary material
Supplementary material is provided in a single file that can be accessed at

http://www.ncbi.nlm.nih.gov/CBBresearch/Lakshmin/supplementary material. html.

Experimental validation of work presented above

While our manuscript was in proof, Rao and colleagues published the crystal structure of
the bacteriophage T4 packaging NTPase [211]. This structure confirms the location of the arginine
finger and the oligomerization strategy predicted in the above pages. Other predictions in this

research await further experimental confirmation.


http://www.ncbi.nlm.nih.gov/CBBresearch/Lakshmin/supplementary_material.html

62

INVESTIGATIONS RELATING TO THE ROSSMANN FOLD

Rossmann fold is an ancient fold of the mixed a/p class consisting of a three-layered
alpha/beta sandwich composed of repeating beta-alpha units with a characteristic cross-over
occurring in the central sheet, initially identified over thirty years ago through some of the first
experiments involving comparison of conserved structural elements in proteins [54]. Members of
this fold have been recruited to a wide range of functional roles, and at least two higher-order
assemblages of the fold have been previously recognized. The first, referred to as classic
Rossmann folds, are unified primarily by the presence of a glycine-rich nucleotide-binding loop
found after the first B-strand in the fold and includes the FAD/NAD(P)-binding superfamily
which contains the C-terminal domain of alcohol dehydrogenase-like domains and the S-
adenosyl-L-methionine-dependent methyltranferase superfamily which includes the Fts]-type
RNA methyltransferase domains [54]. The second, referred to as the HUP assemblage, is unified
by a conserved set of structural and sequence features and includes among others the
phosphoryl-group transferring and AMP-generating superfamilies like the class I aminoacyl-
tRNA synthetase HIGH Nucleotidyltransferase superfamily, and the adenosine phosphate-
binding redox reaction-catalyzing domains functioning in electron transfer reactions in the ETFP
(electron transport flavoprotein) superfamily [212].

The proceding section consists of three studies, each containing a comparative analysis of
different structural and evolutionary facets of the Rossmann fold. In the first study, I establish a
novel higher-order assemblage of Rossmann fold domains and investigate in detail the higher-

order relationships and conserved features of one of the members of this assemblage, the
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Haloacid Dehalogenase (HAD) superfamily. In the second study, I selected a previously
uncharacterized target protein from the HAD superfamily and in conjunction with Drs. Ezra
Peisach and Karen Allen we solved the crystal structure for the protein and predicted a possible
functional role for the protein using genome contextual information. The final study describes the
El-like superfamily of the Rossmann fold, establishing its higher-order evolutionary
relationships and a paradigm that describes an aspect of substrate interaction in members of the

superfamily.

Evolutionary Genomics Of The HAD Superfamily: Understanding the Structural Adaptations
and Catalytic Diversity in a Superfamily of Phosphoesterases and Allied Enzymes

(based on reference [213])

Introduction

All cellular organisms extensively depend upon the biochemical reactions related to organo-
phosphoesters and phosphoanhydrides. Hence, it is not surprising that an enormous diversity of
phosphohydrolases have evolved on multiple occasions to catalyze the dephosphorylation of
various compounds[214],[147]. The majority of cellular phosphohydrolases belong to a relatively
small set of evolutionarily distinct superfamilies, which are almost entirely dedicated to the
catalysis of such reactions. These large superfamilies include the P-loop NTPases, which is the
largest monophyletic assemblage of nucleotide triphosphatases encoded by cellular genomes
[181], the RNaseH fold of ATPases, including actin, Hsp70 and their relatives [161, 215], the DHH
[216], HD [217], PHP [218], HAD [219, 220], calcineurin-like [221], synaptojanin-like [222], and the
Receiver domain (CheY) superfamilies [223], [224]. They span the entire range of structural basic

classes with a-helical forms, such as the HD superfamily [225], the beta-barrels such as the CYTH
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Fig 7. HAD reaction mechanisms

A schematic representation of the reaction pathway in carbon transfer and in phosphoryl transfer
is depicted. (A) The 5 major types of reactions known to be catalyzed by the HAD superfamily
can be distinguished by the identity of the leaving group of the substrate, the site of hydrolysis of
the intermediate, and the identity of the phosphoryl acceptor group. (B) Schematic of the active-
site template for the phosphoryl transferases showing the interactions of substrate with the
catalytic motifs (contributed from the core domain) and substrate specificity determinants
(usually contributed by the cap domain). Residues contributed from each motif are color-

coordinated; the substrate specificity component is colored in blue.

superfamily of phosphohydrolases[226], 3-layered /3 sandwiches, such as P-loop NTPases [181],
HAD [227] and DHH [228], [229], o/ barrels such as the PHP phosphoesterases [230], and 4
layered at/B-sandwichessuch as the calcineurin-like [231] and synaptojanin-like phosphoesterases
[232].

The HAD superfamily, named after the archetypal enzyme Haloacid Dehalogenase [219],
includes enzymes catalyzing carbon or phosphoryl group transfer reactions on a diverse range of
substrates, using an active site aspartate in nucleophilic catalysis (Fig. 7A). The majority of the
enzymes in this superfamily are involved in phosphoryl transfer i.e. phosphate monoester

hydrolases (phosphatases) or phosphoanhydride hydrolases P-type ATPases. These include
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variations such as a  phosphonoacetaldehyde hydrolase (phosphonatase) and
phosphotransferases, such as 3-phosphoglucomutase and -mannophosphomutase. Each of the
phosphotransferase enzymes requires a Mg?* cofactor for catalysis [220] [219] (Fig 7B). The carbon
group transfer reaction (Fig. 7A) catalyzed by haloalkanoic acid dehalogenase (HAD)[233] is
unique in that it does not utilize a metal ion cofactor, and that a water nucleophile attacks the
Asp C=0 in the hydrolysis partial reaction.

The HAD superfamily is represented in the proteomes of organisms from all three
superkingdoms of life, and have colonized numerous very disparate biological functions, which
vary in their degree of essentiality to the cell. We were primarily interested in understanding
how the catalytic platform of the HAD superfamily has been adapted through evolution to act on
a wide range of substrates, a process which has been termed the "evolutionary exploration of
substrate space” [234]. The accumulation of over 40 X-ray crystal structures and the enormous
amount of sequence data available through genome sequencing projects have made the HAD
superfamily amenable to understanding this process of evolution. Accordingly, in this work we
present a comprehensive natural classification of the HAD superfamily using the information
derived from relevant sequence and structural elements, phyletic distribution patterns, and
phylogenetic tree analysis. This classification system offers a model for understanding the
diversification of enzymes and allows us to predict important functional residues or regions in
members of the superfamily having unknown function.

Application of Methods

I performed all of the investigations contained within this study, with input and direction

received at different steps of the analysis from Drs. Aravind, Allen, and Deborah Dunaway-

Marino at the University of New Mexico. The non-redundant (NR) database of protein sequences
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(National Center for Biotechnology Information, NIH, Bethesda, MD) was searched using the
BLASTP program [38]. Iterative database searches were performed using the PSI-BLAST
program with an alignment or a single sequence serving as the query, typically expectation value
(E-value) of 0.01 for inclusion in the position-specific scoring matrix (PSSM); searches were
iterated until convergence [38]. For all searches containing computationally biased proteins, the
statistical correction option built into the BLAST program was employed. Multiple alignments
were constructed using the MUSCLE [78] and/or the T-COFFEE [60] programs, followed by a
manual refinement based on PSl-blast results and structural information. All large-scale
sequence-analysis procedures were carried out using the TASS package (S.Balaji,
V.Anantharaman, LA unpublished). Transmembrane regions were predicted in individual
proteins using the default parameters in the TMPRED

(http://www.ch.embnet.org/software/TMPRED form.html) and the TMMH2.0 [90] programs.

Signal peptides in individual proteins were predicted using the SignalP program [91]. Protein

structures were visualized and manipulated with the Swiss-PDB viewer [94] and PyMOL

(http://www.pymol.org) programs. Predicted molecular surfaces diagrams and ribbon diagrams
were created using the PyYMOL program. Protein secondary structures were predicted by feeding
multiple alignments into the JPRED2 [89] program. The DALI program was used for structural
comparisons [95] (See supplementary material for details). Similarity-based clustering of proteins

was accomplished using BLASTCLUST (ftp://ftp.ncbi.nih.gov/blast/documents/blastclust.html).

Gene neighborhoods were obtained by isolating all conserved genes, in the
neighborhood of the gene under consideration that showed a separation of less than 70
nucleotides between their termini. Genes fulfilling this criterion were considered likely to form

operons. Gene neighborhoods were determined by searching the NCBI PTT tables


http://www.ch.embnet.org/software/TMPRED_form.html
http://www.pymol.org/
ftp://ftp.ncbi.nih.gov/blast/documents/blastclust.html
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of Haemophilus influenzae (PDB: 1K1E). Th top view (upper left) reveals the typical spatial
orientations of the conserved residues involved in catalysis, which are depicted as stick and ball
figures. Conserved residues and two conserved structural motifs, the flap and the squiggle, are
labeled. The side view (upper right) shows the Rossmann-like fold of the HAD superfamily and
the location of the cap domain relative to the core domain. The squiggle motif, central to the
active site, is colored pink. (B) Close-up active site views of two HAD representatives with
distinct motif IV signatures. The left panel has a motif IV DD signature while the right panel has

a motif IV DxxxD signature. Panels are labeled with gene names and PDB identifiers.

(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Genome) with an in-house PERL script.
Phylogenetic analysis was carried out using maximum-likelihood, neighbor-joining, and
minimum evolution (least squares) methods (see supplementary material for details).

Results and Discussion

Structural and functional aspects of the HAD superfamily

Structural core of the HAD superfamily
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Fig 9. Rossmannoid Domains

Topology diagrams of domains representative of the major divisions of Rossmann-like folds with
a catalytic acidic residues. Two versions of the HAD domain (P-type ATPase HAD and BcbF
HAD) showing significant modifications to the classic HAD domain are also shown. Strands are
shown as arrows with the arrowhead on the C-terminal end and are labeled from S1 to S6 in the
classic HAD, with equivalent strands marked with ‘eq” in other Rossmannoid domains. The HAD
domain of BcbF is an obligate dimer, and strands from the two dimers are differentiated as A and
B (e.g. S1A and S1B). The initial strand containing the catalytic D residue is rendered in yellow;
other core strands conserved across all members of the domain are in blue; non-conserved
elements that may have been absent from the ancestral state of a domain are in gray. Helices are
shown as red coils. The HAD C1 cap insertion point is represented as a bright green line and the
C2 cap insertion point is represented as an orange line. Broken lines indicate secondary structures
elements not present in all members sharing the domain. The dark pink loop in the HAD domain
represents the conserved squiggle. Residues conserved across all members of a particular

domain, including the initial catalytic acidic residue, are shown.
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To provide the basic context for a structure-function analysis of the HAD superfamily I
first define its essential structural core, and compare it to other structurally related folds. The
core catalytic domain of the HAD superfamily contains a 3-layered a/p sandwich comprised of
repeating 3-a units which adopt the topology typical of the Rossmannoid class of o/ folds. The
central sheet is parallel and is typically comprised of at least 5 strands in a 54123 strand order
(Fig. 8A, 9). These strands are hereafter referred to as S1-55. The HAD fold is distinguished from
all other related Rossmannoid folds by two key structural motifs (Fig. 9). First, immediately
downstream of strand S1, is a unique ~6 residue structural motif which assumes a nearly
complete single helical turn, not unlike those found in the catalytic domains of unrelated
enzymes of the polymerase-f3 fold [212]. I term this motif the “squiggle”. In some members of the
HAD superfamily the squiggle forms hydrogen bonds between the ith and i+5t position resulting
in the rare pi-helix conformation [235]. Second, downstream of the squiggle there is a 3-hairpin
turn formed by two strands projecting from the core of the domain (Fig. 8A). I term this
structural motif the "flap". The squiggle and flap structural motifs play essential roles in HAD
superfamily catalysis (see below for details).

Sequence comparisons have shown that practically all members of the HAD superfamily
contain four highly conserved sequence motifs [220]. Sequence motif I corresponds to strand S1
and the DxD signature is present at the end of this strand (Fig. 7B, 10). The carboxylate group of
the first Asp and the backbone C=O of the second Asp coordinate the Mg? cofactor (Fig. 7B).
Additionally, the first Asp in motif I acts as a nucleophile that forms an aspartyl-intermediate
during catalysis [236], [237], [238], [239], [240]. In phosphatase and phosphomutase members of
the superfamily the second acidic residue acts as a general acid-base. It binds and, in many cases,

protonates the substrate leaving group in the first step and deprotonates the nucleophile of the
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second step [241]. In the ATPases, the occurrence of a threonine at this position allows for a
reduced rate of aspartyl phosphate hydrolysis, which may allow for the time lag necessary for the
consequent conformational change. In the phosphonatases, there is an alanine instead of the
second aspartate, which is consistent with the unique role played by the enamine intermediate
(formed with the insert domain, see below) as a general acid-base catalyst in aspartyl phosphate
hydrolysis by these proteins.

Motif II corresponds to the S2 strand, which is characterized by a highly conserved
threonine or a serine at its end (Fig. 7B, 10). Motif III is centered on a conserved lysine that occurs
around the N-terminus of the helix located upstream of S4 (Fig. 8, 9, 10). Motif II and motif III
contribute to the stability of the reaction intermediates of the hydrolysis reaction. The lysine in
motif III is reminiscent of the basic residues termed arginine fingers that stabilize the negative
charge on reaction intermediates in many other phosphohydrolases, particularly those of the P-
loop NTPase fold [242]. It is likely that they play a similar role even in the HAD hydrolases. An
analysis of the available structures shows that the lysine in Motif 3 may occur in either of two
structural contexts in different HAD hydrolases. In the P-type ATPases, acid phosphatases,
phosphoserine phosphatases and the Cof hydrolases the lysine is incorporated into the helix
immediately preceding strand S4. However, in all other HAD hydrolases it emerges from the
loop immediately prior to the helix. On account of this difference in the secondary structure
context of the lysine, motif III is poorly conserved relative to the other motifs. The poor local
conservation beyond the functionally critical basic residue is also comparable to the regions
bearing the arginine finger in the AAA+ ATPases [181]. Motif IV maps to strand S4 and the

conserved acidic residues located at its end. These terminal acidic residues of Motif IV typically
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Fig 10. Multiple sequence alignment of HAD-domain containing proteins

(From previous pages) The alignment shows only conserved structural regions. Unconserved
regions, including cap regions, are replaced with numbers denoting the excised residue count.
The top line of the alignment indicates the general areas of the four conserved motifs considered
essential for HAD domain catalytic activity. Conserved residues of these motifs are shaded in
gray. Secondary structure motifs are colored and labeled in the second line of the alignment, blue
representing [B-sheets, red representing a-helices, and pink representing the squiggle motif. The
third line of the alignment designates secondary structural elements; E for f-strand regions, H for
a-helical regions, and — for coil regions. Otherwise, coloring is the same as outlined in Fig. 8.
Sequences are identified by the protein name, species name abbreviation, the GenBank GI
number, and if applicable the PDB code; identifiers are demarcated by underscores. PDB codes
are shaded in orange for added emphasis.

exhibit one of three basic signatures: DD, GDxxxD, or GDxxxxD (where x is any amino acid) (Fig.
7B, 8, 10). These acidic residues along with those in motif I are required for coordinating the
Mg?ion in the active site [243], [241], [244], [236], [245], [246], [247], [248]. Motifs I-IV are spatially
arranged around a single “binding cleft” at the C-terminal end of the strands of the central sheet
that forms the active site of the HAD superfamily (Fig. 7B). This binding cleft is partly covered by
the B-hairpin flap occurring after S1 (Fig. 8A, 9). Additional inserts occurring between the two
strands of the flap or in the region immediately after S3 provide extensive shielding for the
catalytic cavity. These inserts, termed caps, often contribute residues required for specificity or
auxiliary catalytic functions, and play a central role in the reactions catalyzed by most HAD

hydrolases [249], [237], [250] (see below for further discussion).

Relationship of the HAD superfamily to other Rossmannoid folds

The topology of the central B-sheet of the HAD fold makes it a typical representative of
the Rossmannoid class of 3-layered a/3 sandwich folds (Fig. 9). It shares with other Rossmanoids
folds the general location of the active site formed by residues at the C-terminal end of the central

sheet. More specifically, the HAD fold shares with other Rossmannoid fold enzymes a critical
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substrate-binding site in the loop between S1 and the downstream a-helix, and a second active
site residue positioned immediately downstream of the strand occurring after the crossover in the
[-sheet i.e. strand S4 (Fig. 9) [212]. Amongst the Rossmannoid folds two major divisions can be
recognized: 1) the nucleotide binding domains with a nucleotide binding loop between strand 1
and the helix after it. This group includes many large monophyletic assemblages of proteins,
namely the classic Rossmann NAD/FAD dependent dehydrogenases [251], Sir2-like deacetylases
[252], the S-AdoMet-binding methyltransferases [253], [254], [255], the GTPase FtsZ [256], the
ISOCOT fold [257] and the HUP superclass (Class I tRNA synthetases, HIGH
nucleotidyltransferases, USPA, photolyase and electron transport flavoprotein) [212]. Most
members of this division are characterized by specific signatures, often glycine- rich, in their
nucleotide-binding loops. 2) The second division comprises phosphohydrolases or divalent
cation-chelating domains with a conserved acidic residue in the loop between the first strand and
the helix that comes after it. This division includes the HAD superfamily, whose DxD motif is
found in this loop, and several other enzymes superfamilies with similar active site
configurations. These superfamilies are the DHH domain phosphoesterases (e.g. the DNAse
involved in repair and recombination, Rec]) [216], the receiver or CheY domain of the two-
component signaling system [223], [224], the TOPRIM domain, which is the shared catalytic
domain of the topoisomerases and DnaG-type primases [258], the PIN/5-3" nuclease domain
[259], the classical histone deacetylases/arginases [260] and the vVWA (von Willebrandt factor A)
domain [261] (Second division only depicted in Fig. 9). Most members of this division are also
unified by a second acidic residue which is borne at the end of the strand adjacent to the first
strand, which occurs after the crossover of the sheet to the opposite side (left of strand S1 in Fig.

9). Like the HAD domains, the receiver domain forms an aspartyl phosphate intermediate [262],
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which receives a phosphate from a histidinyl-phosphate on the histidine kinase [262], [263], [264].
Because of the mechanistic similarity, the receiver domain has previously been claimed to be a
member of the HAD fold [265], [266]. However, a careful examination of the active site
organization and sheet topology of the receiver domains (Fig. 9) shows that it does not share any
of the other specific features conserved throughout the HAD superfamily beyond the
phosphorylated aspartate and other generic features of the acidic active-site-containing division
of Rossmannoid folds (Fig. 9).

Of the other Rossmannoid folds of this division, the DHH phosphoesterases contain a
DxD signature, and the histone deacetylases/arginases a DxH signature at the end of strand 1,
which chelate a metal ion, just as in the HAD superfamily. However, these enzymes also contain
their own characteristic motifs further downstream (Fig. 9) and there is no evidence for any
aspartylphosphate intermediate being formed [267],[268] [260]. In the PIN/5-3’ nuclease
domains, a catalytic Mg? ion is chelated by the acidic residues including those occurring at the
end of the S1 equivalent and the strand immediately to its left [259] activates a water for
nucleophilic attack. In the TOPRIM domains of primases and topoisomerases the acidic residue
at the end of the first strand is always a glutamate (Fig. 9) that acts as a general acid or base in the
hydrolysis of the phosphoester bond or polynucleotide transfer [258], [269]. The DXD muotif is
instead borne at the end of strand left of S1 (Fig. 9) and coordinates an Mg?* ion. In the vWA
domain the first aspartate is part of the so called MIDAS metal-binding motif (DxSxS [261], [270]),
which is critical for the metal chelation by these domains. Thus, different superfamilies of this
division of the Rossmannoid folds, despite similarly positioned acidic catalytic residues and
metal coordination sites, have acquired very distinct catalytic mechanisms. Large to moderate

inserts within the core Rossmannoid domain are also seen in the TOPRIM, PIN/5-3’ nuclease
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domains, histone deactylase/arginase and DHH superfamilies, suggesting that they might also
form caps, which control access to the active site area, analogous to the HAD superfamily.

Structural variations in the core Rossmannoid domain of the HAD superfamily

The core Rossmannoid fold of the HAD superfamily is generally not prone to many
modifications beyond the insertion of the cap modules. However, the central sheet often shows
lateral modifications corresponding to the two ends of the sheet. The ancestral condition of the
HAD appears to have been the 5-stranded central sheet (Fig. 9), to which a major division of the
HAD superfamily appears to have added a C-terminal 3-a unit after the 5% strand-helix unit (S6),
extending the sandwich further (at the left side of the sheet in Fig. 9). The additional strand S6
was lost on rare occasions in members of this 6-stranded division, especially in the context of C-
terminal domain fusions. Likewise, on the opposite side (right end of the sheet in Fig. 9) there are
inserts of additional strands which stack in the same plane as the core strands to extend the sheet.
The simplest of these is a -hairpin, which folds back and extends the central sheet, and is the
defining feature of a large clade within the HAD superfamily that includes the sucrose phosphate
phosphatases, the phosphomannomutases, the trehalose phosphate phosphatases, mannosyl-3-
phosphoglycerate phosphatases and the cof-type phosphatases (Fig. 9). A second independent
insert in the “right side” of the sheet is seen in the P-type ATPases in the form of an additional a-
 unit immediately after 53 (Fig. 9, bottom left). This additional strand is accommodated in the
sheet between the S2 and S3 and is a unique and defining feature of the P-type ATPases.

The most dramatic modification, however, is seen in the proteobacterial BcbF family of
phosphatases, which exist as obligate dimers in the catalytic form (Fig. 9, bottom right). In these
proteins the helix immediately downstream of the conserved lysine in Motif III is replaced by a

loop, which displaces the strand S4 away from the core sheet and places it an anti-parallel
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configuration, where it stacks with the remaining three strands (S1-53) of the second monomer in
a parallel configuration (Fig. 9). Thus, the 5S4 appears to be swapped between the two monomers
and two identical active sites are formed by a combination of two monomers—one monomer
supplying motif I, II and III and the other monomer supplying motif IV associated with the
swapped strand (Fig. 9). Given that this configuration has a very limited phyletic spread, this
dramatic modification appears to have evolved rather recently through a relatively simple
process. I suspect that the ancestral version was a 5-stranded version, which probably functioned
as a tightly associated dimer with the active sites in each ancestral monomer facing in opposite
directions (head-tail dimer). In such a head-tail dimer, accidental swapping of strand 4 between
the monomeric subunits could have re-constituted a functional active enzyme, thereby allowing
the emergence of the configuration seen in the BcbF family.

Cap modules of the HAD superfamily

The most notable inserts seen in the HAD superfamily are the caps, which, despite their
diversity, can be classified in 3 generic categories: 1) CO caps- the structurally simplest
representatives of the HAD superfamily have only small inserts in either of the two points of cap
insertion. 2) The C1 caps- these caps are defined as inserts occurring in the middle of the {3-
hairpin of the flap motif, and fold into a structural unit distinct from the core domain. 3) The C2
caps are defined as inserts occurring in the linker immediately after strand S3 (Fig. 9). Most
representatives of the HAD superfamily have either a C1 cap or a C2, though in few cases
proteins may simultaneously possess C1 and C2 caps.

The simplest CO state with no elaboration of (-hairpin or additional inserts in the C2
position are rather infrequent in the HAD superfamily and are seen in proteins such as deoxy-D-

mannose-octulosonate 8-phosphate (KDO 8-P) phosphatase (Fig. 11). Slightly longer inserts are
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cap is colored in yellow and the second is colored in green. Other pieces of the cap that likely

developed around the duplication event and are rendered in gray.

is elaborated further, with the addition of a strand between the 2 sheets forming the (-hairpin;
resulting in a cap in the form of 3-stranded sheet. Some of these phosphatases have also acquired
a rudimentary C2 cap in the form of a long loop that extends out of the core domain.

The classical C1 caps belong to two distinct structural classes, the a-helical C1 caps and
the cap with the unique a+p fold seen in the P-type ATPases (Fig. 11). The most basic a-helical
cap in the form of bi-helical a-hairpin is observed in the acid phosphatase and the cN-I
nucleotidase families (Fig. 11). The next level of complexity is the tetra-helical bundle, which is
the form of the C1 cap seen in the majority of HAD domains with a cap in this position. It
includes three general subclasses that may be distinguished based on structural properties and
conserved interactions. The first subclass, represented by p-phosphoglucomutases and

deoxyribonucleotidases, has conserved contacts between the descending arm of the cap domain
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and the second helix of the Rossmannoid core. The second subclass seen in haloacid
dehalogenases and their close relatives (see below) has conserved contacts involving the loop
between the second and third helices of the cap and the linker between strand S3 and the core
helix downstream of it. The third subclass, typified by the phosphoserine phosphatase family,
shows contacts in the region between the third and fourth o helices of the C1 cap and a smaller
C2 cap that is unique to this family. Despite sharing the same topology, these three categories of
tetra-helical C1 caps share little primary sequence conservation, and show notable differences in
the packing of the helices. The largest helical caps are seen in the form of the globular multi-
helical bundle found in the uncharacterized Zr25 family, with a core formed by 8 prominent
helices (Fig. 11). Secondary structure prediction for the cN-II nucleotidase and Eyes absent (EYA)
families reveals the presence of large caps, which are predicted to form multi-helical bundles
similar to the Zr25 (the cap of cN-II has developed an additional beta meander).

The P-type ATPase C1 caps are unrelated to the helical caps and searches of the PDB
database with the DALI program [95],[96] do not recover any known fold. However, an analysis
of the P-type ATPase caps showed that they contain an internal duplication of a simple a+{ unit,
with a core sheet formed by a 3-stranded (3-meander (Fig. 11). This suggests they possibly arose
from a single ancestral unit, which in turn could have itself emerged from a precursor resembling
the CO caps of the CTD phosphatases and MDP1, via the addition of a small a-helical hairpin to
the 3-stranded sheet. Subsequent duplication of this unit appears to have generated the C1 cap
seen in extant P-type ATPases (Fig. 11). However, this C1 cap of the extant P-type ATPases
manifests considerable variability both in terms of sequence as well as in the form of some
additional insertion and deletions. Thus, in the most parsimonious scenario the classical C1 caps

appear to have been independently invented at least twice. All the known a-helical caps can be
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Fig 12. Topology diagrams of
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conservatively pictured as an evolutionary series of a-helical bundles of increasing complexity
emerging through serial duplication from a basic bihelical precursor, along with rapid sequence
divergence and reorganization of the helical packing (Fig. 11).

There are two major unrelated types of classical C2 caps, respectively seen in the Cof-
type phosphatases and the NagD-like phosphatases and its relatives (Fig. 12). Both these types of
C2 caps are distinctly o+f3 with a core [3-sheet containing at least 3 strands. However, in structural
similarity searches with the DALI program [95], [96] and through manual examination of
topologies, I was unable to detect any convincing similarity to other folds in the protein universe,
or between themselves. In addition to these major classes of C2 caps there is a yet another small,
unique C2 cap found in the histidinol phosphatase family. In the Cof-type phosphatases I
observed a remarkable diversification of the C2 cap through accretion of secondary structure

elements to a basic unit with a 3-stranded anti-parallel B-sheet (Fig. 12). The most basic version,

seen in the protein Ta0175 (PDB: 1L6R) from Thermoplasma acidophilum [271], contains a 3-
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stranded anti-parallel sheet. A slightly more complex form is seen in the trehalose-6-phosphatase
ortholog (1U02) from the same organism, where a strand is added to the sheet at the N-terminus.
In some other forms (e.g. YedP from Escherichia coli, PDB: 1XVI) there is entire 3-a unit, instead
of single strand, added to the N-terminus of the ancestral unit (Fig. 12). In the uncharacterized
phosphatase Tm0651 from Thermotoga maritima (PDB:1NF2) [235], this trend is further
exaggerated via the addition of 3 a-f units to the ancestral unit. In the related Ywp] (INRW)
from Bacillus subtilis, in contrast, we observe elaboration via duplication of a helix in one of the
a-f units. Thus, as in the case of the helical C1 caps, it appears that the C2 caps of the Cof-type
phosphatases evolved through a process of serial addition of simple secondary structure units,
most probably through duplications limited to the N-terminal region of the cap.

The C2 cap of the NagD-like phosphatases is an a/f domain with a core 4-stranded
parallel B-sheet, with an additional N-terminal anti-parallel strand. The parallel configuration of
the sheet, combined with the lack of specific similarities to any other known domain, suggests
that it might have possibly arisen via a duplication of the core domain which also has a parallel
-sheet. However, at the sequence level there is no significant similarity with the core domain.
This group of C2 caps also contains a unique beta hairpin inserted after the 3 strand (Fig. 12).
An examination of the sequence of the C2 caps of the histidinol phosphatase family reveals a
conserved CxHx(6-13)CxC signature (where x is any amino acid). This suggests that this C2 cap is
stabilized through the chelation of a divalent metal ion, and is likely to assume a simple flap-like
structure (Fig. 12).

Several lineages of the HAD superfamily simultaneously possess both C1 and C2 caps,
both of which may be similarly sized, or one of them may be the dominant cap. In the case of the

enzymes with CO caps such as the CTD phosphatase family and the related ROP9/38K family
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there is sometimes an additional C2 cap in the form of a small B-hairpin. Similarly, small (3-
hairpin C2 caps are also seen in the phosphoserine phosphatase and the pyrimidine 5-
nucleotidase families, which also contain helical C1 caps (Fig. 12). In an archaeal sub-family of the
phosphoserine phosphatase, typified by the protein AF1437 (PDB: 1Y8A), a small C2 cap
assuming the form of a tri-helical bundle is seen, suggesting that there have been multiple
independent innovations of such smaller C2 caps. In all these families the C1 cap is clearly the
dominant cap with the C2 cap packing against it and probably providing an additional solvent
exclusion module (see below).

Role of the cap modules in the catalytic mechanism of the HAD superfamily

Several studies have revealed that HAD enzymes with C1 caps are likely to follow a
similar catalytic cycle comprised of the steps outlined below (for e.g. [272], [273], [241], [236],
[274], [246], [227]). The enzyme in the “open” configuration allows the substrate (typically a
phosphoester) to enter the active site. Once the substrate is bound the enzyme assumes the
“closed” configuration and the Mg? ion in the active site interacts with the negatively charged
phosphate, preparing it for nucleophilic attack by the first conserved aspartate at the end of
strand one (Fig. 7A). As a result an acyl phosphate intermediate is formed with the carboxyl
group of this aspartate [236], [237], [238], [239], [240]. Subsequently, the enzyme enters the open
configuration again and allows the leaving group to escape (Fig. 7A). In the open state bulk
solvent enters the active site and a water is deprotonated by the second aspartate of strand one;
hydrolyzing the acyl phosphate intermediate and returning the enzyme to the native state [241].
A variation on this theme is seen in the haloacid dehalogenases which release a halide ion along
with the formation of a regular ester linkage [275]. In the phosphonatases and sugar phosphate

mutases there are differences in the initial and the terminal stages of the reaction respectively
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[236], [276], [277], [241], [247], [278], (Fig. 7A) but the core phosphoryl transfer mechanism
remains the same.

Key aspects of the HAD catalytic mechanism that emerged from these studies are: 1) the
alternation between open and close states and 2) a preliminary reaction favored by solvent
exclusion and a subsequent step favored by extensive solvent contact. The principal features of
the core domain responsible for this process are the squiggle and the flap. The squiggle, being
close to a helical conformation, appears to be a structure that can be alternatively tightly or
loosely wound (Fig. 8A, 9). This differential winding in turn induces a movement in the flap
immediately juxtaposed to the active site (Fig. 8A, 9) and alternatively results in the closed and
open states. Given the strict conservation of the squiggle and the flap across the HAD
superfamily found herein, they are likely to be part of a universal essential functional feature of
this superfamily. The conformational changes in the squiggle and flap are likely to comprise the
minimal apparatus for solvent exclusion and access at the active site of these enzymes. Given this
ground state, natural selection appears to have favored the emergence of cap modules as they
made the process of solvent exclusion and acyl phosphate formation more efficient. In addition to
aiding the basic catalytic mechanism the emergence of diverse caps also provided a means of
substrate recognition by supplying new surfaces for interaction with substrates, which was not
afforded by the ancestral active site alone [249], [237], [250].

The simplest structures add the cap to the flap motif itself, so as to completely seal the
active site in the closed state (Fig. 13). Thus, the flap region was a hotspot for the insertion of the
various C1 caps, which appears to suggest intense natural selection for efficient solvent exclusion
[276], [275], [241], [236], [279], [247]. In the case of the HAD enzymes with C2 caps there is no

evidence from either biochemical or structural studies, thus far, for extensive movement of the
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cap itself to result in open and closed states. However, an examination of the internal cavities of
the available structures of the HAD enzymes with C2 caps shows that the C2 cap forms a
cavernous structure over the active site with the flap sealing off the aperture to this cavity (Fig.
13). This implies that although the C2 caps likely lack mobility comparable to the C1 caps, even in
these cases the squiggle-flap elements likely exhibit drastic movements similar to that observed
in C1 caps. As result there would be an open state in which the substrate, solvent and leaving
group can be exchanged with the active site cavity and a closed state where the flap occludes the
cavity formed by the C2 cap completely and excludes the solvent. In most cases where both C1
and C2 caps are present such as the phosphoserine phosphatase family, the C1 cap is the
principal functional moiety that closes the active site. The subsidiary C2 cap packs against the C1
cap and completes the occlusion by sealing off potential channels to the active site that exist in
these C1 caps. In most of the CO Caps the rudimentary caps forms a crater-like structure
associated with the active site (e.g. MDP-1 and the CTD phosphatase families) (Fig. 13). In the
case of the polynucleotide kinase phosphatases (PNKP) this crater-like structure is also walled by
a unique insert occurring immediately after strand 54 with motif IV. These crater-like accesses to
the active site of the CO cap enzymes are unlikely to completely occlude the solvent, but their
substrates are large molecules (proteins and polynucleotides) which may block the rest of the
active site from solvent, while being bound to it. Another CO cap enzyme, the 8KDO
phosphatase, adopts an unusual strategy for solvent exclusion by using the particularly
elongated strands of its flap to form a tetramer interface. As a result, each monomer in the
tetrameric unit forms a “cap” over the active site in the adjacent monomer, effectively performing
the same function of solvent exclusion (Figl3). A similar strategy of occlusion via cooperation

between two subunits is also seen in the aberrant BcbF family, which shows strand swapping
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, A caps to the active site crater found
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cap inserts are colored yellow and C2 cap regions are colored blue. The top right panel has cap
domains colored yellow while core domains from each monomer are distinctly colored. Crystal
structures are denoted by PDB identifiers followed by family names.

between adjacent subunits of the obligate dimer.

Natural classification of the HAD superfamily

Identification and clustering of the HAD superfamily enzymes

All available structures of the HAD superfamily were identified by using the DALI
program [95] to search the PDB database with the coordinates of previously well-known HAD
domains. HAD structures were typically recovered with Z-scores > 9.0 regardless of the type of

cap present in the structure initiating the search, suggesting strong, detectable relationships
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between all members of the superfamily (see Meterials and Methods and Supplementary
material). I then defined the conserved sequence features (along with their structural cognates) of
all HAD superfamily enzymes by means of a structure-based sequence alignment of all available
structures (Fig. 10). Individual sequences from this alignment were used to initiate iterative PSI-
BLAST searches [38] to identify all possible members of the HAD superfamily in the NR database
(Materials and Methods and supplementary material). Searches were carried out until
exhaustion, recovering sequence representatives from known families of HAD domain-
containing proteins. For example, a search initiated with the sequence of the crystal structure of
8KDO phosphatase from H. Influenzae (gi: 20150626, PDB: 1K1E) returns other members of the
8KDO phosphatase family in the first PSI-BLAST iteration. In subsequent iterations, sequences
from the Cof hydrolase assemblage (gi: 28373517, iteration 2, E-value: 4e-07), P-type ATPase
family (gi: 82407772, iteration 3, E-value: 4e-11), and phosphoserine phosphatase family (gi:
18160539, iteration 6, E-value: 0.002) were recovered. A search initiated with the sequence of a
crystal structure from the NagD family (gi: 47169464, PDB: 1V]R) recovered sequences from the
dehr family (gi: 691747, iteration 2, E-value: 9e-08), 3-phosphoglucomutase family (gi: 1495997,
iteration 2, E-value: 4e-04), phosphonatase family (gi: 48425373, iteration 2, E-value: 0.006), HisB
family (gi: 29541277, iteration 3, E-value: 0.001), Zr25 family (gi: 39654743, iteration 4, E-value:
0.002), and Cof hydrolase assemblage (gi: 28373517, iteration 6, E-value: 0.007). Another search
with a member of the deoxyribonucleotidase family recovers sequences from the P-type ATPase
family (gi: 45359204, iteration 4, E-value: 3e-04), Enolase-phosphatase family (gi: 2984225,
iteration 6, E-value: 0.004), acid phosphatase family (gi: 58176631, iteration 9, E-value: 0.001), and
NagD family (gi: 10197682, iteration 10, E-value 9e-04). Preliminary classification was carried out

by means of similarity-based clustering using the BLASTCLUST program (Supplementary
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material). Distinct clusters which fell out of this operation were aligned throughout their length
and unique signatures beyond the 4 basic HAD motifs were noted. These extended regions of
conservation helped in identifying specific families and objectively distinguishing them from
other families with signatures of their own. Within such families the internal relationships, where
relevant, were determined using conventional phylogenetic analysis methods, namely neighbor-
joining and maximum likelihood, and the phyletic profiles of the members. All major conclusions
based on phylogenetic results discussed in the paper were supported by bootstrap support 80%
or greater in all the above-stated phylogenetic methods. Higher order relationships between
families were determined by comparing shared structural features, and determining
synapomorphies (shared derived characters). Lastly, phyletic patterns, domain architectures, and
predicted operon organization of representatives were used to infer likely function if it was not
known and also to reconstruct a coherent evolutionary scenario for all branches of the HAD
superfamily.

The higher order relationships within the HAD superfamily are presented graphically in
Fig. 14 and the resultant natural classification in shown in Table 1 along with phyletic patterns,
representatives in the PDB, and functional annotation while Fig. 15 depicts domain architectures
observed within each family. The most basic split appears to separate a group of C0O cap proteins
with a core 5-stranded sheet from the rest of the superfamily, which is unified by a 6-stranded
core sheet. Within this 6-stranded assemblage the most basal members retain C0O caps, while the
rest of the division is characterized either by dominant C1 or C2 caps. The distinct cap

morphologies suggest 5 major radiations, namely the a-helical C1 cap assemblage, the P-type
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ATPases with their own C1 cap, and 3 distinct groups of dominant C2 cap proteins (Fig. 14). I
describe the details of the classification below, using the cap morphology as a handle.
The CO cap assemblages and their constituent families

The basal-most clade of the HAD superfamily is comprised of an assemblage of CO
proteins with a 5-stranded core sheet and currently includes 5 distinct families, which are briefly
described below. Two additional families showing the CO cap condition, whose precise
evolutionary affinities are not clear, are also discussed in this section (Fig. 14, Table 1).

The MDP-1/FkbH family

This family is prototyped by the eukaryotic MDP-1 type Mg(Il)-dependent protein tyrosine
phosphatases [243], [280], [243], which appears to be widely distributed in eukaryotes suggesting

a basic cellular function. I also recovered a number of bacterial MDP-1-like proteins typified by
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the FkbH and BryA, and archaeal representatives typified by SSO0580 from Sulfolobus. FkbH and
BryA are in the biosynthetic pathways for ascomycin and bryostatin in Streptomyces [281] and the
bacterial symbiont Candidatus Endobugula sertula [282] respectively. The FkbH protein combines
an N-terminal HAD domain with a C-terminal acetyltransferase domain (FkbH_Shy in Fig. 15),
which contains a highly conserved cysteine residue. Given its role in synthesis of
methoxymalonyl-ACP and gene context, it is quite likely that the incoming substrate is an acyl
phosphate, which is cleaved by the HAD domain and the acyl group may then be transferred to
the internal cysteine in the acetyl transferase domain and then to the ACP. The presence of one
distinct lineage of the MDP-1/FkbH family in each of the 3 superkingdoms of life is indicative of
their possible presence in the last universal common ancestor (LUCA) of cellular life (Fig. 14).
Related to this ancient family are three other families, detailed below, with restricted phyletic
patterns, and could have been potentially derived from the former family in a lineage-specific
fashion (Fig. 14, Table 1).

Table 1. Natural classification of HAD superfamily

Clades/families are generally grouped according to dominant cap domain type, i.e. C0, C1, or C2.
Indents indicate the inferred hierarchy of evolutionary relationships within each of these major
groups of HAD domain containing proteins. Phyletic distribution of families and subfamilies are
given in parentheses. Distinct sequence/structural features are listed underneath clade names or
next to phyletic distributions of families. The defining characteristic(s) for each family, phyletic
distribution, and/or other distinct features are shown in parentheses underneath clade names or
next to family/subfamily names. PDB identifiers of solved crystal structures are indented and
listed underneath their respective family/subfamily. Any known enzymatic function not
intuitively associated with a family/subfamily name is also listed beneath said family/subfamily.

‘+' refers to a positive conserved residue (lysine or arginine) and a ‘~ refers to a negative
conserved residue (aspartate, glutamate, or histidine).



1. HADS WITH C0O CAPS
A, Basal S—slrnnded core assenblage
three-stranded C0 cap, S-stranded core, rudimentary C2 cap in the form of simple extended
hairpin if present, DD motif IV
MDP-1/FKBH family DxDxTXW motif T and DD motif 1V
FhbH/BryA subfumily (several Bacteria)
MDP-1 tyrosine plosphatase subfumily (plants, animals. fungi. Kinetoplastids)
FFDDE motif IV and H near motif 11
PDB: 1U70
SSO0380 subfamily (Several archaca) TWN motif IT and DDR motif IV
RNA polymerase ¢arboxyl terminal domain (CTD) phosphatase family
PsrIp subfamily (animals, fungi, slime molds, plants, kinetoplastids, Giardia,
apicomplexa, ciliates)
PDB: ITAD
Nemip-dullard subfumily (animals, fungi)
Tim3tp subfamily (animals, fungi, plants)
Feplp-CPL subfamily (animals. fungi. plants. slime molds, Criprosporidium)
353R subfumily (iridaviruses)
Ublcpd subfamily (animals, fungi. plants, slime molds)
HSPCI129 subfamily (animals, plants, slime molds)
3BK/ROPI phosphatase family (DDxxxN motif IV)
38K subfamily(Baculoviruses)Conserved R in core helix I, DW in core helix 5,
ROPY subfumily (Apicamplexa) HSGG motfin (0 cap
BebF family (proteobs \es) Unusual dimer-formed via strand
swapping in core domain

Polynucleotide kinase phosphatase (PNKP) far
helix 3, SGR motif 11

Bacrerioplage subfamily (bacteriophages)
PDB: ILT

Eukuryotic subfamily (Eukaryotes) variable inserts between D residues of motif TV

Iy D in core helix 1. Dx3K in core

BRKDO(3P y-D I 8-phasph family
(Bactenia, Methanobacierium, vertebrates) (GDxxxD motif IV, GGxGAXRE motif at phosphatase C-term). tetramerizes
through flap strands

PDB: IKIE

C. erﬂkfsmll} (Firmicutes, Cyvanob: Dei Thermus, Th
conserved W in core helix 2, R core helix 3

Plants, Fungi, Slime molds)

1L C1 CAP-CONTAINING HAD PROTEINS

Bi-helical Cap Families
A. Acid Phosphatase family
bi-helical cap

non-specific acid phosphatases (NSAPs)

AphA subfamily (Sireplomyces, Enterobacteria)

PDB: IN9K

P4 subfamily (several bacteria) NPxYGxWE motif at phosphatase C-term:

VISP subfumily (plants, Sireproniyees, Covielia, Legionelfay GYR preceding motif IV
B. eN-I nucleotidase family bi-helical cap
(Vertebrates, proteobacteria, Thermosynechococeus, Arthrobacter)

Tetra-helical C1 cap assemblage

C. Motif TV DI assemblage
Phosphonot ase family DxG motf |
Classic phospharcotase sabfamily {proteobacteria) DFG motif in squiggle, small
helical segment downstream of $3
PDB: IRQN. IFEZ
PA2803 subfarmily { Pscudomonas) degenerate subfamily with loss of cap
SdtIp-Epoxide Hydrolase C-terminal domain Family
SEHCT/Acud ] sabfamily (animals. several a-proteobacteria)
PDB: 1580, IEK1L
PHMS-SDTI subfamily (fungi, plants, microsporidians, proteobacteria)
Xofts swbfamily (proteobacteria)
YihX subfamily (most bacteria, some fur lants)
Deoxyribonucleotidase family {Vertehrates. Fungi (Cryptococcus only), Plants, Giardia,
several bacteria, bacteriophages (caudoviruses), mimivirus) W at the end of strand 6
PDB: IMH9
HerA-associated family (cyanobacteria, plants) WGY motif at end of strand 5, TxK
motif 1
P-phosphoglucomutase (BPGM) family KPxP motif 111
J-PGM proper subfamily {(mainly firmicutes. some actinobacteria, F.coli,
Thermotoga) conserved H, GxxR in cap domain
PDB: 1008
ChbY subfamily {Plants, cyanobacteria, Chlamyia, Legionella, Yersinia, several o-
Proteobacteria) conserved H in cap domain
DOG (2-deaxyglncose-6-phasphate phosphatase) subfamily (Fungi, several
bacteria, methanogenic eurvarchaea) conserved HG in cap domain
¥iC subfamily (most bacteria, fungi, animals, plants, Giardia)
PDB: 1TE2

. dehak Enol:

dehr (dehalogenase-related) family
dehr subfamily I (Most bacteria, many archaca, fungi, animals, plants)
Tsr subfamily (plants) EWE motif I, SNxcxxE motif TV
delr subfumily H (Most bacteria, with sparadic transfers to various eukaryotes and
archaga)
PDB: 1ZRN, 1005

i, 7-proteobacteria, cyanobacteria, Aguifer,
Strepiomyes) conserved FVaxsLFPY and DyKxxLKxLOGxxW regions in cap domain
Bes3 family (some proteobacteria and Sirepococous)

VNG2608C family (cyanobacteria and some euryarchaca)

PSN-1 (Pyrimidine S-nucleotidase) family (animals) Additional small C2 cap present

Phospheserine Phosphatase (PSP) Camil
SerB subfamily (Bacteria, some euryarchaca, fungi (recent bacterial transfers),
animals, plants)
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PDB: IF58, INNL
TheH subfamily (Few proteobacteria)
PDB: IRKU
phosphoserine:homoserine phosphotransferase
PHOSPHO! subfamily (Fungi, animals, plants, bacteria (mainly firmicutes), several
Archaea; generates inorganic phosphate for skeletal matrix mineralization; small C2
cap contains 3 conserved cysteine residues that may be involved in metal chelation
CicA subfamily (proteobacteria, actinobacteria, Parachlamydia, Porphyromonas)
NapD subfamiiy (several bacteria, some filamentous ascomycetes,
Methanosarcina)
AF1437 subfamily (Few archaea) C2 cap has three helices stacking above C1 cap
PDB: 1 YBA

nucleotidase family P-hairpin insertion in core domain after motif 1T
11 subfamily 1 Animals, slime molds)
-IT subfamnily 2 { Animals, plants, slime molds)
eN-I1 subfamify 3 (Animals, plants, slime molds, Legionella, Bdellovibrio)
cystolic 5™-nucleotidases
H. EYA (Eyes Absent) family (animals)
1. Zr25 family (Staphylococers) Insertion in core domain after motif 111
PDB: 1QYI

P-type ATPase family
Strand 3.1 present between strands S2 and 83, DKTGT motif I, GDGXND motif IV,
unique o+f cap with conserved K
Type I subfamily (Bacteria, Archaca, Eukaryotes) heavy metal, K+ transporting pumps
Type Il subfamily (Bacteria, Eukaryotes) Ca2+, Na+/ K+, H+/K+ transporters
PDB: 15U4
Type 111 subfamily (Eukaryotes, Bacteria, Archaca) eukaryotic, archaeal proton pumps;
bacterial Mg2+ transporters
Type IV subfamily ( Eukaryotes) ophospholipid transporters
Type V subfamily (Eukaryotes) Ca2-+ transporters
Type VI subfamily ( Euryarchaea) soluble phosphatases

€2 CAP-CONTAINING HAD PROTEINS

C. HisB (Histidinol phosphatase) family (Bacteria, only Thermoplasmales amongst
archaea) metal-chelating C2 cap with conserved CxHxnCxC region; histidine biosynthesis/ ADP-D-B-D-heptose
synthesis/ ADP-D-a-D-heptose synthesis

A. NagD family
GDxxxD motif 1V, distinet w/p C2 cap
AraL subfamily (archaea, firmicutes, actinobacteria) conserved D in cap domain
PDB: IVIR, 1YV9, IWVI, 1YDF, 1YS9
chronaphin (CIN) subfamily (Fungl, Animals, Slime molds, plants, kinteoplastids)
conserved D in cap domain and glycine patch downstream of motif 1I; putative cofilin-
activating phosphatase
Cut-. J/('ECRS \uhfnmd} (pmlcﬂhaclem, Eukaryotes) conserved D in cap domain
Phaosph bfamily (Animals, several

diverse bacteria)

B. Cof hydrolase assemblage and constituent families
fi-sandwich domain cap structure showing considerable diversity, core strands 3.1, 3.2 present
Cof family (Archaea, Bacteria)
PDB: 1L6R, INRW, INF2, 1YMQ, IRLO, IRKQ, 1WRS
Trehalose phosphate phosphatase (TPP) family
TPP I (animals, plants, proteobacteria, few archaca)
TPS2 (plants, fungi, slime molds, microsporidians, very few bacteria and
archaea)
3

p ate phosp (MPGP) family (some Bacteria and
Euryarchaga)
PDB: 1XVI
Phosphomannomutase (PMM) family (Eukaryotes, Propionibacterim,
Bifidobacterium, Lactococcus, Sphingomonas)
Sucrose phosphate synthase C-terminal domain (SPSC) family (plants,
cyanobacteria, few proteobacteria)
Sucrose phosphate phosphatase (SPP) family (plants, cyanobacteria. firmicutes)
PDB: 1U2T
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Fig. 15. Domain architectures of selected multidomain members of the HAD superfamily.
The architectures are grouped around a central circle indicating principal cap type (as outlined in

Table 1). Domain architectures are further grouped according to the higher order classification
(Table 1), with clades encircled by thick black lines and designated in black lettering and families
encircled by lighter colored, thinner lines and designated in the same colored lettering. However,
clades and families without any currently known multi-domain architecture are not included in
this figure. Each rectangle or other geometric shape represents a single conserved domain. The
HAD domain is in light blue and is labeled with the dominant type of cap found in that protein:
C0, C1, C2, or P-type ATPase. Proteins are identified with a protein name or abbreviation and an
organism name abbreviation. Domain designations: BRCT, breast cancer susceptibility protein
carboxy-terminal domain; SBHM, sandwich barrel hybrid motif domain; dsRBD, Double-
stranded RNA binding motif domain; UBQ, ubiquitin domain; NT, Nucleotidyltransferase
domain; MurD Ligase, glutamate ligase domain; SIS, a sugar isomerase domain; IGPD, imidazole
glycerol-phosphate dehydratase domain; zf-PARP, Poly(ADP-ribose) polymerase and DNA-
Ligase Zn-finger domain; FHA, forkhead-associated domain involved in phosphopeptide
binding; LIPKIN, antibiotic kinase type small molecule kinase; ACAD, Acyl-CoA dehydrogenase;

2H, 2H phosphoesterase domain; Gevr, repressor of glycine cleavage enzyme system domain; Pfs,
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nucleoside phosphorylase domain; HHE, possible metal binding domain; TRASH,
metallochaperone-like domain; copz, copper chaperone domain; HMA, heavy-metal-associated
domain; NTF2, small molecule binding domain of the nuclear transport factor 2 fold; OtsA,
Trehalose-6-phosphate synthase domain. The orange ellipse associated with the CTD
phosphatase is a specialized membrane targeting signal with a conserved cysteine. Organism

abbreviations are the same as in the alignment figure.

The RNA polymerase carboxyl terminal domain (CTD) phosphatase family

This family is unique to the eukaryotes and shows an extensive radiation in them (Table
1). The prototypical version of this family, typified by yeast Fcplp, is required for the
dephosphorylation of specific serine residues in the carboxyl-terminal tail of the RNA
polymerase catalytic subunit [283], [284], [285], [286], [287], [288], [274] , a feature essential for the
reinitiation of transcription by the RNA polymerase [289]. This family has diversified into 7
subfamilies in the eukaryotes and their viruses (Table 1). The most widespread of these is the
Psrlp subfamily which is conserved throughout the eukaryotes and is typified by a conserved N-
terminal module required for membrane localization [290], [291], and a conserved cysteine
(Psrlp_Sc in Fig. 15) . Members of this subfamily are slow-evolving and are likely to be the
principal CTD phosphatases of eukaryotes, and ancient components of the nuclear membrane.
The Nem1lp/dullard subfamily is seen in animals and fungi, localizes to the nuclear membrane,
and might act on nuclear pore complex proteins such as Nup84p [292]. The Tim50 subfamily, is
also a membrane protein with a peculiar N-terminal membrane-spanning segment [276]. It
associates with the mitochondrial inner membrane and regulates the translocation of internal
mitochondrial proteins. Recently, the Tim50a isoform have also been shown to localize to the

nuclear membrane. Hence, it is likely that this entire group of membrane associated CTD
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phosphatases diversified as nuclear membrane proteins and Tim50 was subsequently recruited
for a mitochondrial function [293].

The remaining CTD phosphatase subfamilies are soluble proteins and include the Fcplp-
CPL subfamily, typified by the eponymous protein from S. cerevisiae [284]. Several versions of
this subfamily are characterized by an N-terminal sandwich-barrel hybrid motif (SBHM) domain,
followed by a downstream metal-chelating cysteine cluster, and a C-terminal BRCT domain
(fcpl_Hs in Fig. 15). The BRCT domain in these proteins has been implicated in recognizing the
phosphorylated RNA-polymerase II substrate [294]. It is possible the SBHM of the Fcplp
subfamily interacts with the SBHM domains in the catalytic subunits of the RNA polymerase.
The plant representatives of this subfamily, the CPL proteins, are implicated in regulating
osmotic stress-responsive and abscisic acid-responsive transcription [295], [296] and contain one
or two double-stranded RNA-binding domains (dsRBD) at the C-terminus, suggesting that they
might be downstream of the RNA-mediated silencing pathway seen in plants (CPL1_At in Fig.
15). Ublcpl subfamily is also found throughout the crown group of eukaryotes and is typified by
an N-terminal ubiquitin domain fused to the phosphatase domain (Ublcpl_Mmus in Fig. 15)
[297] and might regulate RNA polymerase stability through the ubiquitin pathway [298].

The 38K/ ROP9 and BcbF families

The remaining two families which might have arisen from the MDP-1/FkbH family are
much smaller and show even more restricted phyletic patterns. The 38K/ROP9 family shows a
very unusual phyletic pattern, with one of the subfamilies being limited to the baculoviruses (the
38K subfamily) and the other to the apicomplexa (ROP9). This family is defined by a
characteristic insert that is likely to form a rudimentary C2 cap. The ROP9 family has been

experimentally determined to be a secreted protein localizing to the rhoptry, an apicomplexan
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organelle [299], suggesting that it might act as a phosphatase in the assembly of the rhoptry or the
parasitophorous vacuole. The BcbF family, despite its dramatic structural modifications, is
largely limited to the proteobacteria and their viruses, suggesting that it might have arisen
relatively recently in evolution. The predicted neighborhoods for these genes suggests that it is
often embedded in operons for capsular polysaccharide biosynthesis [300], suggesting that it
might act as phosphatase on one of building blocks of the polysaccharide.

Polynucleotide kinase phosphatase (PNKP) family

The next major lineage of basal CO cap HADs is the PNKP family which play a role in
both RNA and DNA repair [301] by removing 3’-terminal phosphate groups[302]. There are two
subfamilies of these proteins (Table 1) with distinct motif IV sequence signatures (Fig. 14), the
first being the bacteriophage subfamily (PseT in Fig. 14) with an N-terminal P-loop
polynucleotide kinase domain (PNKP_T4 in Fig. 15). The second is the eukaryotic subfamily
(PNKP in Fig. 14), which is seen in most major eukaryotic lineages and often contains a C-
terminal polynucleotide kinase domain (PNKP_Mgri in Fig. 15). In plants, the phosphatase is
fused to a Zn-finger found in Poly(ADP-ribose) polymerases and DNA-Ligases (AtZPD_At in
Fig. 15) [303], [304]. Another previously uncharacterized in the eukaryotic subfamily is found in
animals and is fused to the phosphopeptide-binding forkhead-associated domain (FHA)
(PNKP_Hs in Fig. 15). Both the Zn-finger and FHA domain are likely to be independent means
of recruiting these phosphatases to regions of DNA damage.
8KDO family

While this family has a CO configuration, its core sheet is six-stranded, like the rest of the
HAD superfamily suggesting that it is closer to the remaining groups of the HAD fold (Fig. 14).

These enzyme removes a phosphate group from 3-deoxy-D-manno-octulosonate 8-phosphate
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(Kdo-8) in the course of the biosynthesis of the polysaccharide chain in the bacterial lipid A
pathway [305], [306] and bacterial capsular polysaccharides [307]. The 8KDO family shows a
conserved K residue in the cap domain that points in the direction of the active site and might
participate in recognition of negatively charged substrates. Several bacteria and all vertebrate
members of this family are fused to nucleotidyltransferase transferase that potentially catalyzes
the subsequent step in the biosynthesis pathways (Cmas_Hs in Fig. 15).
Yhr100c family

This family specifically recovers the NagD family of C2 cap proteins (See below), and vice
versa in sequence searches; however, beyond general core sequence similarity there are no
particular features that link these families. Gene neighborhood analysis suggests linkages with
genes in the chorismate metabolism pathway, such as AroE (Shikimate 5-dehydrogenase) and
chorismate synthase suggesting a possible regulatory role by acting on phosphorylated
intermediates in the pathway. The results from the yeast protein-protein interaction map suggest
that the eukaryotic members may be part of the Giplp-Glc7p phosphatase complex required for
organization septins implying that these forms possibly function as protein phosphatases during
cell division.
The helical C1 cap assemblage

The categories of a-helical caps are discussed in terms of their basic cap morphologies,
namely the bihelical, tetrahelical and multi-helical caps. Of these the tetra-helical cap families
form the bulk of the assemblage and include several large families (Table 1).

Simple bi-helical cap families

The simplest of the a-helical caps are the bi-helical caps seen in the acid phosphatase and c¢N-I

nucleotidase families. However, there are no other features supporting a specific relationship
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between these families suggesting that they are basal lineages retaining the ancestral condition of
the a-helical clade (Fig. 14). The acid phosphatase family is characterized by an N-terminal
signal peptide, which suggests that they are secreted proteins which function in periplasmic or
extracellular environments. Plants show a lineage-specific expansion of members of this family,
which are believed to function as vegetative storage proteins [308], [309], [310]. The c¢N-I family is
a family of cytostolic 5-nucleotidases found in vertebrates and several proteobacteria which
regulate pyrimidine pools in the cytosol [311], [312].

Tetra-helical caps: The Motif IV DD assemblage

This assemblage is distinguished by the presence of a DD signature in motif IV and
contains  the  Phosphonatase, = SDTI1-Epoxide  Hydrolase  C-terminal = domain,
Deoxyribonucleotidase, HerA-associated (HA) and B-phosphoglucomutase (BPGM) families.

The phosphonatase family includes the phosphonoacetaldehyde phosphatases, which
hydrolyze phosphonoacetaldehyde to orthophosphate and acetylaldehyde [313], [314], [315],
[316], [317], [318]. Experimental results suggest a role for cap residues in the catalytic activity of
the classic phosphonatases of this family [236]. The family contains a group of degenerate
versions from the bacterium Pseudomonas (PA2803 subfamily), which have rather partly lost their
cap and show disruptions of motifs II and III and IV suggesting that they are catalytically inactive
proteins which have take up a secondary binding function. The Sdtlp-Epoxide Hydrolase C-
terminal domain family is widely represented in both bacteria and eukaryotes and appears to
have diversified into 4 major subfamilies (Table 1). Several members of the sEHCT/Acadl0
subfamily are fused to a C-terminal «a/f hydrolase domain related to the haloalkane
dehalogenase domain (HAL) (SeH_Hs in Fig. 15). The animal enzyme has been shown to have

hydroxyl lipid phosphate phosphatase activity in lipid degradation [319], [320], [321]. Some
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animal members of this subfamily, like Acadl0, are fused to two C-terminal domains
(Acad10_Hs in Fig. 15); a lipid kinase domain related to the protein kinases, and an Acyl-CoA
dehydrogenase (ACAD) domain, which also suggests a role for them as phospholipid
phosphatases. Phm8p of the eponymous subfamily is induced under low phosphate conditions
and is likely to release soluble phosphate by hydrolysis of intracellular organo-phosphate
compounds [322] while its paralog Sdtlp has been shown to be a pyrimidine 5'-nucleotidase[323].

The Deoxyribonucleotidase family includes one of the major types of 5 (3)-
deoxyribonucleotidases  responsible  for  dephosphorylating wuracil and  thymine
deoxyribonucleotides[324], [325], [326]. The eukaryotic forms do not group together in
phylogenetic analysis, suggesting that they might have been acquired from bacterial or phage
sources on multiple occasions. The presence in large DNA viruses and mitochondria is consistent
with the other similarities between their DNA replication processes [327], [177] and is indicative
of the similar selective pressures faced by these replicons from excess uracil and thymine dNTs.
The HerA-associated family is typified by its operonic association with the HerA-type ATPases
and the NurA nuclease which are predicted to form a system for chromosome segregation and
pumping in prokaryotes [158]. The contextual association predict that this family might have a
role in processing terminal phosphates on DNA, which might emerge due to nuclease action
during the pumping process [158]. The B-phosphoglucomutase (BPGM) family is a large group
which contains multiple subfamilies with different catalytic activities (Table 1). The archetypal
subfamily of this group is the B-PGMs proper, which catalyze the inter-conversion of o-D-glucose
1-phosphate and D-glucose 6-phosphate [328]. This family contains a conserved histidine and
GxxR motif in the cap, which are critical for substrate recognition by contacting the phosphate

and sugar moieties, respectively [329]. In the related CbbY subfamily (typified by Rhodobacter
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CbbY [330]; Table 1), the histidine is likewise universally conserved, but the arginine is present
only in a subset of proteins. The DOG subfamily is typified by the 2-deoxyglucose-6-phosphate
phosphatase from fungi [331], [332] and other fungal members of this subfamily have been
characterized as glycerol 3-phosphatases[333]. The remaining members of this family constitute
the large YniC family which is widely represented throughout the bacteria and the eukaryotes,
but not archaea. In plants the HAD domain is fused to the FAD synthetase (AT29272p_At in Fig.
15), which adenylates FMN to form FAD [334], [335]. The HAD domain might dephosphorylate a
precursor in the pathway such as FMN and probably regulates FAD synthesis. Several
proteobacterial members are fused to a predicted mannitol dehydrogenase domain (YhcW_Blic in
Fig. 15), suggesting they might dephosphorylate substrates in sugar metabolism.

Tetra-helical caps: dehalogenase-Enolase-phosphatase assemblage

This assemblage contains two major families; the dehalogenase related family (dehr)
and the Enolase phosphatase family, as well as two other relatively small families; all of which
are unified by their sequence similarities in motif IV (Table 1). The dehr family, despite being
widespread remains largely enigmatic, with the only well characterized member being the type II
D-L-haloalkanoic acid dehalogenase subfamily [250], [336], which is also the archetype of the
entire HAD superfamily. The dehr family shows two clear subfamilies (dehr subfamily I and
subfamily II). One distinct orthologous group in subfamily I found only in plants, Isr (Inhibitor of
striate) proteins, is characterized by an unusual EWE signature in motif I and a SNxxxE signature
in motif IV. The dehr subfamily II shows even greater diversity in motif IV (e.g SSNxxD, SSxxxD
and AAxxxD) with wide differences in the conservation of the acidic residues and is consistent
with the acquisition of non-phosphate substrates such as haloalkanoic acids[337], [338]. The

Enolase-phosphatase family of enzymes catalyzes the oxidative dephosphorylation (in
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combination with the enolase) of 2,3-diketo-1-phosphohexane to 2-keto-pentanoate in the latter
steps of the methionine salvage pathway [339], [340]. Members of the restricted bacterial Bcs3
family are fused to an N-terminal glycosyltransferase domain (Bcs3_Hinf in Fig. 15) and might
function as sugar phosphatases in the biosynthesis of capsular polysaccharides in certain
pathogenic bacteria [341] (Table 1).

Tetra-helical caps: PSP-P5N-1 assemblage

This assemblage of tetra-helical cap proteins (Table 1) is unified by the presence of an
additional insert which forms a small secondary C2 cap that stacks against the tetra-helical cap.
Within this assemblage the P5N-1 family is restricted to animals and catalyzes the
dephosphorylation of the pyrimidine 5" monophosphates UMP and CMP to the corresponding
nucleosides [342] [343]. The cap region contains highly conserved charged residues likely to be
the substrate specificity determinants of this family. Its highly restricted phyletic pattern suggests
that the P5N-1 family was possibly derived from the much larger Phosphoserine phosphatase
family in the animal lineage (Fig. 14).

The large phosphoserine phosphatase (PSP) family includes a number of subfamilies, of
which the classical phosphoserine phosphatases (SerB) constitute the most widespread subfamily
(Table 1). The SerB proteins catalyze the dephosphorylation of L-3-phosphoserine or an exchange
reaction between L-serine and L-phosphoserine in the biosynthetic pathway of serine [344], [345].
I also found a fusion of several prokaryotic SerBs (e.g. Mycobacterium and proteobacteria) with
GcevR, the repressor of glycine cleavage (GCV) enzyme system (SerB_Mtub in Fig. 15). Given the
connection between serine catabolism and glycine metabolism [346], [347], [348], this fusion
might allow SerB to feedback regulate the glycine cleavage pathway. The related ThrH

subfamily, which is restricted to the proteobacteria, participates in the threonine biosynthesis
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pathway by catalyzing a phosphoserine:homoserine phosphotransfer reaction, similar to the
phosphate exchange reaction of SerB [349], [350]. The PHOSPHO1 subfamily contains a peculiar
C2 cap which has 3 conserved cysteines suggesting that it is stabilized by metal chelation. The
vertebrate versions of this subfamily are believed to mobilize inorganic phosphate for skeletal
matrix mineralization mineralization through their action on phosphocholine and
phosphoethanolamine [351], [352]. The fusion of this subfamily in some Gram positive bacteria to
a nucleoside phosphorylase involved in methionine metabolism[353] might implicate it in this
pathway.

The multi-helical cap assemblage

The multi-helical cap assemblage includes three families with strikingly sporadic
distributions (Table 1). Among these the c¢N-II family is another family of cystolic 5'-
nucleotidases [354], [355] that appear to have convergently evolved this activity, similar to other
families in the HAD superfamily (Table 1, see above). This family is unified by a unique (3 hairpin
immediately downstream of Motif IIl, which is unlikely to interact with the cap and might have
distinct function in multimerization or interactions with other proteins. The EYA family (Table
1), defined by the Drosophila Eyes Absent protein, functions as a protein tyrosine phosphatase
and a transcription factor [356], with EYA itself and RNA polymerase II CTD repeats as its targets
[307], [357]. This family is characterized by large clusters of conserved charged and polar residues
in the cap domain.

The P-type ATPase family

The P-type ATPases contain a cap with a conserved lysine residue at the end of a

conserved three-strand stretch in the cap which contributes to the active site of the enzyme and

appears to be required for activity [245]. All except one subfamily of these proteins are fused to
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membrane spanning regions and additional potential metal-ion binding domains (Fig. 15). As the
P-type ATPase clade has previously been subjected to extensive phylogenetic analysis [358],
[359], [360], I only briefly summarize the relationship within this family (Table 1). The Type I P-
type ATPase subfamily are heavy metal and K* transporting pumps, and are found in all three
superkingdoms of life [358], [359], but their evolutionary history appears to include many lateral
transfer events between distantly related organisms. The type II subfamily predominantly
consists of Ca?" transporters, but also includes Na*/ K* and H*/K* [358], [359]. The type III
subfamily includes eukaryotic and archaeal proton pumps and bacterial Mg?* transporters [359].
Type IV ATPases are aminophospholipid transporters [359] and type V ATPases were recently
characterized as eukaryotic Ca?* transporters [361]. A small subfamily related to the P-type
ATPases found only in euryarchaeota and lacking transmembrane regions and the conserved
lysine and threonine residues of this family was recently experimentally studied[362] and
proposed to be a phosphatase [363]. I propose naming this group of proteins the Type VI P-type
ATPase subfamily as their structure and sequence features suggest that they are the only
surviving form close to the precursor of all other P-type ATPases.
C2 caps: The HisB family

There are several distinct lineages wherein a C2 cap emerged as the principal cap (Fig. 12,
Table 1) and of these the HisB family shows the simplest version of a C2 cap. These caps contain a
CxHxnCxC motif, which is likely to chelate a metal ion that stabilizes the cap. Some of the
enzymes in this family are a part of the histidine biosynthesis pathway in prokaryotes (Table 1)
and catalyze the hydrolysis of histidinol phosphate [364] (HisNB_Ec in Fig. 15). Other bacterial
members of the HisB family, the GmhB proteins, catalyze the formation of D-a-D-heptose 1-P

from an initial D-alpha-D-heptose 1,7-PP substrate or ADP-D-f-D-heptose 1-P from an initial
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ADP-D-8-D-heptose 1,7-PP substrate [365]. These members of the HisB family often show
operonic association or fusions with sugar metabolism and cell surface glycolipid metabolism
enzymes (GmhB_Fnuc, GmhB_Brja, and GmhB_Mtub, Fig. 15).
C2 caps: The NagD family

The NagD family is unified by a distinct o/ C2 cap, which is unrelated to all other cap
domains seen in the HAD superfamily. While the family is large and widely distributed (Fig. 14,
Table 1), with several subfamilies, few members have been experimentally characterized. The
name of the family is derived from its initial characterization in the N-acetylglucosamine (NAG)
operon in E. coli [366], although it is not required for the production of NAG [367]. The AraL
subfamily (Table 1) has potentially diversified to accommodate a range of substrates. In
Paenibacillus the HAD domain of this subfamily is fused to a NUDIX domain (1177029_Bthi in
Fig. 15) which hydrolyzes a variety of substrates with a nucleoside diphosphate linked to another
moiety [368], [369] implying that its most likely substrate is a nucleotide. A related subfamily is
the cronophin phosphatase (CIN) subfamily, which has recently been identified as a cofilin-
activating protein phosphatase [370]. The Cut-1 subfamily (after the Cut-1 protein from
Neurospora), is encoded in a predicted operon in a-proteobacteria with the bi-functional
riboflavin kinase/FAD synthetase protein (RibF), and an adenyltransferase that catalyzes the
formation of FAD, and might function in co-factor biosynthesis. Except for the
phosphohistidine/phospholysine phosphatase [371], [372] subfamily (Table 1), all the other
members of the NagD family contain a highly conserved aspartate in the C2 Cap (D149 in 1V]R),

which points towards the active site and likely acts as a substrate recognition feature.
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C2 caps: The Cof phosphatase assemblage and its constituent families

The largest group of C2 cap proteins is the Cof assemblage which includes several
families unified by a C2 cap sharing a common sheet topology (Fig. 12). Six distinct families with
diverse phyletic patterns can be clearly identified within this assemblage (Table 1) and are briefly
summarized below.

The fundamental split in Cof family is between the archaeal and bacterial subgroups,
suggesting that there was probably at least one member of the Cof phosphatase assemblage in the
LUCA. A member of the archaeal subgroup, Apc014 from Thermoplasma acidophilum, has been
shown to exhibit phosphoglycolate phosphatase activity in vitro [271], but there is no evidence
that this is its endogenous substrate. An examination of the caps of the Cof family reveals the
presence of several conserved residues specific to particular subgroups suggesting that there
might be considerable substrate diversity within this family. Members of the trehalose
phosphate phosphatase (TPP) family function in conjunction with the trehalose-6-phosphate
synthase synthesizes trehalose from glucose-6-phosphate and UDP-glucose [373], [374] (Table 1,
Fig. 15) The broad phyletic pattern suggests the TPP-dependent trehalose biosynthesis or
assimilation is one of the most prevalent of the three known catalytic pathways for trehalose
biosynthesis [375], [376]. The Mannosyl-3-phosphoglycerate phosphatase (MPGP) family is a
small family comprised of proteins catalyzing the dephosphorylation of mannosyl-3-
phosphoglycerate to mannosylglycerate [377] as part of a two step pathway to synthesize the
latter compound from GDP-mannose and D-glycerate. It is found in several hyperthermophilic
archaea and some thermophilic bacteria like Thermus, where it generates mannosylglycerate a

solute with a protective role against osmotic and thermal stress[377],[378],[379].
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The Phosphomannomutase (PMM) family catalyzes the isomerization of mannose 6-
phosphate and mannose 1-phosphate, which is required in the synthesis of GDP-mannose, a
precursor for the dolichol-linked oligosaccharide and GPI anchors, which is unique to eukaryotes
[380] (Table 1). The Sucrose phosphate synthase C-terminal domain (SPSC) family are comprised
of the C-terminal domains of a key enzyme in the sucrose synthesis pathway, which contains an
N-terminal two domain glycosyltransferase module (related in structure to glycogen synthase)
fused to a C-terminal HAD domain (SPS_At in Fig. 15) [381], [382], [381], [383]. It is likely to
regulate the accumulation of sucrose by hydrolyzing the sucrose phosphate formed by the N-
terminal domains. The Sucrose phosphate phosphatase (SPP) family is closely related to the
previous family and catalyzes the dephosphorylation of sucrose phosphate to form sucrose [384],
[385]. The SPP plant versions additionally have a highly conserved C-terminal domain
(At2g35840_At in Fig. 15), which I show belongs to the NTF2 class of a+{3 domains [386]. These
domains have been previously found in a variety of enzymes, such as the steroid delta-isomerase
and scytalone dehydratase, as well as small molecule-binding proteins such as the orange
carotenoid protein. This domain been suggested to be involved in increasing catalytic efficiency
[387], and probably binds a small molecule effector to function as an allosteric regulatory site. I
note the presence of highly conserved acidic and cysteine residues in this C-terminal domain
which might play a role in ligand interactions. The previous two families have been transferred
to plants from the cyanobacterial chloroplast precursor [381].

Evolutionary implications and general considerations
The origin and early evolution of the HAD fold
The higher order structural relationships of the HAD fold suggest that it first emerged as

a part of the radiation phosphoesterase or Mg? chelating class of Rossmannoid folds. The
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ancestral version of this division of Rossmanoids folds was characterized by a conserved acidic
residue in the first 3-a unit of the Rossmannoid fold and another at the end of the strand
immediately after the “cross-over” in the sheet (Fig. 9). This division of Rossmannoid folds had
already expanded to include several distinct representatives in the LUCA of extant cellular life
forms, suggesting that the divergence of the HAD fold from related Rossmannoid folds occurred
prior to the LUCA. The emergence of the squiggle and flap motifs might have allowed for a
rudimentary solvent exclusion mechanism that allowed the HAD superfamily to acquire a
catalytic mechanism based on the concomitant formation of an acyl phosphate intermediate. As
hardly any HAD enzymes are core components of biological systems such as the RNA
metabolism or translation apparatus, they do not show comparable conservation to these
proteins. Thus, their phyletic patterns are more drastically affected by gene loss and lateral gene
transfer. An examination of the phyletic patterns and phylogenetic relationships of the extant
families of the HAD superfamily (Table 1) allows us to potentially extrapolate up to 5 distinct
lineages to the LUCA. The proteins extrapolated to LUCA include 1) the common precursor of
the MDP-1/FkbH and CTD phosphatases; 2) a representative of the NagD family; 3) a
representative of the Cof clade; 4) a representative of the P-type ATPases; 5) a possible
representative of the helical C1 cap assemblage. This suggests that the HAD superfamily had
already diversified into the major sub-types, with distinct versions of C0, C1 or C2 caps with
duplications and divergence prior to the emergence of the LUCA. We suggest that the ancestral
HAD phosphatase, like the ancestral version of the Rossmannoid folds, might have used
nucleotides as substrates. Consistent with this, nucleotide substrates are encountered in all the
major branches of the HAD superfamily including members of the earliest branching CO

assemblage, specifically the polynucleotide kinase phosphatases (Fig. 14, Table 1). Given the role
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of the PNKP in RNA repair, it is possible that they retain the primitive functional features of the
ancestral CO0 clade in early biological systems when RNA was the dominant genetic material.

This early branching CO clade also appears to have specialized in large substrates such as
proteins and nucleic acids, which precluded the need for large solvent-excluding caps. The
emergence of various caps appears to have provided an additional structurally variable
interaction module that allowed different representatives of HAD superfamily to accept a diverse
range of substrates, typically small molecules. This process was accompanied by the extensive
radiation of the various C1 and C2 cap-containing enzymes and capture of numerous functional
niches in the cell. Of these the P-type ATPases represent an early adaptation, wherein the
conformational change associated with the catalytic mechanism of the HAD phosphatases was
used to drive ion transport. Most of the other members of the superfamily evolved specific
catalytic functions in various metabolic pathways. In some cases, such as the Cof assemblage,
most enzymes appear to have acquired sugar phosphate substrates early on in their evolution. In
other cases, such as the tetra-helical C1 cap assemblage, there is no evidence that any of the early
versions had already acquired preferences for a particular category of substrates. Irrespective of
the emergence of early substrate preferences, almost none of the HAD enzymes catalyze any of
the core reactions in ancient cellular metabolic pathways. Thus, while the prototypes of most
major HAD lineages had emerged prior to LUCA, the expansion and diversification of most
families occurred well after the separation of the three major superkingdoms of life.

Post-LUCA evolution of HAD superfamily

Phyletic patterns suggest that an explosive radiation of subfamilies occurred in the

bacteria and to a smaller extent in the eukaryotes. There are several predominantly bacterial

families, but few families that are purely archaeal in their distribution (Fig. 14, Table 1).
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Furthermore, there are at least 26 monophyletic lineages within the HAD superfamily that
contain multiple bacteria and eukaryotic representatives, but no or very rare archaeal
representatives. The rare archaeal representatives, if any, in these lineages do not preferentially
group with the eukaryotic representatives. Given that the eukaryotes have vertically inherited
most of their core biological systems from archaeal sources, it is most likely that the lineages of
the HAD superfamily shared by eukaryotes and bacteria were acquired laterally by the former.
At least 4 distinct lineages of the HAD superfamily (e.g. the YniC subfamily, the Yhr100c
subfamily and the phosphomannomutase family; see Table 1) are present throughout the
eukaryotic tree, suggesting that they were acquired early in eukaryotic evolution, most possibly
from the mitochondrial precursor. However, about 22 lineages of the HAD superfamily are
restricted to only a small section of the eukaryotic superkingdom. Several of these might
represent secondary independent transfers from other bacterial sources. In the case of the families
shared by the plants and cyanobacteria, such as the SPSC and SPP families and the VSP
subfamily of acid phosphatases it is most likely that the plants acquired their versions from
chloroplast precursors. More interestingly, 1 observe that at least 4 lineages (e.g. 8KDO
phosphatase family; see Table 1) are shared by bacteria and animals, but are absent in other
eukaryotes. While in principle some of these instances might arise due to losses in earlier
eukaryotes, they are likely to represent occurrences of late transfers to the animal line. These are
of particular interest because of the potential role of genes of bacterial origin in the emergence of
particular metabolic abilities of animals, such as the ability to synthesize or metabolize certain
carbohydrates and lipids.

An examination of the bacterial diversification of the HAD superfamily shows that some

of the early lineages within bacteria appear to have specialized in particular aspects of amino-
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acid metabolism, such as the phosphoserine phosphatase and histidinol phosphate phosphatase.
Specific roles in amino-acid metabolism continued to be acquired in specific lineages of the
bacterial tree; for example, the enolase phosphatase and the phosphoserine:homoserine
phosphotransferase respectively in methionine and threonine metabolism [339], [340], [350]. The
other major bacterial innovations were related to sugar metabolism and appear to have occurred
somewhat later in bacterial evolution. These sugar metabolism enzymes arose throughout the
HAD superfamily, though the cof assemblage appears to be the most dominant amongst them.
The ancestral ability to use a nucleotide substrate probably served as a pre-adaptation that
allowed the emergence of several phosphosugar related activities on multiple occasions. Most of
these functions appear to have coincided with the extensive development of storage
oligosaccharides and polysaccharide secondary metabolites including components of the cell
wall, capsule, and extracellular matrix in bacteria. The other major class of activities colonized by
the HAD superfamily in bacteria concerned nucleotide inter-conversion and salvage, in the form
of the various nucleotidases. Interestingly, similar catalytic activities were ‘invented” within the
HAD family on multiple occasions. For example, nucleotidase activity appears to have emerged
on at least five different occasions in versions with both C1 and C2 caps (cN-I, Sdtlp,
deoxyribonucleotidase, pyrimidine 5-nucleotidase and cN-II). Likewise, phosphosugar mutase
activity appears to have arisen on at least two different occasions, once each in lineages with C1
and C2 caps (respectively p-phosphoglucomutase and a-phosphomannomutase). The HAD
enzymes with larger caps also appear to have acquired protein phosphatase activity
independently on at least 3 different occasions in evolution, mainly in eukaryotes. Finally,

members of the HAD superfamily with the ability to tackle substrates containing non-phosphate



108

ester linkages, such as carbon-phosphorus and carbon-halogen bonds, emerged in bacteria,
particularly in the tetrahelical C1 cap assemblage.

These trends suggest that the HAD fold was one of the players in the diversification of
the metabolic potential of organisms by providing the raw evolutionary material for the
innovation of enzymes that could catalyze new reactions. The 5 major types of reactions that are
known to date to be catalyzed by the superfamily are: 1) phosphatase 2) ATPase 3) dehalogenase
4) phosphosugar mutase and 5) phosphonatase (Fig 7A). These reactions show mechanistic
similarity [329] and can be accommodated by means of relatively small changes to the active site.
Consistent with this, the superfamily is remarkably conservative with respect to the active-site
residues, with only small deviations either in the core motifs (e.g. P-type ATPases and the
dehalogenases [250], [336]) or additions from the cap (phosphonatase). These observations
suggest that the intricate active site of the HAD superfamily, with contribution from 4 distinct
core elements and sometimes the cap, taken together with the general asymmetry in the position
of the active site in the Rossmannoid fold, precluded them from a extensive evolutionary
exploration of “reaction space”. However, the location of the active site between a catalytic core
and cap allowed the exploration of a vast range of “substrate space”. The phyletic patterns of the
various lineages of this superfamily suggest that a major component of this evolutionary
exploration of substrate space occurred in the Post-LUCA period in the bacteria. Some of these
innovations were transmitted via lateral gene transfers to the eukaryotes at various points in their
evolution, and used as is (e.g. sucrose phosphate phosphatase [384], [385]) or recruited for new
functions (e.g. the chronophin subfamily [370]). However, there also appear to be a few genuine
innovations in the eukaryotes such as PMM and EYA protein phosphatases [388], [356]. The

apparent lower diversity of these proteins in available archaeal genomes is a potential puzzle. It
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has also been noticed that another enzyme family forming phospho-aspartyl intermediates, the
receiver domains of the two-component systems, are rare in hyperthermophilic archaea [224].
Hence, it is possible that the inherent instability of these aspartyl phosphates in high
temperatures might have limited the enzyme’s spread in the archaeal superkingdom, particularly
in thermophilic and hyperthermophilic members.

More generally the predictions provided here regarding catalytic mechanisms and
potential substrate interaction residues can serve as a guide for future biochemical investigations
of these enzymes.

Supplementary material

A collection of the tree files in the Newick format of all the HAD families discussed in the
text, along with the corresponding alignments and other documents referenced in the text as
supplementary material can be accessed through the following website:

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=

16889794 &ordinalpos=4&itool=EntrezSystem?2.PEntrez.Pubmed.Pubmed ResultsPanel.Pubmed

RVDocSum.


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16889794&ordinalpos=4&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16889794&ordinalpos=4&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16889794&ordinalpos=4&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
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The X-Ray Crystallographic Structure and Activity Analysis of a Pseudomonas Specific
Subfamily of the HAD Enzyme Superfamily Evidences a Novel Biochemical Function

(based on reference [389])

Introduction

Phylogenetic analysis dividing the HAD superfamily into 33 families was reported in the
previous section [213]. Although diversification of chemical function and substrate recognition is
coupled with cap domain variation, the division of the families is not. Function assignment to the
HAD families has been undertaken by numerous laboratories. In this study, computational
methods were employed to identify novel sequence motifs that support a unique function, and
having a novel protein targeted X-ray crystallographic analysis was carried out to define its
three-dimensional structure. The electrostatic and steric features of the active site were thus
defined along with information derived from genomic analysis to identify potential substrates. In
the present work, we applied this approach to function identification of the targeted protein
PSPTO_2114 (accession Q884H09; gi: 28869317) from Pseudomonas syringae pv. Tomato. PSPTO_2114
is a member of the recently described PA2803 subfamily found in Pseudomonads [213]. The
PA2803 subfamily belongs to a larger family of the HAD superfamily that includes the well
characterized enzyme phosphonoacetaldehyde hydrolase (phosphonatase), and is thus named
the “phosphonatase family”. A predominant structural feature of the PA2803 subfamily in
general, and PSPTO_2114 in particular, that sets it apart from the other members of the
phosphonatase family, is the absence of the cap module insert within its amino-acid sequence.
Phosphonatase, a C1 HAD superfamily member, utilizes the cap domain to desolvate the

catalytic site as well as to position a Lys residue to activate the phosphonoacetaldehyde via Schiff
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Fig. 16. Residues forming phosphonatase catalytic site.
Chemdraw depiction of Motifs 1-4, plus the Schiff base Lys from the cap domain. The Schiff base
of lysine is shown with the Asp nucleophile aligned for attack. The Ala from Motif 1 that is

conserved in the phosphonatase subfamily is denoted with a *.

base formation (Fig. 16). Thus, loss of this cap domain is a clear indication of divergence in
function. Furthermore, PSPTO_2114 and the other PA2803 members do not conserve the key core
domain active-site residues, located within motifs 1-4, that are required for Mg* cofactor binding,
substrate binding, and catalysis (Fig. 16). We are intrigued by this subfamily of proteins, because
the collective primary structures give no hint of a catalytic function, and therefore constituted the
first example of expansion of the HAD superfamily fold beyond enzymes.

Herein we report the computational identification, cloning, and expression of the P.
syringae pv. Tomato PSPTO_2114 gene in E. coli and method used to purify the protein product to
homogeneity. The X-ray crystal structure determination of the protein to 1.9A resolution reveals a

homodimeric structure composed of the conserved Rossmanniod fold core domain. The active
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site is devoid of the HAD superfamily core catalytic residues and the metal-ion cofactor which
typify the phosphotransferase branch of the HAD superfamily, and an elongated surface of
conserved residues has been acquired. We hypothesize that the elongated surface conserved
within the PA2803 subfamily is used in protein-protein interaction. Although the identity of the
putative protein partner is unknown, a conserved gene context provides insight into the
biochemical process in which PA2803 subfamily members might participate.
Materials and Methods

I performed the initial computational identification of the target, as well as all contextual
gene neighborhood analysis. Crystallization-related experimentation was performed by Dr. Ezra
Peisach, through which I was able to learn many of the experimental techniques involved in
crystallization procedures. Substrate activity screens were performed by Dr. Liangbing Wang,
and all phases of the project were again monitored by Drs. Allen, Dunaway-Marino, and
Aravind.

Except where indicated, all chemicals were obtained from Sigma-Aldrich. Primers, T4
DNA ligase, and restriction enzymes were from Invitrogen. Pfu polymerase and the pET23b
vector kit were from Stratagene. Host cells were purchased from Stratagene. Genomic DNA from
Pseudomonas syringae pv. tomato (ATCC BAA-871) was purchased from ATCC.
Target Selection

The PA2803 subfamily was identified through BLASTP searches [38] performed on the
non-redundant (NR) database of protein sequences using known phosphonatase sequences as
queries. For example, a search initiated with the Bacillus cereus phosphonatase (gi: 18254515),
recovers a PA2803 member from Pseudomonas syringae (e-value=0.009; gi: 28852558). The

corruption or lack of sequence motifs essential to phosphonatase enzymatic activity in the P.
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syringae sequence initially suggested that the hit may have been a false positive. To safeguard
against this possibility reverse searches were performed with the P. syringae sequence, and the
recovery of the B. cereus phosphonatase sequence at a significant expectation value (e-value=2e4)
supported the existence of a genuine evolutionary relationship between the sequences. To
further probe this relationship, a multiple alignment of the PA2803 subfamily was constructed
using the T-COFFEE program [60] and the secondary structure of the proteins in the subfamily
was predicted by feeding the alignment into the JPRED2 program [89]. The JPRED2 output
revealed an alternating o/ pattern perfectly congruous with the Rossmonoid-like fold found in
other members of the HAD superfamily, confirming the presence of the HAD fold in the PA2803-
like proteins.
Cloning, Expression, and Purification

The DNA encoding the gene PSPTO_2114 from Pseudomonas syringae pv. tomayo was
amplified by PCR using the genomic DNA from Pseudomonas syringae pv tomato (ATCC BAA-
871), and Pfu DNA  polymerase. Oligonucleotide  primers  (5-GCTCG
CGCCGCGCCATATGCCTTTACCAACCQ) and (5'-
AGTGACTCAAGACGGATCCAGTAAGCTCGC) containing restriction endonuclease cleavage
sites Ndel and BamHI (underlined), were used in the PCR reaction.

The pET-23b vector, cut by restriction enzymes Ndel and BamHI, was ligated with the
PCR product that had been isolated and digested with the same restriction enzymes. The ligation
product was used to transform Escherichia coli BL21(DE3) competent cells (Stratagene) and the
plasmid DNA produced was purified using a Qiaprep Spin Miniprep Kit. The gene sequence
was confirmed by DNA sequencing carried out by Center for Genetics in Medicine at the

Biochemistry and Molecular Biology Department, University of New Mexico. Transformed cells
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(10 L) were grown at 25 °C with agitation at 200 rpm in Luria broth containing 50 ug/mL
ampicillin to an ODsoo of 0.6-1.0 and induced for 4 h at 25 °C at a final concentration of 0.4 mM
isopropyl a-D-thiogalactopyranoside (IPTG). The cells were harvested by centrifugation (7,855 g
for 15 min at 4 °C) to yield 3 g/L of culture medium. The cell pellet was suspended in 1g wet
cell/10 mL of ice-cold buffer A consisting of 50 mM K*-Hepes (pH 7.0 at 25 °C), 5 mM Mg?* and 1
mM DTT. The cell suspension was passed through a French press at 1,200 PSIG before
centrifugation at 48,384 g for 30 min at 4°C. The supernatant was loaded onto a 40cm x 5cm
DEAE Sepharose column, which was eluted with a 2L linear gradient of KCl (0 to 0.5 M) in buffer
A. The column fractions were analyzed by SDS-PAGE.

The desired protein fractions from DEAE were combined, adjusted to 15% (NH4)2SO4
(W/V), and loaded onto a 18 x3 cm butyl-Sepharose column pre-equilibrated with buffer A
containing 15% (NHa4)2504. The column was eluted with a 0.5 L linear gradient of (NH4)2SO4 (15%
to 0%) in buffer A. The desired protein fractions shown to be homogeneous by SDS-PAGE were
combined, dialyzed against buffer A, and concentrated at 4 °C using a 10K Amicon Ultra
Centrifugal filter (Millipore) then stored at -80 °C. The protein concentration was determined by
the Bradford method [390] and from the protein absorbance at 280 nm (e=76335M-'cm). The
yield of PSPTO_2114 was 10mg/g wet cell. Selenomethionione (SeMet) substituted PSPTO_2114
was overexpressed in a methionine auxotroph of E. Coli BL21(DE3), grown in a defined media
containing 40mg/ml SeMet and purified using the protocol described for the native protein.
Molecular Mass Determination

The theoretical subunit molecular mass of recombinant PSPTO_2114 was calculated from
the amino acid composition, derived from the gene sequence, using the EXPASY Molecular

Biology Server program Compute pI/MW [391]. The subunit size was determined by SDS-PAGE
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analysis with molecular weight standards from Invitrogen, and the subunit mass was determined
by MS-ES mass spectrometry (Mass Spectrometry Lab, University of New Mexico). The
molecular size of native recombinant PSPTO_2114 was determined using gravity-flow gel-
filtration techniques. PSPTO_2114 was subjected to chromatography at 4 °C on a calibrated
(Pharmacia Gel Filtration Calibration Kit) 1.5 x 180 cm Sephacryl S-200 column (Pharmacia) using
buffer A at a flow rate of 1 mL/min, as eluant. The molecular weight was determined from the
elution volume using a plot of log(molecular weight) of a standard protein vs. elution volume as
reference.
Protein Crystallization

Crystals were obtained via the vapor-diffusion method with hanging drop geometry at
4°C using a precipitant solution consisting of 15-20% PEG 3350, 150-200 mM sodium formate, 100
mM Hepes (pH 7.3 at ambient temperature) and 5 mM MgClz. Freshly thawed protein was
diluted to 12 mg/ml in 2 mM DTT and 5 mM MgClz, combined in equal volumes (1.5 ul) of
protein and precipitant and suspended over 0.5 ml of precipitant. It was critical to the appearance
of single crystals to form an elongated drop. Failure to do so resulted in too many nucleation
events along the entire circumference of the drop. Crystals are temperature sensitive and grow
as rods 0.1 x 0.1 x 0.5 mm in size at 4 °C. Single crystals of SeMet protein were transferred to
Paratone-N at 4 °C and frozen in liquid nitrogen. X-ray diffraction data were collected at
beamline X12C at the National Synchrotron Light Source (NSLS), Brookhaven National
Laboratory on an ADSC Q210 detector and processed with the HKL2000 [392] program suite.
The crystal structure was solved by the multi-wavelength anomalous dispersion (MAD) method
using the Selenium edge (Table 1). The programs SOLVE and RESOLVE (version 2.11)[393] were

used to locate the eight selenium sites, automatically trace > 85% of the protein backbone, and
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correctly identify the two monomers in the asymmetric unit. Refinement was carried out in CNS
[394] and model rebuilding in COOT [395]. The final model, refined to 1.9A resolution
(Rwork=0.17, Rfree= 0.22) consists of a dimer of 392 amino acid residues, 536 water molecules, 2
Hepes molecules, and 1 Mg? (found on the surface at the dimmer interface) (see Table 1 for final
model statistics). Residues 1-4 of chain A and the first residue of chain B within the dimer were
not visible and were excluded from the final model.
Substrate-Activity Screens

The rate of p-nitrophenyl phosphate (PNPP) hydrolysis was determined by monitoring
the increase in absorbance at 410 nm (Ae = 18.4 mM-1cm-1) at 25 °C or 37 °C. The 0.5 ml assay
mixtures contained 20 uM PSPTO_2114, 50 mM Hepes (pH =7.0), 5 mM MgCl2, and 1 mM PNPP.

Hydrolyses of all other phosphate esters were monitored using the Biomol green kit
(Biomol International LP) to detect total phosphate release determined by monitoring the increase
in absorbance at 360 nm at 25°C. The 1 ml assay mixture initially contained 50 mM Tris-HCI buffer
(pH = 7.5), 1 mM MgClz, 1 mM substrate and 20 pM PSPTO_2114, 0.2mM MESG (2-amino-6-
mercapto-7-methylpurine ribonucleoside) and 1U purine nucleoside phosphorylase. In parallel, the
background level of phosphate release was measured using a control reaction, which excluded the
PSPTO_2114.

Phosphonatase and phosphoglucomutase activities were tested using the reaction
conditions listed above in conjunction with the published assay methods [237, 278].
Results and Discussion.
Identification of a Lineage-Specific Phosphonatase Variant.
The PA2803 subfamily of the HAD superfamily was identified through searches performed on the

non-redundant (NR) database of protein sequences using known phosphonatase sequences as
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queries. Multiple-sequence alignment and secondary-structure predictions revealed the lack of the
helical “cap” domain characteristic of the phosphonatase proteins. These searches also revealed
that the subfamily was restricted to various Pseudomonas strains (represented in Fig. 17), suggesting
that the protein arose through a lineage-specific duplication of the phosphonatase protein; a
scenario supported by the dual presence of phosphonatase and the variant with no cap in most
Pseudomonas strains. In fact, of the strains with completely sequenced genomes carrying a PA2803-

like protein, only syringae pv. tomato str. DC3000 and syringae pv. syringae B728a lack phosphonatase,

Datasets Remote Peak Edge
Wavelength (A) 0.9500 0.9791 0.9798
Space group P2:12121
Unit-cell dimensions (A, ) a=48.61,b=74.43,c=106.35, a ==y =90
Resolution range (outer shell) (A) 50-1.9 (1.97-1.9)
Total Reflections 683234 654397 653527
Unique Reflections 31224 30874 30826
I/o(I) (outer shell) 43.1 (8.1) 41.2 (7.3) 39.6 (6.9)
Rsym (outer shell) (%)? 5.9 (18.0) 6.5 (18.3) 5.7 (18.6)
Completeness (outer shell) (%) 99.0 (90.4) 98.0 (83.8) 98.2 (84.9)
Figure of merit (RESOLVE 2.1A) 0.85
£/f7 (e) -2.4/41 -5.8/5.5 -8.5/3.0
Rwork (%)/Riree(%)P 0.17/0.22
Monomers per asymmetric unit 2
Atoms per asymmetric unit 3445
Average B (A2)

Protein 12.5

Water 20.8

Hepes and Mg? 15.1
RMSD bonds(A)/angles(") 0.013/1.423

Dihedrals (*)/improper(°) 0.005
PDB ID 20DA

Table 2. Summary of Data Collection and Refinement Statistics

aRsym = Li |]i - <[>| / Z<I>, where Ii is an individual intensity measurement and <[> is the average
intensity for all measurements of the reflection 7. "Rwork/Rtree = X | | Fol - |Fel | / Z1Fol, where Fo and
Fc are the observed and calculated structure factors, respectively. Rsee is calculated for 10% of
reflections randomly and excluded from refinement.
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indicating a lineage-specific loss of the phosphonatase gene may have occurred in syringae. Cap-
domain loss is consistent with the lineage-specific duplication scenario, as duplication is known
to correspond with dramatic protein structural alterations [40]. Sequence motifs 1-4, which
comprise the catalytic framework of not just the phosphonatase family, but the entire HAD
superfamily are not evident in the PA2803 subfamily (Fig. 17). These findings were verified by
the X-ray crystal structure of the PA2803 subfamily member P. syringae PSPTO_2114 (vide infra).
Structure Determination of Recombinant P. syringae PSPTO_2114
Purification

Recombinant P. syringae PSPTO_2114 was purified to homogeneity using a column
chromatography based protocol in an overall yield of 10 mg/g wet cells. The theoretical
molecular weight of PSPTO_2114 minus the N-terminal Met as calculated from the amino-acid
sequence is 20,704 Da. This value agreed with the experimental molecular weight of 20,702 Da
measured by mass spectrometry, thus indicating that the N-terminal Met is removed by
posttranslational modification. The subunit size of PSPTO_2114 estimated by SDS-PAGE analysis
is ~21 kDa, whereas the native protein size determined by gel-filtration chromatography is ~47
kDa. These results are consistent with a homodimeric quaternary structure, which is also
observed for the crystalline enzyme by X-ray crystallography.
Owerall fold
The structure of PSPTO_2114 was determined to 1.9 A using the MAD phasing method (Table 2).
The native structure of this protein reveals an elliptical dimeric protein with overall dimensions of
44 A x 45 A x 83 A (Fig. 18A). The monomer is a modified Rossmann fold consisting of an six-
stranded parallel 3-sheet surrounded by seven a-helices, characteristic of the core domain of HAD

superfamily members. As predicted, the “cap” domain present in the related protein
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Fig. 17. Sequence alignment of members of the PA2803 subfamily.

Secondary structure assignments (noted along the top) are from the current structure: gi28852558
(PSPTO_2114) P. syringae pv. tomato str. DC3000; gi71557107 P. syringae pv. phaseolicola 1448A;
gi15597999 PA2803 from P. aeruginosa PAOI; gi68343650 P. fluorescens Pf-5; gi48730009 P.
fluorescens PfO-1; gil04782710 PSEEN3700 from P. entomophila L48; gi82739129 P. putida F1;
2126988886 P. putida KT2440. Sequence Motifs 1-4 used to identify HAD superfamily members are

underlined in red and labeled, and the corresponding motifs from B. cereus phosphonatase

included for comparison (as well as the location of the insertion point of the phosphonatase cap

(note that in phosphonatase the cap insert would be >60 amino acids and length this any insert in

this region in the PA2803 subfamily is too small to form a typical cap).
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Fig. 18. Structures of PSPTO_2114 and phosphonatase.

A. Structure of dimeric PSPTO_2114 with the residues lining the dimer interface in yellow
(monomer A) and magenta (monomer B). The magnified regions show the dimer interface and
the lys-lys stacking interactions making up the oligomeric contacts. B. Structure of dimeric B.
cereus phosphonatase shown in the same relative orientation as PSPTO_2114 in panel A with the

residues lining the dimer interface in yellow (monomer A) and magenta (monomer B).

phosphonatase (Fig. 18B) is absent. A multiple sequence alignment of the PA2803 subfamily
shows that in some members additional sequence exists at the site of the phosphonatase cap
module insert (Fig. 17), however there is not enough sequence to form an entire cap domain. It is

possible that this insertion represents the vestiges of the phosphonatase cap domain.
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A DALI [396] search for structural homologues using the PSPTO_2114 coordinates
identifies Bacillus cereus phosphonatase (class C1) as the closest match (Z=21.3) followed by
Lactococcis lactis [3-phosphoglucomutase (Z=14.0) (class C1). The RMSD between a single
monomer of phosphonatase (pdb accession 1fez) and PSPTO_2114 is 1.62 A for 166 Cat atoms.
Dimer Interface

Examination of the PSPTO_2114 subunit interface reveals an arrangement similar to that
of phosphonatase, with symmetrical packing of the two oe helices and favorable amino-acid side
chain interaction across the interface (Fig. 18A and 18B). The buried surface area in PSPTO_2114
is 5085 A2 compared to that of phosphonatase at 6827 A2, confirming the similarity in the size of
the dimer interface. The dimerization mode common to phosphonatase and PSPTO_2114 has not
been observed in other HAD superfamily members and thus, appears to be a specific trait of the
phosphonatase family.

Examination of the interacting residues at the respective phosphonatase and PSPTO_2114
dimer interfaces, reveals both sites of conservation and sites of divergence. In B. cereus
phosphonatase conserved residues Met171, Trpl64, Tyr162, Tyrl67 and Tyrl76 pair across the
interface, and much of the driving force for subunit association is based on desolvation of the
hydrophobic side chains. The phosphonatase Met171 and Tyr167 positions correspond to Met98
and Trp94 in PSPTO_2114.The residues are conserved within the PA2083 subfamily, and are thus
a shared dimerization motif across the phosphonatase family. In constrast, the B. cereus
phosphonatase Trp164 is replaced by Asp91 in PSPTO_2114, and water molecule serves to bridge
the two Asp91 residues across the dimer interface. Thus, while the amino-acid position for
interaction is retained, the nature of the interaction has been altered. The Tyrl62 of

phosphonatase is replaced with GIn89 in PSPTO_2114 (Fig. 18A) and with Ala in other PA2083



122

subfamily members. Although the GIn89 in PSPTO_2114 appears to interact with Asn101 (3.5 A)
and Vall02 of the opposing subunit, the interaction distances are large (3.5 and 3.3 A). It is
unlikely that this particular position is important to dimerization in the PA2083 subfamily, and
thus it constitutes divergence. The B. cereus phosphonatase Tyrl76 does not have a spatial
counterpart in PSPTO_2114, also indicative of loss of utility and divergence.

In additional to these dimer contacts that are homologous to those of phosphonatase, the
PSPTO_2114 dimer is stabilized by contributions from Lys195 (inset, Fig. 18A). The hydrocarbon
side-chains of the Lys195-Lys195 pair are stacked and desolvated while each Ne-ammonium
group engages in hydrogen-bond formation with the carbonyl oxygen of Pro196 on the opposing
protomer. The conservation of the C-terminus sequence motif GEKP among PA2083 subfamily
members suggests that this hydrogen-bond network serves a common function. The glycine caps
the C-terminal helix whereas the Lys and Pro extend across the dimer interface. The C-terminal
Pro196 is positioned in each protomer by hydrogen-bond interactions with Ne2 of His170 which
in turn is oriented through a hydrogen bond from ND1 to the carboxylate side chain of Thr128
(Fig. 18A). Both His170 and Thrl28 are absolutely conserved among the PA2803 subfamily.
Among the Psuedomonas phosphonatase sequences, the C-terminal sequence is GEMPXXX. This
motif is equivalent to the PSPTO_2114 sequence GEKP, however the bridging Lys-Pro interaction
is a unique feature of the PA2803 subfamily, and absent in phosphonatase.

HAD superfamily Active Site
The active site of HAD superfamily members is comprised of residues from four

conserved motifs (1-4) located within four loops of the Rossmannoid fold core domain. These
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Fig. 19: Comparison of phosphonatae
and PSPTO_2114.

A. Backbone trace of one subunit of
phosphonatase (pdb accession code 1fez)
and B. PSPTO _2114. The active site in
phosphonatase is indicated by the
cofactor Mg? (magenta sphere) with
motifsl-4 colored red, green, blue and
yellow, respectively (as in Fig. 16). The
corresponding structure of PSPTO_2114
using the same color scheme. There is no
domain in PSPT02114 corresponding to
the  mobile  “cap” domain  of
phosphonatase. C. Close up of the active
site of phosphonatase with coloring as in
panel A (yellow backbone) and D. the
corresponding structure of PSPTO_2114
(cyan backbone).

include the essential nucleophilic Asp located on loop I, a conserved Ser/Thr phosphate-binding

residues on loop II, a conserved Lys/Arg phosphate-binding residue in loop III, and the Mg+

cofactor Asp/Glu ligands located on loop IV (Fig. 16). These are highlighted in the active-site

structure of phosphonatase (Fig. 19A and C). A comparison of the active sites of phosphonatase

and PSPTO_2114 shows remarkable differences (Figures 19C-D). In PSPTO_2114, the nucleophile

Asp 12 of phosphonatase has been replaced by the stringently conserved Gly12. Without the

nucleophilic Asp, it is unlikely that PSPTO_2114 retains the phosphoryl-transfer activity of the

HAD superfamily. This conclusion is supported by the activity screens for phosphonatase,

phosphatase, and phosphomutase transfer activity wherein no activity above background was

observed for any substrate tested. The panel of substrates included phosphonoacetaldehyde and
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glucose 1-phosphate, the substrates for the closely related HAD superfamily members (vide supra)
phosphonatase and p-phosphoglucomutase, and substrates of known HAD superfamily
phosphatases  viz. phosphoserine, phosphoglycolate, fructose 6-phosphate, N-acetyl
glucoseamine 6-phosphate, and p-nitrophenyl phosphate.

Examination of the other catalytic HAD motifs reveals additional replacements of
catalytic and cofactor-binding residues. Specifically, the hydrogen-bond donor of loop II, T126 of
phosphonatase, is replaced by Asp59, which could assume the same phosphate binding role only
if it were protonated. Loop III, Argl60 in phosphonatase, that provides electrostatic stabilization
of the phosphoryl group and orients the Asp nucleophile, has been replaced with Trp87. The
loop IV of phosphonatase stations two Asp residues for Mg* binding, consistent with the
minimal requirement of two carboxylate residues for the HAD superfamily phosphotransferases
[397]. PSPTO_2114 stations only one such residue, Asp114, and in this manner is similar to the
HAD superfamily dehalogenases, which do not possess a metal-cofactor binding site [397].
Indeed, PSPTO_2114 crystallized from a solution containing 5 mM Mg?, yet the X-ray crystal
structure evidences no Mg? bound to the active site.

The lack of catalytic residues and residues that form the metal-cofactor binding site, lead
one to the conclusion that PSPTO_2114 does not catalyze phosphoryl transfer. The lack of the
nucleophilic Asp also nullifies the possibility that PSPTO_2114 functions in carbon group transfer
as exemplified by the dehalogenases of the HAD superfamily. In fact, examination of the
conservation of the residues overlapping the canonical phosphatase active site (Fig. 17) shows
that only Trp89 and Gly12 are absolutely conserved among PSPTO_2114 orthologs from different
Pseudomonads. The lack of amino-acid conservation argues against use of this pocket as an

enzymatic active site. A search carried out with ProFunc [398, 399] failed to identify a plausible
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catalytic site in PSPTO_2114, and, notably, the vestigial phosphonatase/HAD superfamily active
site was not found.
Conservation of Binding Surfaces

If PSPTO_2114 is not an enzyme, what function does it provide to the Pseudomonad?
Mean distance tests performed using the MEGA program [97] established the rate of sequence
divergence within the PA2803 subfamily as significantly higher than the set of all classical
phosphonatase sequences found in Pseudomonas, a finding consistent with other catalytically
inactive proteins which have assumed a secondary binding function [400]. Evolution of a binding
function for small molecule ligands can easily be envisaged if the substrate-binding residues are
separate in identity from catalytic residues. Selective replacement of the catalytic residues would
produce a protein that could selectively bind but not transform the physiological substrate.
Alternatively, if the protein scaffold is suited for presenting an extensive binding surface, the
protein may be recruited to bind to a macromolecule (either protein or DNA/RNA). The patterns
of conservation of residues in the PA2803 subfamily should allow the identification of binding
surfaces critical to function. PSPTO_2114 is conserved in at least 8 different genomes in
Pseudomonas with 50-92% identity between sequences (Fig. 17). By mapping the stringently
conserved residues onto the PSPTO_2114 three-dimensional structure (Fig. 20) we identified one
contiguous region of the protein dimer surface that is conserved while all other surface regions
are not conserved. Calculation of the electrostatic potential surface shows a normal distribution
of charges in the conserved patch. The total surface area of the conserved patch is 2432 A2 which

is considerable larger than the 800 A2 per recognition patch buried in a single patch protein-
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Fig. 20. Surface representation of PSPTO_2114.

Absolutely conserved residues identified in Fig. 17 are mapped onto the structure in dark pink.

The top and bottom views are rotated 180° along the x axis.

protein interface [401]. Thus, it may be that the entire conserved patch is not involved in forming
an interface or there may be two independent binding sites of half the area.

Because all 8 protein sequences in the multiple-sequence alignment of PSPTO_2114
derive from Pseudomonads, the validity of the analysis was tested by repeating the mapping
exercise with an alignment of the four phosphonatase sequences derived from Pseudomonads and
the X-ray crystal structure of the Bacillus cereus phosphonatase (PDB ID 1sww). For comparison,
a member of a different fold family, serralysin (an alkaline protease), from 6 Pseudomonads was
similarly mapped onto the structure of the P. aeruginoasa serralysin (PDB ID 1akl). It is expected
that the evolutionary drift among the Pseudomonad orthologs is similar and that the protein
surface residues that do not perform specialized roles in function, folding or stability will diverge
accordingly. The pattern of residue conservation on the surfaces of phosphonatase and serralysin
is one of well-dispersed small clusters (typical surface area is 1,200-2,000 A?) in stark contrast to

the pattern of residue conservation on the PSPTO_2114 surface. Thus, we conclude that the large
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conserved surface region of the PSPTO_2114 orthologs identifies a site of function, as there is no
apparent structural role that these residues might fill.
Functional Assessment Derived from Gene Context

As revealed by computational analyses, it appears that the PA2803 subfamily has
undergone a secondary lineage-specific loss of the C1 cap domain. The former cap region as well
as the vestigial active site is on the side of PSPTO_2114 dimer that is not conserved. This result
can be contrasted to the results for the HAD member MDP-1, which has been identified as a
protein sugar phosphatase[402], where the conserved surface encircles the active site, acting as
docking surface for the protein substrate [243]. Because the electrostatic potential of the
conserved surface is not positive, there is no evidence that the surface would be involved in DNA
or RNA binding which usually takes place through conserved Arg/Lys residues [403]. Together,
the sequence and structural evidence point to a non-catalytic role for PSPTO_2114 that involves
the binding of a polar macromolecule.

In an attempt to further elucidate functional information for this subfamily of proteins
we surveyed their gene neighborhoods. The products of genes co-occurring in the same
neighborhood in multiple, sufficiently evolutionary diverse genomes tend to interact physically
and functionally [6, 8, 404]. The PA2803 subfamily associates with several neighboring genes
conserved across the Pseudomonads that encode proteins relating to the lipoprotein release
pathway and the anti-anti sigma-stimulating stress response pathway (Fig. 21). However, given
the close evolutionary distance of the genomes being investigated and the observation that many
of these genes are transcribed in the opposite direction relative to the PSPTO_2114-like proteins,
it seems unlikely these proteins form meaningful interactions. Nevertheless, a small,

uncharacterized gene typically 90 residues in length tightly coupled immediately downstream
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Fig. 21: Gene context of PSPTO_2114 in Pseudomonads.

Individual genes with similar function are identified.

(within ~100 base pairs and transcribed in the same direction) of the PSPTO_2114-like proteins
was identified (PSPTO_2113). These two genes appear to form a small “gene island” likely
comprising a co-regulated unit which in some cases is combined with a third member, a gene
coding for a protein with an HD phosphohydrolase fold. Secondary structure predictions of the
protein product of the previously uncharacterized PSPTO_2113 revealed a tetra-a-helical fold
which stations a stringently conserved histidine residue between the third and fourth helices,
reminiscent of certain heme-binding proteins of the HNOB domain [405]. This newly
characterized protein is found in other bacteria as a solo domain; suggesting that instead of
acting as a sensor for the activation of another domain (as is the case of the heme-binding HNOB
domains which sense nitric oxide for soluble guanyl cyclases), these proteins a may be involved
in the simple transporting/transferring of heme or other prosthetic groups. The PA2803 subfamily
of proteins could potentially bind to proteins or ligands, which would interact with and possibly

receive or transfer a heme protein to/from this tetra-helical family of proteins. However, this
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putative protein-protein binding function cannot currently be simulated because of the absence
of a homologous structure on which to base a model of the tetra-helical PSPTO_2113. Therefore,
creation of a docked complex of this protein with PSPTO_2114 is impossible. The nature of the

hypothesized binding function must await future biochemical characterization of these proteins.
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Evolutionary History of the E1-Like Fold and Architectural Themes Contributing to the

Catalytic Roles of E1-Like Domains

Introduction

The ubiquitin protein modification cascade is initiated by the adenylation of the carboxy-
terminal glycine residue of ubiquitin (Ub) or ubiquitin-like (Ubl) molecules by an E1 enzyme
[406, 407]. Remarkably, a similar reaction occurs during the biosynthesis of thiamine and
molybdenum/tungsten cofactor (MoCo/WCo), where a homolog of the E1 enzyme, ThiF or MoeB,
adenylates the C-terminus of an ubiquitin-like ThiS/MoaD protein [408-413]. Upon modification,
the trajectories of the ubiquitin-like proteins are very different in the two pathways. In the
ubiquitin modification system, Ub /Ubl is covalently conjugated to protein substrates by a
trimeric complex containing the E1, E2 and E3 enzymes. In contrast, in the cofactor biosynthesis
pathways, the C-terminus of the ThiS or MoaD protein is further modified to a thiocarboxylate
that serves as a sulfur donor during the biosynthesis of the cofactors. The evolutionary origins
and diversification of the El superfamily are not completely understood. The thiamine and
Mo/WCo biosynthesis pathways are present in both bacteria and archaea suggesting that both
these pathways were present in the last universal common ancestor (LUCA) of life. Although
their ubiquitin-like component, ThiS and MoaD, differentiated in LUCA, it is unclear if this is
also reflected in their E1 proteins, ThiF and MoeB. El-like enzymes are also detected in other
pathways involved in sulfur metabolism or sulfur incorporation across a wide phyletic range of
bacteria. Recently, our lab showed that the eukaryotic ubiquitin signaling system had its
antecedents in the bacteria. In this study, the first prokaryotic homologs and contextual

association of El-like proteins with other core components of the eukaryotic signaling pathway
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such as the E2 enzyme, ubiquitin and the JAB peptidase-like proteins was reported [414].
Although ubiquitin-like proteins are the most common and well recognized substrates of El-like
enzymes, there is a single example of a non-ubiquitin substrate in the microcin biosynthesis
pathway. In this system, the microcin C7 polypeptide precursor is adenylated at its C-terminus
by an E1 protein [415, 416]. It is unclear if the use of modified substrates is a rare occurrence or
more common and poorly studied. Another conserved reaction performed by the E1 enzymes
observed in the thiamine biosynthesis and ubiquitin signaling pathway is the transfer of the Ub-
like substrate to an internal cysteine. Although this internal cysteine is homologous between the
two systems, the adenylated Ub is linked to the El1 through a thioster linkage in ubiquitin
signaling systems, whereas in the thiamine biosynthesis pathway, the ThiS protein is linked
through a persulfide linkage.

Crystal structures of MoeB, ThiF and the El-like enzymes revealed a shared core of a
derived Rossmann-like fold that is responsible for both the principal reactions of adenylation and
thiolation on the internal cysteine. The El-like enzymes function as homo or hetero-dimers and
the catalytic active site residues that perform these reactions are highly conserved between the
ubiquitin-transferring and the ThiS/MoaD transferring El-like enzymes. In addition to
adenylation and thiolation, E1 enzymes may catalyze other enzymatic activities depending on
their functional contexts and associations. In the ubiquitin transfer cascade, the E1 enzyme
further transfers the Ub/Ubl linked to the internal cysteine to a conserved catalytic cysteine
residue on the E2 enzyme. Structural studies on the UBA3-like E1 protein responsible for NEDD8
activation showed that they possess a C-terminal domain, the Ufd domain (a circularly permuted
version of the B-grasp fold) [417, 418], that assists the E1 protein in catalyzing this transfer.

Analogously some ThiF/MoeB/MOCS3-like E1 proteins possess a C-terminal rhodanese domain;
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the adenylated Ub-like protein is transferred to the rhodanese domain through a persulfide
linkage instead of the internal cysteine on the E1 domain. This suggests that a combination of
core biochemical activities of the Rossmann fold domain and the presence of accessory domains
influences the biochemical diversity of these enzymes.

Given the many biochemical reactions, interactions and associations, I was interested in
exploring the evolutionary history of the El-superfamily of enzymes. In particular, I wanted to
address the following problems: 1) determining the relationships of the El-like superfamily to
other members of Rossmann fold domains and understanding the transitions, if any, that resulted
in the evolution of its extant biochemical activities 2) Defining the conserved sequence and
structural features common to all members of the fold and assessing how variations to this core
set of features affect functional properties. 3) Cataloguing the complete set of domain fusions
and exploring the functional roles, if any, these may play in the biochemical activities of the
associated E1 domain. 4) Determining the evolutionary radiations of the fold, with an emphasis
on the diversification of eukaryotic El-like domains and establishing their evolutionary origins.
Application of Methods

I performed all analyses associated with this investigation and was assisted by Dr. Iyer in
the lab for all structural analyses, who also aided in interpretation of the results. Dr. Aravind
provided direction during the projects inception and guidance after it was initiated.

The non-redundant (NR) database of protein sequences (National Center for
Biotechnology Information, NIH, Bethesda, MD) was searched using the BLASTP program [35].
Iterative database searches were performed using the PSI-BLAST program with an expectation
value (E-value) of 0.01 used as the threshold for inclusion in the position-specific scoring matrix

generated by the program [38]; searched were iterated until convergence. Multiple alignments
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were constructed using the MUSCLE [78] and Kalign [419] programs, followed by manual
correction based on BLAST high-scoring pairs and information derived from existing structures.
All large-scale procedures were carried out using the TASS software package (Balaji S,
Anantharaman V, Aravind L, unpublished results). Protein structures were visualized and

manipulated using the Swiss-PDB [94] and PyMol (http://www.pymol.org) programs. Protein

secondary structures were predicted by feeding multiple alignments into the JPRED2 program
[89]. Clustering of proteins based on sequence similarity was accomplished using the

BLASTCLUST program (ftp:/ftp.ncbi.nih.gov/blast/documents/blastclust.html).

Gene neighborhoods were obtained by isolating conserved genes immediately upstream
and downstream of the gene in question showing separation of less than 70 nucleotides between
gene termini. Neighborhoods were determined by searching NCBI PTT tables

(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Genome) with a custom PERL script from

the TASS package. Phylogenetic analysis was carried out using neighborhood-joining and
minimum evolution-based methods as implemented in the MEGA program [420]. Additionally,
maximum likelihood-based matrices were constructed using the Tree-Puzzle 5 program [65] and
used as input for constructing trees with the Weighbor program [66].
Identification and Classification of E1-like Protein Families

In order to address the points made in the introduction and to ensure as complete a
coverage as possible, a systematic and comprehensive analysis to retrieve all known sequences of
the El-like protein fold was undertaken. Primary sequences derived from crystal structures of
known E1 proteins including the bacterial ThiF/MoeB, SUMO-activating UBA2, and NEDD8-
activating UBA3 proteins were used as seeds to initiate sequence profile searches against the

NCBI NR (non-redundant) database with the PSI-BLAST program and to initiate hidden Markov
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model (HMM) searches using the HMMer package. In this manner, the set of known eukaryotic
El-like domain homologs was recovered including both active and inactive domains from the
classical ubiquitin-activating UBA1, the ISG15-activating UBE1L, and the FAT10 and ubiquitin-
activating UBA6 [421]; the Ufm1-activating UBAS, the Apgl2-activating Apg?7, and the AOS1 and
APPBP1 inactive El-like dimerization partners of UBA2 and UBA3, respectively. Additionally,
the set of known prokaryotic El-like homologs was recovered, including the HesA-like proteins
involved in heterocyst formation [422], the MccB-like proteins involved in microcin production
[415], the GodD-like proteins involved in goadsporin antibiotic production [416], and several
previously described families that associate in conserved gene neighborhoods with other
homologs of the ubiquitin modification system such as Ubls, E2-like proteins, and JAB domain
metallopeptidases [414]. These searches also recovered one previously uncharacterized family of
eukaryotic El-like proteins typified by the S. cerevisiae protein YKL027W, and several novel
bacterial El-like families. For example, a search initiated with the primary sequence of the ThiF
structure (PDB: 1ZKM [409], gi: 71042372) from E. Coli returns representatives of the HesA and
MccB families in the first iteration and the eukaryotic Ub-adenylating versions within the first
two iterations. It also recovers members of the YKL027W family (gi: 6322825, iteration 2, 7e-17),
the 6¢ and 6e family of bacterial Ub-associating E1 domains (gi: 16519796, iteration 2, 2e-08 and
gi: 120600775, iteration 2, 2e-10; respectively), and the GodD family (gi: 4218544, iteration 2, 5e-
05).

Sequences that were obtained were clustered using BLASTCLUST and were further
unified into families and subfamilies based on their residue conservation and associated domain
contexts. As a result 13 families of El-like proteins were obtained. Individual multiple alignments

and predicted secondary structure of all families were prepared. Each family was closely
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Fig. 22. Reconstructed evolutionary scenario and major architecture and gene neighborhood
domain associations of the E1 domain.

The chart displays relative temporal eras representing major evolutionary transition events,
demarcated by vertical black lines and labeled at the top of each line. E1 lineages are listed to the
right of the chart, with horizontal lines (color-coded by phyletic distribution) extending to the
left, tracing the maximal evolutionary depth to which a lineage can be confidently traced. Broken
lines indicate uncertainty regarding point of emergence, and dotted ellipses indicate uncertainty
over the precise phylogenetic affinities between groups of E1 lineages. Absence or partial absence
of a given structural or sequence feature in a lineage is indicated by colored circles. Domain
architecture(s) characteristic of a given residue are shown to the right of the lineage names with
geometric shapes representing single domains. Conserved gene neighborhoods are always
depicted by boxed arrows with the arrowhead pointing from the 5 to 3’ direction. In both
architectures and neighborhoods, the E1 domain is shaded yellow. Abbreviations: MBL, metallo-
B-lactamase; X, B-strand rich globular domain; Y, cysteine-rich domain; Rhod., rhodanese
domain; FMN red., FMN-like nitroreductase; N-acyl synth., N-acyl synthetase; AOR, aldehyde

ferredoxin oxidoreductase.
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inspected for congruence to the characteristic E1-like a/3 fold (see SCOP database [423]); a super-
alignment of the fold with representatives from each family is included in supplementary
material. Individual alignments were also inspected for the presence or absence of key
structuralfeatures and experimentally characterized residues essential for catalysis. A summary
of the family-specific conservation is compiled in Table 3. Internal relationships between families
were also determined through conventional phylogenetic analysis methods (Materials and
Methods). Higher-order relationships between families were inferred through comparison of
shared sequence and structural motifs (Table 3). Information derived from genome contextual
information in the form of phyletic patterns, domain architectures, and predicted operon
organization was also employed to clarify higher-order relationships. The reconstructed
evolutionary history of the El-like fold is illustrated in Fig. 22 and the natural classification of the
fold is provided in detail in supplementary material.

The Origins of the E1 Superfamily

A comparison of all the available crystal structures, and secondary structure predictions of
sequence families of El-like enzymes suggests that their conserved core is composed of an N-
terminal 3-o. units and a C-terminal o/p unit that form a central, eight-stranded (3-sheet of order
87654123 (hereafter referred to as 51-S8). DALI searches with the El-like proteins retrieved, in
addition to other E1 proteins, several Rossmann fold proteins including distinct members of the
FAD/NAD-dependent dehydrogenases and methylases (Z-scores: 8-9). The Rossmann-like fold of
the E1 enzymes encompasses the region from S1 and S5 and the helices that follow S1-54 (called
H1 - H4). The C-terminal region of the sheet, from 56-58, contains a distinct topology with S6 and

S8 being anti-parallel to the other strands (Fig. 23) and is unrelated to any known fold. The
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Rossmann fold is a 3-layered fold consisting of 4-7 o/f units (see SCOP) that form a central sheet
and has a characteristic topology that distinguishes it from other a/p folds. Based on sequence
and structural features Rossmann fold proteins are classified into the nucleotide binding domain
division, with a nucleotide binding loop between strand 1 and the helix following it, and the
phosphohydrolase or divalent cation-chelating division that contains a conserved acidic residue
in the same loop. Members of the nucleotide binding division include the classic Rossmann
NAD/FAD-dependent dehydrogenases, the S-AdoMet-binding methyltransferases, Sir2-like
deacetylases, the FtsZ/tubulin-like GTPase, members of the ISOCOT fold, and the HUP
superclass (HIGH nucleotidyltransferases, USPA, photolyase, class I tRNA synthetases, and
electron transport flavoprotein). Proteins belonging to the latter division include the Haloacid
dehalogenase (HAD) superfamily, the DHH phosphoesterases, the CheY-like receiver domains,
the TOPRIM domain, the PIN/5-3" nuclease domain, the arginase/classical histone deacetylases,
and the von Willebrandt factor A (vWA) domain [212, 213, 258, 423]. The presence of a nucleotide
binding loop between S1 and H1, places the El-like proteins within the nucleotide binding
division of the Rossmann fold. Within this group, the Els are closer to the NAD/FAD-dependent
dehydrogenases and the S-AdoMet-binding methyltransferases, as they specifically share all of
the following four characters: 1) a sheet order of 54123, 2) a nucleotide/ligand binding glycine
rich loop between S1 and H1, 3) A conserved aspartate residue at the end of strand 2, and 4) a
characteristic aspartate or asparagine residue (D in E1, D/N in the other Rossmann fold proteins)

at the end of 54 (Fig. 23).



138

Gengral 00841_9..

Secondary structure featuresiconserved residuss common to the E1 Fod”

Ssconcary STUCIUTs fegluresiconserved reskdues common to e E1 ‘old

CoiC1 | Ime | C* |

JHs | EK | 87 | 88 | CxxC2

(33
14
57

tjmmommm|: o}
L
-

57
57
57

g8

9999|199

Qoo ! ogogoooo|!

IZ:ZI;IZI:

H UgUnUUI

CuxCA
CHxC1

919999 999

1
of Funcion _Linaago Nemels) I TR 51 ] sz

Inaciive Eukaryolic | UBA1-ike repect 1 Nh PR
UbfUbkassoc, AQSB1/SAET Nh  Rf
versions AFFBP1AJLAYENRZ Nh_ R
UBAI!-llke repeet 2 Nh -
Acive Eukaryolic | UBAZ/SAED - -
Ub/Ubl-essoc. UBAMJBEIC Nh -
vargions UBASVBEIDG Nh Rf
AFG7/ATGT Nh Rg
Be-moblle elemsrt Wh Rf
8a-MBL-g3300, Nh Rg
Frokaryafic UbAJbl- | 8b-nuct. transf..assoc. | Nn RT
assof. vorsiors | 60-E2, E1, JAB-ass0c. | — -
6a.1-polyUb-asscs. Nh  Rf
Be.2-polyUb-assoc. Nh__ .-
Sulfur Incorporation | ThiIFA>eBMOCS3 Nh R
Hesk Nh PR
Tdgl-lie Nh Ri
YRLOZTWY Nh R
Adanylation-specific | MgcB Nh R
verslons PeaA Nh Rf
MoeY Nh R
Thig+TniF Nh RT
AQR-a5$0C. Nh_ Ri
Rv3195-1ke Nh -

Dther versions | GodD -

14J08B3-lke

bRl bbbk B ababaaabad vibagida b g i
LN E I R R R G

EA N R g R b R ] i e

PELlERRRLRLL(R(RLRRRE|ER LR (LR LT
EEF|EFEREEEE(F|EEZFEE|EEEEE|EZET
ke b ook ke ] ok ahck) o g ok ok

H :I:I::E:

CrxCA
[or b oo

Friprrrrrrrral 1 ocogoeaoaoil |

rrgprrrgrgiuprprr e ngpnd

HE  EK
H5  Ek
HS EK
HS  EK
HS -3
HS  EK
H5 NK
H5 __ E-
HS EK
[T
[ J—
[ -
HS Bk
HS _ N-
HS  EK
HE  EK
[ J—
[T —
H5 DVE-
HS EK
HS -
HS -
H3 ok
H5 -
[ J—
H5 -

G99
288

L 828 HR|epeoLgpeag|esy




139

Table 3. Secondary structure features of major E1 fold structural categories.

1. Abbreviations: assoc., associated; nuct. transf.,, Nucleotidyl transferase; MBL, Metallo-f3-
Lactamase domain; Ub, Ubiquitin.

2. Abbreviations: S, conserved strand; H, conserved helix; Nh, N-terminal conserved helix; Rf,
arginine finger; Rc, conserved arginine in different position predicted to act as arginine finger;
CC, extended coil region housing adenylation active site; +, conserved positively-charged
Ub/Ubl-recognition residue; I1, insert region occurring before ascending arm; CxxCl, first Mg2+
chelating motif; CxxC2, second Mg2+ chelating motif; Ime, insert found in 6c lineage; 12, insert
region occurring after ascending arm; e, insert in extended conformation (strand-like); h, insert in
helical conformation; cc, long coil insert; ¥, marks residues essential for catalysis; --, indicates a
feature is absent in the lineage. Capital letters in a column denote conserved residues; lower case

letters under these columns indicates only partial conservation of the residue in the lineage.

The El-like proteins further possess several unique sequence and structural features that
distinguish them from other members of the Rossmann folds. N-terminal to the Rossmann fold
domain is a set of three o-helices of which the central one, that is positioned roughly
perpendicular to the central 3-sheet, contains a highly conserved arginine residue. This arginine
residue, called the arginine finger, contacts the y phosphate of the ATP molecule present in the
opposite unit of the E1 homo or heterodimer and is proposed to stabilize the negative charge on
the -phosphate of the pentavalent reaction intermediate formed during the adenylation of the
Ub-like protein [412]. This feature in the E1 proteins is reminiscent of arginine fingers associated
with a wide range of enzymes involved in phosphohydrolysis, such as members of the P-loop
NTPase fold and the HAD phosphatases [213, 242]. The second feature unique to E1 proteins is
an extended loop between S2 and H2. This loop contains several residues conserved across all
major families of E1; including an aspartate, asparagine, arginine, and lysine. The asparagine
residue lies on a highly conserved helix nested in the loop. Along with the arginine finger

mentioned above, these comprise the residues necessary for catalyzing the adenylation reaction.
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Finally, the third distinguishing feature of the El-like proteins is the C-terminal region
encompassing strands 56-S8. This region contains a characteristic ascending arm between S6 and
57 that causes the polypeptide backbone to cross over to the opposite face of the protein. This
ascending arm harbors the conserved cysteine to which the activated ubiquitin or ThiS is
transferred in the ubiquitin and thiamine biosynthesis pathways respectively. Strands 56-S8 also
make extensive contact with the exposed face of the ubiquitin, ThiS or MoaD-like molecules,

suggesting that they are involved in substrate selection.
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The evolution of the El-like enzymes can now be reconstructed as originating from an
ancestral nucleotide binding Rossmann fold protein that passively bound a nucleotide as in the
dehydrogenases and methyltransferases. Further developments in these proteins were aided by
three principal lineage-specific structural elaborations, the N-terminal arginine finger containing
helix, the extended loop between S2 and H2, and the C-terminal o/f extension that extensively
contributed to the evolution of catalytic activity in the E1-like proteins.

Sequence and structural diversity within the E1 superfamily

Enzymes often attain diversity by exploring one or both of reaction space and substrate
space. These are suggested by the residue conservation in the catalytic or substrate binding sites
or by the presence of additional structural elements that have a potential to influence catalytic or
substrate binding activity. Experimental studies and residue conservation suggest a conserved
mechanism of ATP hydrolysis and adenylation across all E1 proteins. It is postulated that the C-
terminus carboxyl residue of the Ub-like protein attacks the a-phosphate group of the bound
ATP to generate a pentavalent intermediate that is stabilized by the arginine finger and the
conserved residues in the loop between S2 and S3 resulting in the formation of adenylated
ubiquitin and inorganic pyrophosphate [424]. The residues responsible for E1 activity can be
divided into four types: 1) residues that influence nucleotide binding and adenylating activity; 2)
residues that influence the thiolation activity; 3) residues that determine substrate choice and
binding; and 4) residues that influence global structural properties and movement during
catalysis.

Several residues contacting the ATP nucleotide influence adenylation activity. These
include the arginine finger, the glycine rich loop between S1 and H1, the conserved aspartate,

asparagine, arginine and lysine residues in the loop between S2 and S3, and a conserved
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aspartate at the end of strand-4 that coordinates the Mg ion of Mg/ATP and shields the repulsion
between the a-phosphate and the C-terminal carboxyl group of the Ub-like protein. Catalytically
inactive members have previously been detected in the eukaryotic El-like proteins such as the
inactive N-terminal E1 domain in UBAI, the AOS1/SAE1 and the ULA1/ENR2/APPBP1-like
families. These proteins form heterodimers with catalytically active members of the E1
superfamily, such as the C-terminal E1 domain in UBA1, UBA2/SAE2 and UBAS3 respectively.
The inactive members lack most of the conserved residues between S2 and H2 and only contain
an arginine finger that contacts the active site of the active partner. Correspondingly, the active
partners lacks the arginine finger. The inactive versions also lack the aspartate after strand-4 that
coordinates MgATP, which correlates with the absence of a nucleotide in their active site. On
inspecting the active site of all E1 families, two E1 subfamilies were further recovered, the
Rv3196-like and GodD, and one E1 family, MJ0693-like, with two or more modifications to the
conserved residues between 52 and H2 (Table 3) and a missing arginine finger. The GodD-like
family also lacks the glycine rich loop between S1 and H1 involved in binding nucleotides. The
absence of critical polar residues in the loop between 52 and H2 suggests that these proteins are
incapable of adenylation. Moreover, their genome or domain contexts do not hint the presence of
any active member which would form a heterodimeric complex with them. The Rv3196-like and
GodD-like proteins belong to the family of E1 proteins involved in peptide antibiotic biosynthesis
(see below). Unlike microcin C7 which is adenylated at its C-terminus, the GodD peptide isn’t
adenylated and this corresponds to the lack of adenylating residues in the E1 enzyme.
Interestingly, the Rv3196-like and the archaeal MJ0693-like families possess the Mg coordinating
aspartate in 54. The MJ0693-like proteins also possess the nucleotide contacting aspartate in the

loop between S2 and H2. It is possible that members of these families retain their nucleotide-
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binding activity. The Rv3196-like family is also notable for the presence of a distinct constellation
of highly conserved polar residues which when mapped to the El structure suggests the
possibility of a secondary active site near the C-terminal region of the domain. The conserved
residues do not resemble those present in the loop between S2 and H2 and may represent the
presence of a novel enzymatic function in these proteins. Another family with substitutions to
residues in the loop between S2 and H2 is the HesA family found in nitrogen-fixing
cyanobacteria and actinobacteria. These substitutions, however, are highly conserved across all
members of this family and include a basic residue instead of the aspartate, an aspartate instead
of the asparagine and an arginine instead of the lysine. They also possess a highly conserved
asparagine in a distinct position in the loop between S2 and H2 and also lack the Mg coordinating
aspartate in 54. These replacements suggest that the HesA proteins probably have a distinct
enzymatic activity or a variation in the biochemical enzymatic activity in comparison to the
classical E1 proteins. It is possible that the lack of the Mg-coordinating aspartate and the presence
of a new aspartate in the loop between S2 and H2 caused an altered mode of nucleotide binding
or bound a modified nucleotide that may have contributed to their distinctness. Thus the E1
enzymes with modified residues in the loop between S2 and H2 may function as substrate
binding scaffolds in larger complexes or perhaps have enzymatic activities distinct from
adenylation.

A common modification observed in the E1 proteins was the loss of the N-terminal
arginine finger (Table 3, Fig. 22). These fall into two distinct types. 1) Proteins that are
catalytically inactive (such as the above described families) and heterodimer-forming eukaryotic
El enzymes that contact an inactive partner always lack the arginine finger. 2) In several families

that are catalytically active and lack the finger, the loss is compensated by lineage-specific
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emergences of conserved arginine residues at other distinct positions either within the E1 fold, or
in a contextually-associated domain. For example, the E1 domain of Apg7/Atg7, which is
involved in autophagy, contains two possible candidates that may substitute the N-terminal
arginine finger. One of them is a conserved arginine residue at the N-terminus that is present in a
distinct position that may contact the active site of a dimeric partner. The other is an extended
coil insert between S7 and S8 that harbors an absolutely conserved arginine residue that may fold
over the S5/S6 hairpin and ascending arm (Fig. 23, supplementary material) to contact the
catalytic site of the same protein. In the Clostridium pCPF5603-like family (labeled 6a in Fig. 23),
the E1 domain is sandwiched between an E2 and a JAB domain and is in the neighborhood of an
enzyme of the metallobetalactamase (MBL) fold. Sequence analysis of the MBL domain reveals a
striking conserved arginine residue in the variable region connecting the two subdomains [217]
of the fold. This residue, through association in a complex between the MBL and E1l-like
domains, may serve as the arginine finger in this family (Table 3, Fig. 22). Similarly in yet another
family of prokaryotic El-like proteins that are associated with a polyubiquitin and lack an
arginine finger (labeled 6e.2 in Fig. 23), one of the conserved arginine residues of the poorly
studied N-terminal domain (labeled X in the Fig. 23) could substitute as an arginine finger. The
emergence of distinct arginine fingers is reminiscent of the P-loop ATPases, where arginine
fingers have evolved on several occasions independently, and are either provided from within
the protein such as in the helicases, other NTPase subunits in multimeric complexes such as in
the AAA ATPases, or distinct domains associated with the P-loop NTPase, such as in the PilT
NTPases [157].

The other major biochemical activity of the El-like proteins is the transfer of the

ubiquitin-like protein, through a thioester or persulfide linkage, to an internal cysteine in the
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ascending arm. This thiolating cysteine residue is often found in catalytically active El-like
proteins that functionally or contextually associate with an Ub-like protein. Interestingly, these
are also present in MoeB-like E1 proteins, where the ubiquitin-like MoaD is not thought to be
transferred to the internal cysteine [425]. Nevertheless, the association of the thiolating cysteine
with ubiquitin adenylating Els appears to be an ancient one and it is possible that the transfer of
an ubiquitin-like protein to an internal cysteine of an El-like protein was lost in different lineages
secondarily such as MoeB. Other families that lack the thiolating cysteine are catalytically inactive
Els, or families such as the Aldehyde ferredoxin-reductase (AOR) associated E1 where the
cysteine appears to have been secondarily lost, or versions such as the MccB, PaaA and HesA
where evidence suggests the presence of a distinct substrate other than ubiquitin (Table 3, see
below). The region of the ascending arm, flanking the thiolating cysteine is often prone to
structural elaborations or insertions. Both the active and inactive subunit of heterodimer forming
Els have helical inserts after the position corresponding to the thiolating cysteine (Table 3).
Inserts in this region are also seen in several other families, such as a predicted beta hairpin in a
prokaryotic Ub family associated with mobile elements, and helical inserts in the YdgL-like
family and MccB and Rv3196 subfamilies. Similarly inserts are seen in the ascending arm prior to
the thiolating cysteine in the inactive eukaryotic E1 proteins, the APG7 family, and at least three
distinct prokaryotic Ub families involved in Ub signaling (Table 3). While the inserts in
heterodimeric eukaryotic E1 proteins have a common origin, those in other families appear to
have evolved independently of each other. An examination of the inserts in the heterodimeric
UBA3-APPBP1 structure (PDB: 2nvu), shows that the insert after the thiolating cysteine of the
active UBA3 interacts with the inserts prior to the cysteine in the inactive APPBP1. The insert in

the inactive APPBP1 also interacts with the adenylated Ub substrate. Thus, it appears that these
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inserts in the El1 proteins may play multiple roles including promoting efficient
heterodimerization, creation of binding pockets for substrates and influencing access to the active
site by ATP or the substrate, and have also recently been shown to be important in E2 -like
protein interactions [426]. These inserts are reminiscent of the inserts in the flap motif of the
Rossmann-like HAD superfamily that influence substrate recognition and access to the active
site, thereby maximizing catalytic efficiency.

The only known substrates of the E1 proteins with detailed crystal structures are the Ub-
like proteins. These contact S7 and S8 of E1 protein through the exposed face of their sheet.
Interestingly, S7 and S8 are some of the most divergent sequences in the E1 proteins, which
correlate with their involvement in substrate choice. Another residue that may influence the
binding of protein tails is a conserved arginine residue in H4 of the E1 proteins. In crystal
structures, this residue makes polar contacts with the backbone residues of the C-terminal tail of
the ubiquitin-like protein perhaps directing the tail to the active site. This residue is conserved in
catalytically active E1 proteins, and is also found in families that are predicted to bind non-
ubiquitin substrates. A third set of conserved motifs that may influence substrate binding are a
pair of CxxC motifs; one located in the ascending arm, and another in an unstructured region
after S8. These conserved cysteines coordinate a zinc ion. An inspection of the structural context
suggests that the coordination causes a widening of the angle between S6 and the helix following
it, thereby accommodating the ubiquitin tail in the E1 catalytic active site. In contrast and
corroborating this observation, the inactive chains in E1 heterodimers don’t bind ubiquitin and
lack this widening. This region may also help in the proper positioning of any C-terminal domain
with respect to the rest of the structure. For example, experimental studies show a significant

movement of the C-terminal Ufd domain during the transthiolation reaction. The zinc
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coordination perhaps assists this process by holding the C-terminus in a way that does not affect
the binding of the Ub substrate. All El-like families bearing C-terminal domain fusions contain
the CxxC motifs (Table 3). The zinc-coordinating motifs are sporadically present across many
families suggesting that they were an ancient feature that were repeatedly lost across many
lineages. Another ancient feature that is widespread and may influence dimer formation, and has
not been studied previously, is the ExxK motif in the helix before S7 (Table 3, supplementary
material). Crystal structures reveal that the glutamate and the lysine of the motif form a salt
bridge and interact with the hairpin turn between 57 and S8 of the dimerizing partner. Thus this
motif may be essential for stabilizing the conformation dimer interface. The widespread presence
suggests that the El-like proteins dimerize in a similar way in a wide range of contexts.
Alternatively, the salt bridge may be involved in resetting any changes caused to the
conformation of the E1 protein during the adenylation or thiolation reaction. Such conformation-
specific salt bridges are also seen elsewhere. For example, in the ligand-gated ion channels a salt
bridge in the 'outer sheet' of the ligand-binding (3-sandwich domain is proposed to regulate the
preferential movement of the sheets after ligand-binding [427]. However, loss of the ExxK motif
in several lineages suggest that this can easily be replaced by lineage-specific innovation of
stabilizing residues.

The evolution of the E1 proteins can now be construed to have emerged in distinct stages
with the early innovation of the glycine rich loop after S1, the catalytic loop between S2 and S3,
and the arginine finger for nucleotide hydrolysis and adenyation in a homodimeric context.
These proteins also coordinated a zinc ion and contained a basic residue after H4 that perhaps
regulated access to the active site by substrates. The next stage involved association with Ub/Ubl

proteins in sulfur incorporating systems that led to the emergence of thiolating cysteine. Phyletic
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distribution suggests that the earliest mode of transfer to the internal cysteine was perhaps
through a persulfide linkage that changed to a thioester linkage as the Ub and E1 like proteins
associated with signaling systems with the JAB and E2-like proteins. Finally, there were
inactivations or modifications of the catalytic residues of El-like proteins in different lineages
and, distinct lineage-specific insertions that improved the catalytic efficiency of these proteins.
Diverse Domain Architectures in the E1 Superfamily

Contextual associations, such as fusion to additional domains, or conserved gene
neighborhood associations in prokaryotes, are extensively used to gain functional insights into
poorly studied protein domains and families. The catalytically active UBA3-like E1 protein,
involved in ubiquitin signaling, was shown to contain a circularly permuted version of the -
grasp fold at its C-terminus; the Ufd domain. El-like proteins are also fused to the JAB protease
and E2 domains in the prokaryotic Ub signaling systems [414]. In biosynthetic pathways, E1-like
proteins have been previously described to be fused to ThiS-like Ub and rhodanese domains
[414]. These fusions suggest a significant role for context-specific fusions in expanding the
activities of the El-like proteins. In order to gain a comprehensive insight into the biochemical
contexts and evolutionary histories of the fusion events, all possible contextual information
available for the proteins in the E1 superfamily was analyzed.

Structural studies demonstrated that the Ufd domain binds the E2 enzyme and triggers a
conformation change within the E1 enzyme, bringing the active site of the E2 protein in close
contact with the Ub substrate that is linked to the internal cysteine residue [417]. Across the
eukaryotes, the C-terminal Ufd domain is found in three E1 families, UBA1, UBA2 and UBA3. All
three are catalytically active proteins and form heterodimers with catalytically inactive subunits

which lack the Ufd domain. The remaining two eukaryotic E1 families also show very distinct
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fusions. The Ufm-modifying UBAb5-like proteins contain a distinct C-terminal domain
(henceforth USC domain from UBA5 C-terminal) predicted to contain three strands flanked by a-
helices (see supplementary material). The secondary structure assignment suggests that the
domain is distinct from the Ufd domain, or any domain of the B-grasp fold. Several polar
residues are conserved in the UBA5C domain including a highly conserved [ED]a motif after the
first strand (where a: aromatic). Given the position of the fusion at the C-terminus, and a size
comparable to the Ufd domain, it is possible that the US5C domain functions similarly to the Ufd
domain by binding an E2 enzyme. The other E1 family, Apg7 which is involved in the autophagy
pathway, is fused to an N-terminal a/f domain (hereafter the Apg7N domain) with several
highly conserved charged residues including four basic residues and a well-conserved DhKK
motif (where ‘h’ is a conserved hydrophobic residue). This domain, like the USC domain, lacks
any observable homologs. The Apg7-like proteins interact with two distinct E2 enzymes, Apg3
and Apgl0. Experimental studies have shown that an acidic insert present in the Apg3-like E2
protein, involved in Apg8-mediated lipidation, is essential for Apg7 interaction [428]. It is
possible that the basic residues of Apg7N mediate interactions with the acidic insert of Apg3-like
E2 enzyme. Alternatively, the highly conserved polar residues might imply an enzymatic
function that supplements the E1 activity, or participates in the autophagy pathway in a separate
capacity. The eukaryotic YKL027W family is related to the YgdL family of bacterial E1 proteins
and represents an independent transfer of the E1 domain to eukaryotes (see below, Fig. 22).
Members of this family lack the arginine finger and thiolating cysteine and are fused to the TRS4-
C domain at their C-terminus. The TRS4-C domain is also fused to the TRS4N-like Ub domain
and was speculated to play an enzymatic role as it has a highly conserved ExxH motif [429]. Their

highly conserved arginine may serve as an arginine finger in these proteins as speculated above.
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This network of contexts suggests an independent recruitment of the YKL027W proteins for
adenylating the TRS4N-Ub domain. Thus accessory domains in eukaryotes appear to be involved
in recruiting other members of the ubiquitin pathway such as the E2 domain or in context-
specific enzymatic activities. Prokaryotic El-like proteins involved in Ub signaling systems show
very distinct fusions and contexts in comparison to the eukaryotic counterparts. In these, the
multi-domain versions of the El-like protein are either fused to an E2-like enzyme, the JAB
metalloprotease or both. Genome neighborhoods of these proteins also showed distinct
conserved associations that include other proteins that perhaps function as substrates or
accessory proteins for the system. For example, as proposed above, the MBL domain present in
some prokaryotic families might provide the missing arginine finger for their neighboring E1
proteins. Similarly, in some families with multiple fused ubiquitins (labeled 6e in Fig. 23), an
uncharacterized domain (domain Y), which contains several conserved cysteine residues [414]
might substitute for the thiolating cysteine absent in the some members of the E1 proteins.
Among the El-like proteins of the ThiF/MoeB/MOCS3 family involved in sulfur
metabolism, a widespread fusion is to the rhodanese domain that has an absolutely conserved
cysteine residue that has been shown to function as a thiodonor and thioacceptor in some
metabolic pathways [425, 430]. In the same family, a distinct fusion of a novel domain C-terminal
to the E1 domain in the Low GC gram positive bacteria and sporadically in other bacterial and
archaeal lineages was identified. Solo versions of the domain are present in euryarchaea (e.g.
Pyrococcus Fwam). The domain (henceforth Fwam) is also fused to 4Fe-4S ferredoxins and HTHs
in some euryarchaea and sporadically in bacterial lineages. Secondary structure predictions
reveal an a/B topology with two strands followed by a helix, three conserved strands and a helix.

The secondary structure progression, although reminiscent of the 5-stranded B-grasp fold,
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appears to lack the characteristic connector arm [429]. This domain contains an absolutely
conserved cysteine residue at the C-terminal end of the first predicted strand (supplementary
material), suggesting that it may have a role in sulfur incorporation similar to the rhodanese
domain.

Among families of El-like proteins that have substrates distinct from Ub-like proteins are
the MccB and GodD subfamilies, associated with the biosynthesis of the polypeptide antibiotics
microcin C7 and goadsporin. Both of these share an uncharacterized domain of unknown
function (henceforth Q) at their N-terminus. This domain is also present in the PaaA and Rv3196-
like subfamilies suggesting that these four subfamilies are related and are most likely involved in
the biosynthesis of polypeptide antibiotics. The Q domain is predicted to contain three 3-strands
followed by three a-helices (supplementary material). An examination of these sequences
suggests that the sequence conservation patterns differ between different subfamilies. For
example, the Q domain of MccB and PaaA families share conserved arginine and aspartate
residues, while the one in the GodD family contains a strongly conserved glutamate residue after
the second predicted strand (supplementary material). The GodD family is additionally fused at
its C-terminus to the YcaO domain, an uncharacterized domain present in a wide range of
bacteria and archaea with several absolutely conserved residues that may be involved in an
enzymatic capacity during the formation of the modified goadsporin antibiotic. Microcin C7 and
goadsporin are unrelated polypeptides and of the two only microcin C7 is adenylated, whereas
goadsporin is modified such that residues within the sequence are heterocyclized to give thiazole
and oxazole rings [416, 431, 432]. Moreover, as described above, versions of this family such as
Rv3196-like and GodD are inactive for adenylation. These suggest a rapidly evolving system

where components such as the polypeptide antibiotic and proteins that recognize and modify it
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are under strong positive selection. Thus, the Q domain might be involved in recognizing the
polypeptide antibiotics given its rapidly diverging sequences. An enigmatic family of proteins
that may either be involved in a distinct metabolic pathway or in modifying polypeptides as
above is the MoeY family. Members of this family are sporadically distributed across the bacteria
and do not show any conserved gene neighborhood associations. They also lack the thiolating
cysteine. A subset of them in Mycobacteria, bacteroidetes, and some proteobacteria are fused at
their C-terminus to an FMN binding nitroreductase domain, of which the version in Desulfovibrio
is further fused to an N-terminal N-acyl amino acid synthase domain. These contexts are
suggestive of multiple modifications of the substrate post-adenylation and may represent a
system similar to the polypeptide antibiotics.
Evolutionary Themes in the E1 Fold

The E1 superfamily can generally be divided into three major types based on their
associated pathways and substrate affinities: (1) families involved as sulfur carriers in
biosynthetic pathways present in a wide range of bacteria, archaea and eukaryotes, (2) families
involved in ubiquitin signaling present in a wide range of bacteria and eukaryotes, and (3)
families involved in polypeptide antibiotic biosynthesis, that are sporadic and widespread in the
bacteria. These phyletic patterns suggest that the El-like proteins involved as sulfur carriers are
some of the most ancient versions from which the other versions evolved subsequently.
However, an examination of the sulfur-carrier E1 proteins coupled with their gene
neighborhoods and domain contexts presents an intriguing evolutionary history. Phylogenetic
trees show that the E1 proteins of the thiamine and Moco biosynthetic pathways do not cluster
within each other (Fig. 24). Instead, on three independent occasions in the § and y proteobacteria,

a sporadic set of Low GC gram positive bacteria and in Corynebacterium, the El-like proteins
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differentiated into a version that associated with Moco and another that associated with the
thiamine biosynthesis pathways. Barring these three events, most prokaryotes typically possess a
single El-like protein, even though they may have other components of both the thiamine and
Moco biosynthesis pathways. This is in contrast with the evolution of the ThiS and MoaD Ub
families that were previously shown to have diverged in the Last Universal Common Ancestor
(LUCA) of life. This suggests that in most prokaryotes and eukaryotes, a single member of the
ThiF/MoeB family performs a dual function in incorporating sulfur in the thiamine and Moco
biosynthesis pathways. Another striking picture that emerges from the phylogenetic analysis is
that in several distinct lineages, such as the Cyanobacteria, Actinomycetes and diverse
proteobacteria, the E1 protein is either fused to or in the neighborhood of a rhodanese domain
containing protein. In some sporadic lineages of bacteria, as described above, the E1 is fused to
the Fwam domain that is predicted to have a function similar to the rhodanese domain. The lack
of any similarity of the ThiF/MoeB/MOSC3 phylogenetic tree to the most commonly recovered
bacterial species tree [433], and the sporadic distribution of associations are suggestive of
widespread lateral transfer of these El-like proteins between bacteria. Given this data, the lack of
a MoaD protein transfer event to the persulfide-forming cysteine residue in MoeB is a mystery

[411, 434]. The independent evolution of Moco-associated Els and the strong conservation of the
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Fig. 24. Phylogenetic tree displaying interrelationships between lineages in Dbacterial
This/MoeB E1 domains and the conserved gene neighborhoods characteristic of lineages.

Branches of the family linked to the fwam or rhodanese domains are color coded. The three
branches with genomes that feature E1 domains differentiated into two distinct versions involved
in thiamine and Mo-cofactor biosynthesis contain a solid black line dividing the branch. Branch
sizes are roughly proportional to total number of representative proteins in the branch.
Conserved gene neighborhoods are depicted in by boxed arrows with the arrowhead pointing
from the 5 to 3’ direction, the E1 domain is shaded in yellow. Domains in gene neighborhoods

not always present in a given branch are outlined by a broken line.

thiolating cysteine, however, suggest that this may be a specialized feature restricted to the -
proteobacterial E1 proteins.

As previously shown, the core of the ubiquitin signaling pathway evolved in the bacteria
and seeded the eukaryotes early in their evolution, most likely during the primary endosymbiotic

event that triggered eukaryogenesis. The distribution of the different E1 families suggest that last
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eukaryotic common ancestor already possessed 7 families (Fig. 23) consisting of six families that
formed three heterodimers with a catalytically active (UBA1 active E1, UBA2/SAE2 and UBA3),
and inactive subunit (UBA1 inactive E1, AOS1/SAE1 and APPBP1), and the Apg7/Atg7 family
involved in the autophagy pathway. The monophyly of the catalytically active and inactive
subunits suggests that immediately after the primary endosymbiotic event there was a
duplication of an ancestral E1 to give an active and inactive subunit that diversified into the six
families before the last eukaryotic common ancestor. The distribution of the UBA5 family
suggests an early evolution prior to the divergence of the kinetoplastids and heterolobosean
lineages. The UBA5 family, however, was subsequently lost in several lineages [435]
(supplementary material). An independent transfer from the YgdL-like bacterial proteins early in
eukaryote evolution gave rise to the YKL027W family that seems to have secondarily associated
with the Ub signaling pathway through association with the TRS4C domain. Although its precise
role in the Ub signaling pathway is not identified, genome-scale analysis of protein complexes (as
presented in the BioGRID database [34]) show that S. cerevisize YKL027W associates with the
RPN6 subunit of the 20S proteasome, suggesting that it may be involved in its modification.
Although it should be noted that this modification may have some differences with the classical
Ub pathway in that it definitely lacks a thiolating cysteine and may use the accessory TRS4C
domain to supplement or bind the E2 protein. The four accessory domains fused to different
eukaryotic Els, Ufd, U5C, Apg7N and TRS4C appear to be eukaryote-specific innovations as they
are missing in prokaryotes. Of these the Ufd and Apg7N fusions appear to have occurred in the
last eukaryotic common ancestor and the Ufd was already fused to the catalytically active partner
in the ancestor of the UBA1, UBA2/SAE1, UBA3/APPBP1- like heterodimeric Els. The U5C and

TRS4C were fused early in the divergence of the eukaryotes around the time the kinetoplastids
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and heteroloboseans were diverging. These clearly evolved to attend to the specific functional
needs of the eukaryotic E1s and may have replaced the simpler prokaryotic systems where the E1
enzyme was directly fused to E2 and other associated domains involved in the Ub-signaling
pathway. In addition to these early events, there were several lineage-specific duplication events
in diverse lineages, especially of the UBA-1 like proteins that spawned newer subfamilies. For
example, UBA-1 like proteins gave rise to the ISG-15ylating UBE1L subfamily in vertebrates, the
UBAG6 subfamily in the animals, and paralogs in chromalveolates, Trichomonas, Naegleria, ciliates,
and the apicomplexa. Lineage-specific expansions of UBA1 are also observed in the ciliates
Paramecium and Tetrahymena. These duplication events suggest the colonization of functional
niches that are unique to the different eukaryotic lineages.

Of the remaining families, most of the other families such as HesA and the polypeptide
antibiotic synthesizing E1 proteins, though present in diverse lineages, show a sporadic
distribution. This is suggestive of rampant lateral transfer of these genes between different
bacterial lineages. The only other family with a widespread distribution is the YgdL-like E1
family. Contextual analysis provides few hints on its function. It is possible that they have their
own distinct substrate or alternatively, since the related eukaryotic YKL027W associates with
TRS4-N Ub-like domains, it is possible that these, too, associate with a ThiS-like protein in
bacteria.

Conclusions and General Observations

Our analysis suggests that the El-like proteins already attained their catalytic function in
the LUCA and were probably involved in adenylating and thiolating a ThiS/MoaD-like protein.
Subsequently, these proteins appear to have explored new functional niches by: 1) increased

complexity of associations that led to its association with pathways involved in sulfur
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metabolism, siderophore biosynthesis, and the ubiquitin signaling pathway in bacteria. 2)
Changing the substrate types as in the polypeptide antibiotics and perhaps the HesA and YgdL
families. These explorations went hand in hand with accommodations in the active site residues
and associations with a variety of domains that provided context-specific activities, many which
are described for the first time in this study. Our evolutionary reconstruction suggests that the
earliest antecedents of the E1 domains were perhaps part of the Moco biosynthesis pathway with
the MoaD/ThiS-like ubiquitin domains as substrate. Subsequent divergence involved the
association with the Ub pathway, the polypeptide antiobiotic pathways and other metabolic
pathways in the bacteria. This was accompanied by rampant lateral transfer of the E1 proteins
between species and between pathways, which may have had to do with their lack of strict
specificity to a particular substrate. Finally, the eukaryotes acquired at least 2 distinct members of
the E1 family during the primary symbiogenesis event of which one of them contributed to the
many diverse E1 families associated with the Ub pathway in eukaryotes. In conclusion, the
results presented in this research provide new leads into understanding the mechanism of Ubl
transfer in various ubiquitin modification systems and the sulfur incorporation steps of diverse
metabolic pathways. It also defines the complete structural space of the E1 fold and expands the
scope of functional contexts occupied by the E1 fold. Further investigation into the less studied
El families presented here may provide more insight into the biochemical diversity of the E1
proteins.
Supplementary Material

Supplementary material mentioned at various locations throughout the text above can be
accessed at the following website:

http://www.ncbi.nlm.nih.gov/CBBresearch/Lakshmin/El supplement.txt.



http://www.ncbi.nlm.nih.gov/CBBresearch/Lakshmin/E1_supplement.txt
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INVESTIGATIONS RELATING TO THE p-GRASP FOLD

The B-grasp fold (8-GF), prototyped by ubiquitin (Ub), is a member of the a+f class of
protein domains and has been recruited to a strikingly diverse range of biochemical functions.
The domain consists of 4- or 5-stranded core [-sheet that appears to grasp a conserved helical
segment and was first discovered in Ub-like proteins and later recognized as being present in a
range of other proteins [423, 436, 437]. I was interested in determining the full scope of functional
diversity within the $-GF across all three superkingdoms of life, as well as identifying and
characterizing the different evolutionary adaptations resulting in the diversity observed in the
fold.

The first study in this section was designed to determine the full functional and
structural scope of the fold. To this end, all sequences belonging to the fold were collected, in the
process discovering several previously unrecognized members of the fold. The higher-order
evolutionary relationships of the fold were then constructed, resulting in the identification of
many of the different evolutionary radiations and structural/sequence correlates of
diversification. The second study describes a novel superfamily uncovered during the first study
and characterizes it as a soluble ligand-binding superfamily, the first instance of a ligand-binding
functionality for the fold. The third and final study specifically focuses on the early evolution of
the Ub superfamily and expands into an investigation of the evolutionary origins of the entire

eukaryotic Ub signaling system.

Small but Versatile: the Extraordinary Functional and Structural Diversity of the B-Grasp Fold

(based on reference [429])
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Introduction

The discovery of covalent modification of eukaryotic proteins by the conjugation of
ubiquitin to the g-amino groups of target lysines has spawned some of the most exciting
directions of research in current molecular biology [438-440]. Ubiquitin (Ub) itself is a small
polypeptide of 76 residues, and its crystal structure revealed a distinctive fold dominated by a f3-
sheet with 5 anti-parallel 3-strands and a single helical segment [441, 442] (Fig. 22A). Pioneering
investigations of Kraulis, Overington and Murzin showed that this fold was not unique to Ub,
but was also present in several other proteins with biologically distinct functions. These included
the staphylococcal enterotoxin B, the streptococcal immunoglobulin (Ig)-binding protein G and
2Fe-2S ferredoxins [423, 436, 437]. The common fold shared by these proteins was termed the -
grasp, because the B-sheet appears to grasp the helical segment in this domain [436]. These early
studies provided the first indications that, despite its small size, the B-grasp fold (3-GF) might
serve as a multi-functional scaffold in diverse biological contexts.

The centrality of Ub conjugation in eukaryotic molecular biology has led to numerous
investigations on Ub and Ub-related domains [443, 444]. These studies have resulted in a large
body of data on the properties of the Ub-like versions of the B-GF. The key emerging findings
were that several other Ub-like proteins (Ubl), such as Urm1 [445], Apg12 [446], Nedd8 [447], and
SUMO [448, 449] are also covalently linked to target polypeptides, just as Ub itself. In contrast,
some Ub-related domains, like the Ubx domain or Ub-like domains of IxB kinases, play adaptor
roles in Ub-signaling [450-453]. These studies also showed that eukaryotes possess a distinctive
enzymatic apparatus for Ub-modification, comprised of a cascade of three enzymes: E1, E2 and
E3. These enzymes successively activated Ub/Ubls for transfer using the free energy derived from

ATP hydrolysis, relayed it via thiocarboxylate linkages involving the C-terminal residue of
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Fig. 25. Topology diagrams of selected f-GF members.

A generalized representative is shown in (A) with the key structural features found in certain
lineages of the fold labeled, while (B) depicts idealized versions of specific lineages, the names of
which are given above the diagrams. Strands are shown as arrows with the arrowhead at the C-
terminal end. Strands belonging to the 4-stranded (-GF core are colored green, the additional
strand found in the 5-stranded assemblage is colored yellow, strands forming a conserved insert
within the (3-GF scaffold are colored magenta, and other strands specific to a certain lineage are
colored grey and outlined with a broken line. Helices are depicted as rectangles, with the core
absolutely conserved helix colored orange and other helices specific to a certain lineage colored
grey and outlined with a broken line. The diagrams are grouped and labeled in a manner
consistent with the structural classes described in the text, with members of the eukaryotic UB-
like superfamily nested within other members of the 5-stranded assemblage. The 2Fe-25 cluster
of the ferredoxins is shown as four small ovals bound to cysteine residues represented by the
letter “C”.

Ub/Ubls, and finally transferred it to lysines on target polypeptides [438, 444, 454-456].
Eukaryotes were also shown to contain an elaborate apparatus for removal of covalently linked
Ub/Ubls and proteasomal degradation of Ub-modified proteins [457-461].

Concomitantly, structural studies also uncovered several new versions of the B-GF in a
variety of domains, greatly widening its horizon of biological functions. Examples of such p-GF
domains are: 1) the TGS domain, an RNA-binding domain found in aminoacyl tRNA synthetases
and other translation regulators (PDB: 1QF6 [462, 463]). 2) The doublecortin (DCX) (PDB: 1M]JD
[464]), RA (PDB: 1C1Y [465]), PB1 (PDB: 1IPG [466]), and FERM N-terminal domains (PDB: 1EF1
[467]), which function as adaptors in animal signaling proteins and apoptosis regulators by
mediating protein-protein interactions. 3) The soluble ligand-binding B-GF (SLBB) domain
involved in binding vitamin Bi2 and other solutes in animals and bacteria (PDB: 2BBC, 2FUGS
[468-470]). 4) Various toxins related to the staphylococcal enterotoxin B including superantigens
involved in the toxic shock syndrome (PDB: 1ESF [471]). 5) Functionally obscure subunits of

various enzymatic complexes, like TmoB of the aromatic monooxygenase oxygenase complex
y y y

(PDB: 1TOS [472]) and RnfH of the Rnf dehydrogenases [40]. 6) Conserved domains, perhaps
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involved in RNA binding, in the archaeo-eukaryotic RNA polymerase RPB2 subunit [473] and
bacterial translation initiation factor IF3 (PDB: 1TIF [474-476]). 7) Staphylokinases and
streptokinases which are fibrinolytic enzymes of low GC Gram-positive bacteria (PDB: 2SAK
[477]). 8) MutT/nudix enzymes- a group of phosphohydrolases acting on diverse substrates [478].
These observations suggested that the B-GF is indeed a widely utilized structural scaffold, with
an underappreciated versatility and an evolutionary history rich in adaptive radiations.

One notable evolutionary question in this regard was the origin of eukaryotic Ub and its
relationships to other domains with the B-GF. The first major advances in this direction came
with the identification of the sulfur transfer proteins, ThiS and MoaD, respectively involved in
thiamine and Molybdenum cofactor (MoCo) biosynthesis, which contained B-GFs closely related
to Ub [412], [434]. Furthermore, it was demonstrated that their C-terminal residues formed
thiocarboxylates, just like Ub, and this was catalyzed by enzymes (ThiF and MoeB), which are
very similar to the E1 enzymes involved in Ub-conjugation [409, 410, 412, 413, 434]. More
recently, research from our group showed that the Ub-conjugation systems might not be an
exclusive feature of eukaryotes (see part ‘C’ of this section of the dissertation). Proteins with Ub-
like B-GF domains, and functionally linked enzymes related to E1, E2 and deubiquitinating
peptidases of the JAB domain superfamily were found in several, phylogenetically diverse
bacteria. Evidence was presented that though some of these systems are likely to be involved in
sulfur transfer reactions in metabolite biosynthesis, akin to ThiS and MoaD, others might
potentially function as bona fide conjugation systems that transfer B-GF proteins to target
polypeptides [40]. Hence, the eukaryotic Ub-conjugation system might have evolved from more

ancient precursors that were present in bacteria prior to the origin of eukaryotes.
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With some clarity emerging on issue of the origin of Ub/Ubls and the associated
biochemical networks, I sought to investigate the broader issue of the adaptive radiations of the
entire B-GF. In particular we were interested in a number of problems from structural and
evolutionary stand points: 1) Establishing the entire gamut of structural and topological
variations that have emerged in the B-GF. 2) Identifying any unifying structural themes that
might exist across most or all functionally diverse versions of the fold. 3) Determination of the
lineage-specific sequence-structure correlates for the varied functional adaptations of the B-GF. 4)
Developing a higher order evolutionary classification for the B-GF and using it as a scaffold to
identify the major temporal phases of adaptive radiation. 5) Identifying instances of drastic shifts
in biological or biochemical functions in specific monophyletic lineages of the 3-GF. One example
of such a functional shift is seen in the evolution of the classical Ub-like proteins, where a unique
post-translational modification system emerged from a core metabolic sulfur transfer system. 6)
Identifying previously unrecognized members of the fold, if any, and thereby expanding the
functional spectrum or providing a rationale for function prediction of uncharacterized members
of the fold. 7) The lab was also hopeful that the 3-GF might provide a model for understanding
the more general problem of how certain small protein folds tend to be extensively deployed in a
whole diversity of functional contexts.

In this article the results of our systematic analysis of the B-GF are presented, with the
objective of addressing the above points.

Application of Methods

Initial DALI searches using 3-GF members as queries were performed by Dr. S. Balaji in

the lab, while the mapping of the contacts formed between B-GF members and their interacting

partners were performed by Drs. Iyer and Balaji, with assistance from me (see below). I
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performed the remainder of the analyses detailed below, including genome contextual, sequence,
and phylogenetic analyses; as well as genome-relative fold complexity comparisons (see below).
Drs. Iyer and Aravind provided input and guidance at various stages of the investigation.

The non-redundant (NR) database of protein sequences (National Center for
Biotechnology Information, NIH, Bethesda, MD) was searched with the BLASTP program [38].
Profile searches were conducted using the PSI-BLAST program [38] with either single sequences
or multiple alignments as queries, with a profile inclusion expectation (e) value threshold of 0.01;
searched were iterated until convergence. Hidden Markov models (HMMs) built from alignments
using the hmmbuild program were also employed in searches carried out using the hmmsearch
program from the HMMER package [63]. For queries and searches containing compositionally
biased segments, the statistical correction option built into the BLAST program was used [70].
Multiple alignments were constructed using the MUSCLE [78] and/or T-COFFEE programs [60],
followed by manual adjustment based on PSI-BLAST hsp results and information provided by
solved three-dimensional structures. All large-scale sequence and structure analysis procedures
were carried out with the TASS software package (V. Anantharaman, SB and LA, unpublished
results), a successor to the SEALS package [59]. Protein structures were visualized using the
Swiss-PDB viewer [94] and cartoons were constructed with the PyMOL program [187]. Protein
secondary structure predictions were made with the JPRED program [89], using multiple
alignments as queries. Phylogenetic analysis was carried out using a variety of methods
including maximum-likelihood, neighbor-joining, and minimum evolution (least squares)
methods. Maximum-likelihood distance matrices were constructed using the TreePuzzle 5
program [65] and were used as input for the construction of neighbor-joining with the Weighbor

program [66]. Additionally, trees were constructed using the neighbor-joining and minimum
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evolution methods as implemented in the MEGA program [97] and the Bayesian inference
method using Markov chain Monte Carlo simulations implemented by the MRBAYES program
[479].

Structure similarity searches were conducted using the standalone version of the DALI program
[95, 96] with the query structures scanned against local current version PDB that has all chains as
separate entries. The structural hits for each query was collected, even if the DALI Z-score for the
match was less than 2.0 and parsed for topological congruence to the B-GF template (Table 4)
using a custom PERL script. To assess topologically congruence, coordinates of the matching
regions detected by DALI searches using known B-GF domains as queries were extracted and
analyzed for secondary structure using DSSP program. These secondary structure elements were
then represented as a string (corresponding to a row in table 1) along with the polarity of the
secondary structure element determined from the DALI match to the query structure. These
strings were then matched with the equivalent secondary structure pattern strings constructed of
bona fide B-grasp domains. If a complete match was obtained these structures were tagged as
congruent, while those which were not were ranked in descending order of elements that did not
match. This discrimination of the potential candidates was further confirmed by visual
examination of each structure. The interacting residues of various proteins of -grasp fold with
their interacting molecules have been deduced using custom made PERL scripts. The scripts
encode interacting distance cut-off values of 5.0 A and 3.5 A between appropriate atoms in 3-D
for deducing the hydrophobic and polar interactions respectively. These inferred interactions
were further examined manually using Swiss-PDB viewer for confirming the contacts between

amino-acid residues of B-grasp fold proteins and atomic groups of interacting partners.
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Higher-order . Secondary Structural Features Common to the -GF Fold!
P Lineage Name -
Classification st frr {s2 2 [H]ans [s3 Jua [s4 [rsca [s5 | il | notes
Basal 4-stranded versions | [F3-N S| - S2 - H - $3 - 0 0 S5 -
of the 3-GF Archeo-eukaryotic RNA poly. f-subunit St - 52 H - $B3 - 0 0 S5
Yml108w ST |ce 2 H - 3 - 0 0 55 h
Sporadically-distributed 4- | BofC Sl - 52 H - 8 - 0 0O 55
stranded versions Immunoglobulin-binding St - S2 H - 5 - 0 O 55
POZ S1 |- 52 H h 3 - 0 0 55
Nudix superfamily Nudix (MutT) Sl - S(ee)2 H * B3 - 0 0 S5 e
L25 S1 |- 52 H ee* 8% - 0 0 S5 3
Fasciclin-like assemblage glutamine synthetase N-terminal ST |- 52 H eee* 91 - O 0 ‘%5 3
fasciclin S1 [hhh  S2 I ee* B3 - 0 O S5 3
phosphoribosyl AMP cyclohydrolase (Hisl) | 51 | -- 52 H ee* 53 - 0 0 55 3,4
MoaD S1|H 52 H h* S8 - 540 55
Thi§ Sto|-- 52 H * L S5
TmoB 51 - 52 H * 53 - 540 55
5-stranded assemblage: | Superantigen s1 |- 2 H* 55 - M W 55
classical 5-stranded clade | Strepto/Staphylokinase I s2 " 8 - s S5
YukD S1 |- 2 H * 3 - 54t 35
TGS S| - 52 I h* B3 - 54 ¢ S5
Aldehyde OR? N-terminal domain Sl |- 52 H * 53 - 54 eht 55
classic UB-like 51 - 52 H * 53 - 54 55
PBI Sto|-- 52 H * 3 - 54 h* S5
S-stranded assemblage: | CAD/Doublecortin (DCX) S| -- 82 = $3 -S4 [h? S5 6
Selected eukaryote UB-like | RA St - 52 H * 83 - 54 h S5
superfamily members | Elongin g1 |- 9] H o+ [ TRV B S5
UBX s1 |- 52 H * 3 - 54t 85 -
E1/UFD 0 = S2 H = 3 - sS4 S5 S6 7
molydopterin-dependent oxidoreductase 51 - 52 hehee H * 53 - 54 eee* 55
5-stranded assemblage: | SLBB: Nqol-type S| 52 H # 53 -~ 54 hht 35 5
soluble ligand binding or | SLBB: transcobal amin-type SL |- s2 H eee* 3 - 50 S5
metal ion chelating clade | 2Fe-25 ferredoxin S1 |- 2 H e 3 - 5 55
L-proline DH-like OR2N-terminal domain | 1 | -- 52 H et 53 - 54 ¢ S5
WWE 51 S 52 o e 53 - o 0 55 e 8
Miscellaneous FimD N-terminal 51 - 52 ee H * %8 - 0 0 55
54 0 |0 o] 0 H h* 53 - 54 * 35

Table 4. Secondary structure features of major B-GF structural categories.
1. S: Strand, L: Loop, H: Helix, LS: Lateral Shelf, CA: Connector Arm, O: absence of given feature,
--: presence of a loop feature, *: presence of LS or CA, h: insert in helical conformation, e: insert in
extended conformation (strand-like), cc: long coil insert.
2. OR: oxidoreductase.
3. Versions form barrel through insertion of strands at the lateral shelf.

4. Barrel is less pronounced in this version; strands are inserted more upstream relative to the
other 3 versions.

5. Two small helices are present in ascending arm.

6. Single helix found at ascending arm in several members.

7. Circular permutation results in new connections between strands; the S1 strand is found at C-
terminus (See Fig. 25, 26).

8. Additional strand at tail inserted between S1 and S5; lateral shelf forms strand that also stacks
with central sheet.
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Results and Discussion
Identification of B-GF domains

As the B-GF is small in size and its representatives very divergent, it is not possible to
exhaustively identify all members through sequence or structure similarity searches initiated
from a single starting point. Accordingly, a multi-pronged strategy of sequence, structure, and
topological similarity searches was used. All the currently available structures of B-GF proteins
from the Protein Data Bank (PDB) [31] were used as a starting point. This set was compiled by
collecting all structures already classified under the B-GF in the SCOP database [423], their
relatives from the PDB database that are not present in SCOP, and new versions which were
detected in our recent studies [468], [40]. These representatives were used as seeds for initiating
sequence profile searches of the NCBI NR database with the PSI-BLAST program [38] (see
materials and methods for details). Statistically significant hits (e<0.01) recovered in these
searches were used to generate alignments for further HMM searches of individual genome
databases and representatives used for transitive PSI-BLAST searches of the NR database. All
newly-identified clusters of domains distinct from previously identified sequence families
containing the B-GF were aligned and used to predict secondary structure with the JPRED
program [89]. The predicted secondary structure and the conservation pattern were
superimposed onto the secondary structure and conservation patterns of the known B-GF
sequence families to ascertain the validity of the newly-detected versions (see Additional file 1 for
alignments and complete list of recovered sequences).

All available structures of bona fide 3-GF domains were compared in order to establish a
unique core template topology that discriminated the B-GF from all other folds (Fig. 25A; Table 4;

see below for further details). Then the representative structures of B-GF domains were used as
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queries to search a local current version of the PDB database for structurally similar domains
using the DALILITE program [95, 96]. All hits were evaluated through reciprocal DALILITE
searches of the PDB database to determine if their best matches included any known B-GF
proteins. The hits were also further evaluated for congruence to the unique topological template.
In addition to the match to the core structural template, all unique features of each newly-
detected structure were systematically documented. Through these searches, around ten
previously unknown families/superfamilies of domains containing the B-GF were identified,
including certain structurally distinctive variants. Comparisons of the distributions of previously
characterized globular domains in proteins from sequenced genomes suggests that the
procedures have identified a major fraction of conserved lineages of the -GF.
Core conserved topology, structural variation, and derivatives of the f-GF

A comparison of the available B-GF structures revealed a common core of 4 strands
forming an anti-parallel sheet, and a single helical region (see Table 4, Fig. 25A). The
characteristic topological feature is that the first and last strands are adjacent and parallel to each
other, and the remaining two strands of the conserved core are anti-parallel and flank the former
two strands on either side. The first and last strands are invariably located in the center of the
sheet with a cross-over occurring via the single helical element. This helical region is packed
against one face of the sheet, typically leaving the other face exposed. The chief interacting
positions between sheet and the helical segment and the pattern of key stabilizing hydrophobic
interactions are conserved throughout the fold, supporting its monophyletic origin. The B-GF
domains found in IF3 and the second largest subunit (3-subunit orthologs) of the archaeo-
eukaryotic RNA polymerase more or less correspond to this conserved core (Fig. 25B). Several B-

GF domains display simple structural elaborations of this basic 4-stranded core. The simplest of
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these is the seen in a small family of yeast proteins typified by Yml108w from S. cerevisiae (PDB:
1IN6Z [480]). This version has a large insert between the first two strands and an additional
helical extension at the C-terminus (Fig. 25B). Another notable variant of the basic 4-stranded
form of the B-GF domain is seen in the catalytic domain of the NUDIX (MutT) hydrolases. Here,
the middle of the second strand of the conserved core is interrupted by a peculiar insert that
projects out to form a distinctive “outflow”. This outflow often assumes a hairpin-like
configuration stabilized by hydrogen bonding between segments in an extended conformation
(Fig. 25B).

All other versions of the B-GF are characterized by major modifications to the 4-stranded
core in the form of distinct inserts that add new secondary structure elements. The first of these is
a previously uncharacterized variation containing an insertion of one or more strands between
the helical segment and strand 3. The conserved inserted strand seen in all domains with this
version forms a hairpin with the connector segment between the helical segment and strand 3
which also assumes an extended conformation. This hairpin, together with any additional strands
in the insert results in these versions of the fold assuming barrel-like structures with differing
degrees of openness (Fig. 25, Table 4). Examples of this version of the B-GF domain are observed
in the ribosomal protein L25 (PDB: 1B75 [481]), fasciclin (PDB: 1070 [482]), and glutamine
synthetase (PDB: 1LGR, 2GLS [483, 484]). Yet another novel variant of the 3-GF was recovered in
the N-terminal domain of the periplasmic pilus assembly protein FimD (PDB: 1ZE3, chain D
[485]). This version is typified by a unique insert N-terminal to the helical segment which results
in the formation of a barrel-like configuration comparable to the above structural variants.

The most common version of the B-GF is typified by the presence of an additional strand

that packs against the conserved third strand at the margin of the core pB-sheet. The acquisition of
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this additional strand has resulted in the emergence of a connector arm that joins it to the
terminal conserved strand of the core sheet (Fig. 25, Table 4). All ubiquitin-like B-GF domains,
including sulfur carrier proteins like MoaD and ThiS, contain this 5-stranded version of the fold.
The connector arm is variable in structure and length and assumes a wide range of conformations
ranging from coils to structured elements in different versions of the fold (Fig. 25B, Table 4). A
derivative of this Ub-like 5-stranded version is found as a C-terminal domain (UFD) in most
eukaryotic E1 Ub-conjugating enzymes [417, 418] —here a circular permutation appears to have
displaced the N-terminus to the C-terminus. Given that the N- and C-terminal strands of the -
GF are adjacent to each other, the C-terminal strand in the permuted version occupies the same
position as the N-terminal strand of the classical versions, but is oriented in the opposite direction
(Fig. 25, Table 4).

The 5-stranded versions may show further variations due to inserts at different points in
the conserved core. One prominent example is the 2Fe-2S ferredoxin, which contains an insert
before the third conserved strand with conserved cysteines for chelating the Fe ion. Similarly, a
long insert adopting an extended conformation is observed at a comparable position in several
versions of the SLBB domain [468] and the molybdopterin-dependent oxidoreductases (Fig. 25B,
Table 4). In the SLBB domain, the curved B-strands from the insert along with the strands of the
B-GF domain core contribute to the formation of a barrel-like structure (PDB: 2BBC [468]). In the
middle domain of molybdopterin-dependent oxidoreductases (PDB: 1SOX [486], chain A) there is
an additional insert of 2 B-strands associated with the connector arm, which results in an even
more complex 3-layered structure, with the two inserts forming a barrel-like element within it.
Another previously unknown variant is seen in the N-terminal domain of the aldehyde

oxidoreductases (AOR-N) (PDB: 1AOR [487]), wherein the connector arm assumes an extended
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conformation and packs as an additional strand at the fringe of the B-sheet adjacent to the strand-
4 which is a specific feature of the 5-stranded versions (Fig. 25B). In the AOR-Ns, two of these
variant B-GF domains stack via the exposed surface of the B-sheet and form a 4-layered sandwich
module.

Our structure similarity searches identified a few structures which, despite lacking the
core conserved topology of the classical B-GF, aligned well with a part thereof. Reciprocal
searches indicated that B-GF domains were the best hits for these structures. Additionally, these
structures were not representatives of any other previously identified folds. These structures
include the S4 RNA-binding domain (PDB: 1c05 [488]), the WWE domain (PDB: 2A90 [489]), and
the POZ domain (PDB: 1BUO [490]). Previous structural studies had noted a region of local
structural similarity, termed the o-L motif, between the S4 and the TGS domain [491]. Given the
functional similarity (RNA-binding) and close structural congruence between the shared
elements of these two domains, it is quite likely S4 domain is a degenerate variant of the 5-
stranded TGS-like B-GF domain, which has emerged through partial loss of the N-terminal part
of the domain including the first two strands. The WWE domain and the POZ domain are found
only in eukaryotes [40], suggesting that they could have potentially emerged from pre-existing
folds through rapid divergence. Given its general structural similarity with the p-GF domains, it
is likely to have been derived from the 5-stranded version of this fold. The WWE domain appears
to have acquired an additional strand after the terminal strand which is inserted in the middle of
the core sheet. The pre-strand 3 region in this domain also adopts a peculiar structure which
makes it appear very different from the classical f-GF domains. In contrast, the POZ domain
appears to have been derived from a 4-stranded B-GF domain through different degrees of

degradation of the penultimate strand on the fringe of the sheet.
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Natural classification of f-GF domains

In order to address the prime evolutionary questions about the B-GF, I attempted to
construct a classification that most closely approximates the higher-order evolutionary
relationships of the members of this fold. The small size of the majority of the versions of this
domain often precludes sufficient resolution of relationships using conventional phylogenetic
tree methods, sometimes even within superfamilies that display significant sequence similarity.
This difficulty is further compounded by the extreme sequence divergence even between
versions having highly similar tertiary structures (e.g. ubiquitin and ThiS). Hence, I had to rely to
a greater extent on structure similarity-based clustering, shared derived structural characters, and
phyletic patterns of sequence superfamilies to reconstruct the evolutionary history. Thus, I
produced the classification using the following general steps: 1) sequence similarity-based
clustering with the BLASTCLUST program [186] helped in identifying the cores of all major
sequence families of B-GF domains. 2) Subsequent comparison of the individual sequence
conservation profiles led to the establishment of the most inclusive higher-order assemblages of
these families (termed superfamilies) based on shared derived features. 3) The next level of
relationships beyond what could be resolved through sequence comparisons was established
using structural similarity. This was done both by constructing distance trees based on pairwise
Z-scores for structure similarity and deriving the most parsimonious tree based on shared
structural features (see Table 4 for major structural features). This procedure, while allowing
reasonable resolution of the higher-order relationships, might on occasions produce relatively flat
hierarchies for lower-level clusters where none of the methods offer reliable resolution of

relationships. A summary of this classification is presented in Fig. 26, 27 and Additional file 2.
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Basal versions and other sporadically distributed 4-stranded versions of the f-GF

The above analysis of the structural diversity of the fold suggests that the 4-stranded
version is the simplest form from which all other versions could have been derived through
accretion of inserts and additional secondary structure elements. Two structurally close
superfamilies of the 4-stranded B-GF domain, namely the IF3-N and the archaeo-eukaryotic RNA
polymerase domain, are respectively universally conserved in the bacterial and archaeal-

eukaryotic branches of life. This, taken together with their shared general functional connection

Fig. 26. Cartoon representations of distinct B-GF domains.

Critical residues in MutT and Hisl that are involved in enzyme catalysis are also shown.

4-stranded version, IF3-N (PDB:1TIF) 5-stranded version, MoaD (PDB: 1FMoD) Nudie/MutT version (PDB: 1IRYA)

E55, E56

RS1,E52
e

Molydopterin-dependent oxidoreductase Cicularly-permutated version, UFD of E1 Dimeric Hisl version (PDB: 1ZPS)
version (PDB: 1S0XA) (PDB:1Y80) (side view)
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Fig. 27. Reconstructed evolutionary history of p-grasp fold.

Individual lineages are listed to the left of the figure grouped according to classifications given in
the text, with their inferred evolutionary depth traced by solid horizontal lines across the relative
temporal epochs representing major evolutionary transitional periods shown as vertical lines.
The horizontal lines are color-coded according to their observed phyletic distributions, the key
for this coloring scheme is given at the bottom of the figure. Dashed lines indicate uncertainty in
terms of the origins of a lineage, while grey ellipses group lineages of relatively restricted
phyletic distribution with more broadly distributed lineages, indicating that the former likely
underwent rapid divergence from the latter. Major predicted structural/functional transitions of
the fold are marked by green ellipses with a brief description given. Colored, labeled squares
immediately to the left of the lineage names represent broad functional categories: E, enzymatic
activity; LMB, ligand or metal-binding; CO, conjugated versions; AD, mediator of protein-protein
interactions; RNA, RNA metabolism-related.

to RNA metabolism, suggests that they arose from a similarly structured precursor that can be

traced back to the last universal common ancestor (LUCA). This structurally simple
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representative of the B-GF is likely to represent one of the most basal lineages of the fold. The
remaining sequence clusters BofC, yeast YmI108w, and immunoglobulin-binding proteins of low
GC Gram-positive bacteria with structurally comparable, simple 4-stranded B-GF domains show
extremely limited phyletic patterns (Additional file 2), suggesting a probable recent derivation
from the more ancient versions. The versions in the Ig-binding proteins and BofC are restricted to
Gram-positive bacteria, and the former might have been derived in pathogenic forms from BofC,
which is a secreted developmental signaling molecule widely distributed in free-living Gram-
positive bacteria [492, 493]. The eukaryote-specific POZ domain might represent another
derivative of a more widely-distributed 4-stranded version, which has accreted an additional C-
terminal helical bundle to form a distinctive globular structure (Fig. 25, 26 and Table 4).
The Nudix (MutT) superfamily

The remaining versions of the B-GF fold appear to form a monophyletic clade unified by
the presence of an ancestral “lateral shelf” or “flange” that forms an extended connector between
the helical segment and the remaining portion of the sheet after the topological cross-over (Fig. 27
and Table 4). Of these versions, the Nudix superfamily appears to be one of the early branches
given that its B-sheet retains the ancestral 4-stranded core. All members of this superfamily share
the above-described insert or “outflow” in the middle of strand 2 which forms a distinctive shelf
for accommodating substrates. This superfamily is also unified by the presence of a conserved
PXG motif in strand-2, immediately after the “outflow”, and a unique constellation of conserved
residues in the helical segment which form the phosphohydrolase active site [369, 494]. The
Nudix superfamily represents a rare instance of adaptation of the B-GF as a scaffold for catalytic
activity. Its phyletic patterns suggest an ancestral presence in all three superkingdoms implying

that it might have been present in the LUCA (Fig. 27, Additional file 2).
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Fasciclin-like assemblage

A structurally distinct subgroup of B-GF domains which was uncovered as a result of our
analysis unifies previously unrecognized versions of the fold, namely the fasciclin domain (PDB:
1070 [482]), the ribosomal protein L25 (PDB: 1B75 [481]), and the phosphoribosyl AMP
cyclohydrolase (Hisl) (PDB: 1ZPS [495]) with the glutamine synthetase N-terminal domain. The
unique insert and associated structural peculiarities such as the barrel-like configuration shared
by these domains strongly suggests that they form a higher-order monophyletic cluster within
the B-GF termed the fasciclin-like assemblage. The similar ligand-interaction patterns seen in
most of these lineages also support the monophyly of this assemblage (see below for details).
Most characterized sequence superfamilies within this assemblage appear to bind small
molecules or soluble ligands. The fasciclin domain binds sugar moieties of cell-surface
glycoproteins [482], the Hisl domain binds phosphoribosyl AMP [496], and the glutamine
synthetase N-terminal domain contributes to the substrate binding pocket of the enzyme [483].
The L25 domain binds 55 RNA (PDB: 1DFU [497]), although there is no evidence that it does so in
a comparable manner as the other members of this assemblage. Given the above observations, it
is possible that the ancestral version of this assemblage had small-molecule binding capabilities.
Despite the distinctive structural innovations, the conserved core of the B-GF domain in this
assemblage is a 4-stranded version with a “lateral shelf” suggesting that it represents an early
branch of the clade unified by the latter derived feature (Fig. 27). Of the sequence superfamilies of
this assemblage, the glutamine synthetase N-terminal domain is traceable to LUCA. Hence, the
fasciclin-like version of the B-GF domain might have diverged from other major lineages of the

fold prior to LUCA.
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The FimD superfamily, while containing a unique structural variant of the fold, shows
greatest structural similarity to the above assemblage. Its phyletic pattern is limited, being found
only in proteobacteria and deinococci (Additional file 2). Thus, it could have been derived from
the above assemblage in a lineage-specific manner.

The 5-stranded assemblage

The 5-stranded assemblage is unified by the addition of the fifth strand to the core sheet
and the consequent emergence of the “connector arm” linking the additional strand to the
terminal strand (Fig. 25A). The strong conservation of this unique structural feature, in
conjunction with the exclusive grouping of these versions in structure similarity-based clustering,
suggests that they form a monophyletic assemblage. This version of the fold is most prevalent,
both in terms of number of distinct superfamilies contained within it and universal
representation found across all life forms. At least 4 monophyletic lineages of this assembly,
namely the TGS domain, the ThiS and MoaD proteins, and the 2Fe-2S ferredoxins can be traced
to LUCA. Beyond these, there are several lineages that are conserved in a single superkingdom or
distributed more sporadically within a superkingdom. On the whole, two major clades can be
recognized within the 5-stranded assemblage. The first of these, termed the classical 5-stranded
clade, unites the three ancient lineages TGS, ThiS, and MoaD and several other closely-related
versions. This clade is also supported by the presence of a highly conserved alcoholic residue at
the transition between the N-terminal hairpins and the helical segment of the fold [40]. The UB-
like B-GF domains are derived from the ThiS and MoaD-like versions and comprise the most
diverse superfamily within the classical 5-stranded clade.

Eukarvotic representatives of the UB-like superfamily 3-GF domains
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In eukaryotes, this superfamily has undergone explosive diversification with at least 19-
20 distinct families which can be traced back to the last eukaryotic common ancestor (LECA).
These families include six conjugated versions (ubiquitin, Urm1, Apg8/Aut7, Apgl2, Ufm1 and
SUMO/SMT?3) [498, 499] and several known or predicted to function as adapters in multi-domain
proteins, like the tubulin cofactor B (TBCB) [500], Ub/Ubl conjugating E1 enzymes [417, 418] and
phosphatidyl-inositol 3 kinase (PI3K) [501]. Overall, in the course of eukaryotic evolution, at least
67 distinct sequence families appear to have emerged within this superfamily with some
restricted to particular eukaryotic kingdoms like animals or plants. Several previously
uncharacterized eukaryotic families were identified such as NPL4p, the UB-like domains of the
BMI1/Posterior Sex Combs family of chromatin associated E3 ligases, a family with the UB-like
domain fused to a cytochrome b5 domain, and the auxin response factor (BIPOSTO) in plants (see
Additional file 1 for alignments). On the whole, comparisons of sequence conservation profiles
showed that B-GF domains related to the classical ubiquitin domain form a large monophyletic
assemblage within the superfamily, including several distinct families such as Nedd8, SUMO,
ubiquitin, NPL4, BAG, the Ubx domain, the tubulin co-factors or chaperones (TBCB and TBCE),
Bat3/Dsk and Apg12/Gatel6 (Fig. 27). The circularly permuted C-terminal UFD of eukaryotic Els,
which distinguishes them from the prokaryotic El-related enzymes, was also likely derived from
this lineage. Sequence comparisons also showed that the RA, FERM N-terminal module, and
PI3K adapter domain families form another distinct higher-order monophyletic lineage. The
remaining lineages typified by ECR1/UBA1 and BM-002, while structurally close to the rest,
formed distinct sequence families that could not be placed into the any of the above larger
assemblages of families (see Additional file 2 for details).

Bacterial representatives of the UB-like superfamily and the classical 5-stranded assemblage
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In bacteria, Ub-like superfamily includes several sporadically distributed UB-like families
which have been previously described in considerable detail [40]. Several other sporadic bacterial
lineages also belong to the classical 5-stranded clade, such as the fibrinolytic adapters of several
Gram-positive bacteria (e.g. streptokinase), the superantigen/toxin domains, the RnfH proteins
and subunits of aromatic compound monooxygenases like TmoB. Our searches also identified a
previously unknown version of the classical 5-stranded clade in a group of bacterial flagellar
assembly proteins typified by FliD, FlgL and FIgK, and related bacteriophage-tail proteins found
in a range of Mu-like caudoviruses (see Additional file 1). Sequence searches indicate that RnfH is
closest to the TGS domains and is likely to be an offshoot of that superfamily (Fig. 27). The
superantigen/toxin versions and the streptokinase/staphylokinases appear to form a
monophyletic cluster, as they are both secreted versions and interact with substrates similarly
(See below). However, barring RnfH, the exact relationships of these more sporadic bacterial
lineages to the more ancient lineages of the classical 5-stranded clade remain unclear.

The soluble ligand or metal-binding clade of the 5-stranded assemblage

The second major clade of the 5-stranded assemblage unifies a group of B-GF domains
whose interrelationships were previously unknown. This clade is unified by the presence of a set
of inserts that are associated with binding soluble ligands or chelating metal ions. While the
inserts themselves are poorly conserved in sequence, their position, especially in relation to the
bound ion or ligand, is well conserved. The main sequence superfamilies in this clade are the 2Fe-
2S ferredoxins, the SLBB domains, and the molybdopterin-dependent oxidoreductase domains.
As recently shown, the SLBB superfamily is of bacterial provenance [468]. The molybdopterin-
dependent oxidoreductases, typified by the sulfite oxidase (SOX), are widely distributed in all the

three superkingdoms but show no evidence in phylogenetic analysis for being present in LUCA.
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Given that the eukaryotic versions localize to the mitochondrion [502], they appear to have
probably been derived from the bacterial progenitor of the mitochondria. The N-terminal domain
of the L-proline dehydrogenase-type oxidoreductase (PDB: 1Y56 [503]) is another family of
proteins belonging to this clade of the 5-stranded assemblage. Sequence profile analysis showed a
statistically significant relationship between these domains and the 2Fe-2S ferredoxins,
suggesting that they belong to the same superfamily. They appear to have been derived from the
more universally distributed 2Fe-2S ferredoxins through loss of the metal-chelating conserved
cysteines relatively early in bacterial evolution.

The N-terminal module of the aldehyde oxidoreductases

A distinctive superfamily of the 5-stranded assemblage that was discovered in our
analysis was the N-terminal module of the aldehyde oxidoreductase (AOR-N) (PDB: 1AOR [487])
that contains two tandem, distantly related copies of the B-fold. These are unified by the modified
structure of their connector arm, ligand-binding and dimerization pattern. This structural
modification makes it difficult to identify their affinities to other members of the 5-stranded
assemblage. It should be noted that they lack any unique structure or sequence feature unifying
them to the sulfite oxidase-like molybdopterin-binding B-GF domains. Hence, it is possible that
they arose from a MoaD-like precursor that evolved an ability to bind metallopterins specifically
(See below). Phyletic patterns indicate a potential bacterial origin for this superfamily. The above-
mentioned structural similarity of the universally distributed S4 RNA-binding domain with the
TGS domain suggests that the former might be another highly divergent lineage that was derived

from a TGS-like classical 5-stranded B-GF domain prior to LUCA.
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The relative timeline of major adaptive radiations and functional transitions of the p-GF
domains
The pre-LUCA phase and inference of the ancestral function of the f-GF

The inference of at least 7 B-GF or B-GF-derived (the S4 domain) lineages in LUCA
suggests that there was a major diversification of the fold even before LUCA (Fig. 27). In
structural terms, the inferred representatives in LUCA span all major variants of the fold, from
the simplest 4-stranded versions to the barrel-like forms (GS5-N domain) to simple and elaborated
versions the 5-stranded form. This suggests that the major structural variations were already in
place as a result of the early diversification events of the pre-LUCA phase. In functional terms,
versions close to the primitive state of both the 4- and 5-stranded forms, the RNA
polymerase/IF3-N domain and the TGS domain, respectively, as well as the possible B-GF
derivative, the S4 domain, have functions related to RNA metabolism or RNA-binding [463, 476,
504]. Even members of the Nudix clade are known to interact with nucleic acids or chemically-
related molecules such as nucleoside diphosphate derivatives [369]. RNA metabolism-associated
functions are also sporadically observed in later-derived lineages such as the L25 ribosomal
proteins in the fasciclin-like assemblage, the family of prokaryotic UB-related domains fused to
the Mut-7C-like RNAses [40], and several eukaryotic UB-like domains like those found in elF3
p135/Clu-1 (see Additional file 1 for an alignment), RBBP6 (DWNN domain) [505], and
prp21/Splicing factor 3 [506]. Given that the at least 4 of the seven main lineages traceable to
LUCA, including some of the inferred basal lineages, have a RNA/ribonucleoprotein associated
role, it appears likely that the ancestral version of the B-GF was probably involved in RNA-
binding. The distribution of RNA-related roles (Fig. 27, 28) implies that this function seems to

have been retained or re-acquired in some sense in several later derived versions of the fold.
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A corollary to the inference of the ancestral function of the fold is that there were major
functional innovations even in the pre-LUCA period. These are most prominently seen in the 5-
stranded assemblage, and appear to be associated with the emergence of distinctive roles in
sulfur delivery and scaffolding of Fe-S clusters. Previous observations have shown biochemical
links between the formation of metal-sulfur clusters and sulfur transfer, including pathways in
which ThiS and MoaD-like proteins participate [507]. This observation raises the intriguing
possibility that the earliest functional shift involved recruitment of a 5-stranded -GF domain for
a shared general role in both sulfur transfer and generation of Fe-S clusters. It is quite possible
that the subsequent specialization of such a generic precursor spawned the two paralogous
families of sulfur transfer proteins (MoaD and ThiS) on one hand and the 2Fe-2S ferredoxins on
the other. The rise of the 2Fe-2S ferredoxins probably coincided with the emergence of the
precursors of the electron transfer chains of respiratory metabolism. The early divergence of
MoaD and ThiS suggests that some basic aspects of the biosynthetic pathways for complex
sulfur-containing metabolites like molybdenum/tungsten cofactor and thiamine evolved prior to
LUCA.

The post-LUCA phase: the prokaryotic superkingdoms

The emergence of the two prokaryotic superkingdoms, the archaea and bacteria, was
marked by numerous superkingdom-specific innovations. Several of these innovations appear to
have happened early in the history of the bacteria followed by multiple lateral transfers to the
archaea. Likewise, innovations occurring in bacteria were also transferred to eukaryotes both
during the primary endosymbiotic event and sporadically through later transfers. Members
performing some form of most of the biochemical functions observed in extant representatives of

the fold emerged in course of the post-LUCA diversification in bacteria. In certain cases there
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were no major shifts in basic biochemical activity but only an expansion of the range of specific
biological contexts in which these activities were deployed. These included new RNA-
binding/ribonucleoprotein-related contexts emerging within diverse branches of the clade (e.g.
L25 in the fasciclin-like assemblage and the prokaryotic UB-like family fused to Mut-7C RNAse)
or adaptation of ThiS/MoaD-type proteins in sulfur transfer systems related to synthesis of
lineage-specific metabolites [508]. The principal, early functional innovations in the prokaryotic
radiations were the independent acquisition of multiple small molecule/solute-binding
capabilities across distant members of the fold, as seen in the SLBB, fasciclin, and AOR-N
domains. Another notable feature of this evolutionary phase was the emergence of at least three
catalytic versions amongst phylogenetically distant assemblages of the fold. The phosphoribosyl
AMP cyclohydrolase of the fascilin-like assemblage and molybdopterin-dependent
oxidoreductase domain related to the 2Fe-2S ferredoxins and SLBB domains are sister groups of
the small-molecule binding versions. This suggests that the transition to catalysis probably
occurred from an ancestral soluble ligand-binding state. However, emergence of catalysis in the
Nudix superfamily appears to be a likely extension of the original nucleic acid-binding properties
of the fold.

This phase also saw the recruitment of several forms of the B-GF domain for mediating
specific protein-protein interactions in the assembly or stabilization of multi-protein complexes.
Different distantly related f-GF domains were recruited in the biogenetic systems of flagella and
analogous structures, the pili. The FimD protein has an N-terminal B-GF domain fused to a C-
terminal outer membrane-spanning domain [509]. This B-GF domain serves as an adapter to
recruit the fimbrial subunit chaperone FimC while the C-terminal domain serves as a platform on

which the fimbrial subunits assemble to form the pilus [510, 511]. Likewise, novel versions of the
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classical 5-stranded B-GF domain, which was discovered in FliD and FIgL/FIgK, are likely to play
roles in the assembly of flagellum (FliD) and its hook (FIgL/K), while their relatives in Mu-like
bacteriophages might similarly help in assembly of the viral tail (see Additional file 1).
Pathogenic bacteria appear to have sporadically adapted both 4- and 5-stranded versions in roles
related to interaction with host proteins as a part of their virulence. The strepto/staphylokinases
which interact with plasmin, and the superantigens which interact with vertebrate T-cell
receptors [512] from the 5-stranded assemblage and the immunoglobulin-binding domains [513]
of the 4-stranded assemblage appear to represent multiple convergent recruitments for virulence-
related interactions. The classical 5-stranded clade in particular appears to have given rise to
several lineages that seem to function as protein interaction adapters, assembly or stability factors
in very different biochemical contexts. For example, the TmoB family might function in
stabilizing the proteobacterial aromatic monooxygenase complex [472], different members of the
RnfH family might play roles in protein stability or assembly of the Rnf oxidoreductase complex,
and YukD in the assembly of the ESAT-type export systems of Firmicutes [40].

However, the most important innovation in the bacteria was the emergence of potential
conjugation systems that covalently linked ubiquitin-like B-GF domains to other proteins
(predecessors of the eukaryotic conjugation systems). In functional terms, this process represents
a collusion of the sulfur-transfer aspect with the protein interaction function which was also
widely emerging in members of the fold. The preliminary analysis of these bacterial UB-like
systems suggests that they might have already acquired roles related to protein stability and
signaling. The details of the bacterial antecedents of the eukaryotic UB-conjugation system have

already been discussed in a recent work [40] and are not dwelt upon here.
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The eukaryotic phase: expansion of the ubiquitin-like domains

Genomic and cell biological evidence suggests that the eukaryotes emerged as a result of
a basic endosymbiotic event between a proteobacterium and an archaeon (most likely a
euryarchaeon) [514-516]. Consequently, eukaryotes inherited several versions of the B-GF domain
found in both their archaeal and bacterial (mitochondrial) precursors (see Fig. 26 and Additional
file 2). The currently available data implies that in eukaryotes there was no diversification of the
B-GF domain comparable to what happened in bacterial evolution that resulted in emergence of
fundamentally new biochemical activities. Eukaryotes, however, showed an explosive
development of the ubiquitin-like lineage resulting in forms that occupied biological functional
niches across the entire cell. Most of these functions depend on the ancient property of the
classical ubiquitin-like 5-stranded version to mediate protein-protein interactions, particularly in
relation to the assembly or stabilization of complexes. These functions were performed either via
conjugation of UB/UBLs to target proteins and phosphatidylethanolamine, or as domains within
multi-domain proteins. The biochemical diversification of the UB-like clade to perform multiple
biological roles appears to have been notable even in LECA (Fig. 28). These adaptations include:
1) conjugation to proteins destined for degradation (classical UB). 2) Tagging of proteins for
altering interactions and localization (e.g. SUMO/SMT3) [448, 449] 3) conjugation to both a
protein target (Apgdp) and the amino group of the lipid phosphatidylethanolamine
(Agp8p/Aut7p) in regulation of the distinctly eukaryotic process of autophagy. 4) Possible
recognition of proteins with conjugated UB moieties (e.g. NPL4) [517]. 5) Binding of E2s to
present them to the active site of Els for conjugation of UB/UBIs (the UFD of Els [417, 418]). 6)
Assembly of tubulin polymers (TBCB) [500] and microtubule-binding (DCX domains [464]) . 7)

Protein-protein interactions in Ub-modification (e.g. Ub-like domains in Ub-deconjugating
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Fig. 28. Reconstructed evolutionary history of eukaryotic ubiquitin superfamily.
Similar to Fig. 27, however, major evolutionary transitions are now shown as horizontal lines and
the maximum depth to which these individual lineages can be traced is now shown with solid

vertical lines. Functional categories are the same as described in Fig. 27.

enzymes like Ubp7/Ubpl4 and the Bmil/Posterior Sex Combs-like E3s) and other signaling
pathways (e.g. PI3 Kinase N-terminal domain) [501]. The ancestral eukaryotic member of the UB-
like clade is likely to have been a conjugated version because: 1) conjugated forms are seen across
the entire diversity of the eukaryotic UB-like clade, which includes at least 5 versions traceable to
LECA and 2) they preserve the basic thiocarboxylate-forming chemistry seen in their even more
ancient precursors like ThiS or MoaD. Given the inferred presence of multiple non-conjugated

forms in LECA, multiple early functional shifts resulting in non-conjugated appear to have
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occurred prior to the divergence of extant eukaryotes from LECA, but after the emergence of the
first eukaryotic cell.

Subsequently in eukaryotic evolution, there appear to have been several innovations of
non-conjugated versions. Many of these continued to function in contexts related to UB signaling,
presumably by recognizing conjugated UB moieties (Fig. 28, Additional file 2). However, a few
seem to have acquired entirely unrelated functions; for example, the RA domain in RAS signaling
[465] and the CAD domain in apoptotic signaling [518-521]. In temporal terms, a major pre-LECA
expansion resulted in at least 19-20 distinct families in the ancestor of extant eukaryotes, followed
by new families like the PB1 domain sporadically appearing throughout subsequent eukaryotic
evolution. A notable phase of new innovation through sequence diversification resulted in
several new families (e.g. Nedd8) prior to the radiation of the eukaryotic crown group comprised
of plants, slime molds, fungi, and animals. Interestingly, in the animal lineage alone, there
appears to have been another massive round of diversification resulting in more than 10 distinct
sequence families. The plants show a lineage expansion of a group of UB-like domains in the
BIPOSTO/AREF transcriptional regulators (see Additional file 1) which emerged from the more
ancient PB1 family. Thus, in general, there appears to be a correlation between the emergence of
new UB-like families and that of multi-domain proteins in the signaling systems of crown group
eukaryotes, especially animals [522]. Parallel to this expansion of UB-like domains in eukaryotes,
there was also an expansion of other components of the UB-conjugation system such as E1, E2,
and E3 enzymes, F-box and UBA domains, and deubiquitinating peptidases [454, 457, 460]. In the
eukaryotes there also appears to have been a derivation of at least two domains, namely the POZ

and WWE domain through major structural modification of the core B-GF domains.
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Evolutionary trends in the domain architectures of f-GF domains

Previous studies on domains occurring in diverse architectural contexts in multi-domain
proteins have hinted at a strong relationship between domain architectures and functional
constraints [8]. The domain architectures of all -GF domains were systematically analyzed and
their conservation across evolution was used to identify constraints and any role they might have
in predicting functions of uncharacterized versions of the domain. Both the sulfur-carrier
function and conjugation to other proteins require the free carboxy-terminus of the standalone -
GF domain. As a result, the standalone copies of the 5-stranded UB-like version have been
preserved across all three superkingdoms since LUCA. But an alternative strategy to this,
observed primarily in eukaryotes, is the generation of free C-termini through post-translational
proteolytic cleavage as seen in the polyubiquitins and APG8p (Aut7p). This raises that possibility
that there might be other as yet undiscovered versions which are released for conjugation by
proteolytic processing, as has been previously proposed for the DWNN domain [505]. In this
context, it remains to be seen if the Ub-like domain in the eukaryotic DDI1p-like proteins [40],
which is connected via a glycine-rich linker to the rest of the protein (Fig. 29) might be processed
by the C-terminal aspartyl peptidase domain release a free UB-like polypeptide.
In contrast, versions involved in protein and nucleic acid interactions are under no major
constraints to remain as standalone forms of the domain. Hence, numerous instances of B-GF
domains involved in this function occur in multi-domain architectures. The ribosomal proteins
tend to be small and usually one or two-domain proteins. Accordingly, there is not much
architectural diversity seen in case of forms like L25. The forms found in the DNA-dependent
RNA polymerase represent some of the most complex architectures wherein the B-grasp domain

is inserted within an RRM-fold domain which in turn is inserted within a larger, multi-domain
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scaffold [476]. In most cases, the multi-domain architectures of RNA metabolism-related proteins
are well-conserved across entire superkingdoms or even the three superkingdoms of Life because
of the universality of these functions in their respective phyletic ranges. Multi-domain
architectures associated with signaling or small-molecule interactions are often more restricted in
their phyletic range and show lineage-specific diversity [523, 524]. Consistent with this,
considerable lineage-specific diversity is observed in prokaryotic B-GF domains involved in small
molecule-binding like the cobalamin-binding SLBB domains and fasciclin domains and certain
enzymes such as the molybdopterin-dependent oxidoreductases (Fig. 29). All these domains are
typically encountered in secreted proteins and form highly variable multi-domain architectures
in various bacteria. In some instances two distinct versions of the f-GF domain might occur in the
same polypeptide: for example, the fasciclin domain and the molybdopterin-dependent
oxidoreductase domains occur in certain secreted enzymes (Fig. 29). Conversely, the small
molecule-binding B-GF in certain highly conserved intracellular enzymes like glutamine
synthetase and aldehyde oxidoreductases do not show much diversity in domain architectures.
To objectively assess the trends in domain architectural complexity, I made use of the
previously devised complexity quotient (CQ) [453]. The CQ provides a measure of the
complexity of domain architectures in which a given domain occurs (Fig. 29). Specifically, it is
defined as the product of the number of different types of domains that co-occur with B-grasp
domain containing proteins and the average number of domains detected in these proteins. The
complexity quotient was plotted against the total number of proteins containing -GF domains in
a given organism. This was done for 19 completely sequenced species of prokaryotes and 19
eukaryotic proteomes spanning the entire currently available phyletic spectrum of organisms

with sequenced genomes. In the case of prokaryotes the plot reveals a more or less flat line with
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Fig. 29. Architectural complexity plot and novel domain architectures for f-grasp domains.

A) Architectural complexity plot of B-grasp domains found in eukaryotes and prokaryotes. The
complexity quotient for a given species (y-axis) is plotted against the total number of B-grasp
domain containing proteins in the same species. Names of species are given next to plot points. B)
Domain architectures of B-grasp domains. Only a small sample of architectures is shown. These
mainly represent novel or recently reported architectures that are described in the text. The TRS4
C-terminal domain, also found fused to certain El-enzymes that lack the C-terminal UFD has a
highly conserved ExxxH implying enzymatic function (see Additional file 1 for an alignment).
Orange ellipses represent the conserved cysteine clusters observed in the NPL4-N family (see
Additional file 1). A straight line with a small green box in the Ddil family architecture
represents a possible cleavage site located between the domains. The proteins are not drawn to
scale as only globular segments are show. Explanation of abbreviations/domain names: B3, DNA-
binding domain; Auxin response, auxin-responsive transcription factor domain; OTU, OTU-like
family of cysteine proteases; Znf, zinc-finger; Znf_LF, little finger family of zinc finger domains;
R, Ring-finger domain; (3-P, B-propeller domain; X, previously uncharacterized BofC C-terminal
domain also found fused to a serine/threonine phosphatase in actinobacteria (see Additional file

1 for alignment).
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an approximately constant domain architectural complexity across all prokaryotes, irrespective of
the number of B-GF proteins they possessed (Fig. 29). The plot only showed a few anomalous
points: there was a greater than expected paucity of B-GF proteins in the highly reduced genome
of Mycoplasma and an inexplicably high architectural complexity in Thermotoga maritima. Thus,
barring very few exceptions, the main tendency in prokaryotes is a wide variability in the
number of proteins with B-GF domains rather than any concerted increase in architectural
complexity.

Eukaryotes not only have greater numbers of B-GF domain proteins, but also appear to
display greater diversity of domain architectures relative to the prokaryotes. The complexity of
the B-GF proteins as well as their numbers appear to increase throughout eukaryotic evolution
with the highest figures observed in multicellular organisms of the eukaryotic crown group.
However, the increase in architectural complexity is not linear across eukaryotes, with a tendency
to plateau in animals. The only exception to the strong trend is Trichomonas vaginalis, a basal
eukaryote, which appears to have undergone a massive, relatively recent proliferation across
most protein families [525]. As a result it possesses an unexpectedly large number of B-GF
proteins, but low architectural complexity comparable to other basal eukaryotes with similar
numbers of 3-GF-containing proteins (Fig. 29). In terms of actual architectures, the multicellular
eukaryotes show numerous lineage-specific multi-domain proteins with different f-GF domains,
which are often involved in specific signaling pathways that correspond to unique aspects of the
biology of these organisms. For example, the programmed cell death pathways in animals and
the auxin-response in plants contain representatives with such unique architectures (Fig. 29)

[453].
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Typically, many of the eukaryotic multi-domain architectures, both ancient and lineage-
specific, tend to combine the UBL domains with other signaling domains, typically those
involved in UB-signaling. These combinations include those with deubiquitinating peptidases
(e.g. of the OTU superfamily), E3 ligases usually of the RING superfamily (Fig. 29), and other UB-
binding domains like UBA, or other kinds of signaling domains like kinases as seen in the IKKs
and Doublecortin. Another feature seen in eukaryotic architectures is the architectural variability
through domain loss or accretion, even in the case of highly conserved orthologous proteins. For
example, the Npl4p family [526] of Ubls is conserved throughout eukaryotes and might play a
role as a novel E3 in degradation of proteins in the endoplasmic reticulum. It can be
reconstructed as having an ancestral architecture that combined an N-terminal Ubl with a central
region containing variable numbers of a novel Zn-chelating cysteine cluster domain and a C-
terminal catalytically inactive version of the JAB peptidase domain (Fig. 29, see Additional file 1).
In the plant lineage the central Zn-chelating cluster is lost, while in animals and fungi an
additional Zn-finger domain is inserted N-terminal to the cysteine-rich Zn-cluster.

Structural correlates for functional diversity in the f-GF

The next step in the investigation was to decipher the relationship between functional
diversification and structural elaborations of the fold. For this purpose, an idealized
representation of the B-GF fold was created (Fig. 30), dividing the structural elements into
equivalent zones that are comparable across available structures. Interactions were then mapped
to ligands (see materials and methods for details) in all members for which this data is available
onto the above scaffold to obtain an interaction map for the fold (Fig. 30). This interaction map
was then used in conjunction with the above developed classification scheme and relative

temporal pattern of diversification to explore the evolution of the structure-function
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relationships. For the sake of convention, the exposed surface of the core B-sheet is referred to as

the “exposed face” and the opposite surface of the sheet which might be obscured by the packing

helical segment, the lateral shelf or flange, and the connector arm (in the 5-stranded versions) as

the “obscured face”. The C-terminal most portion of the final strand is referred to as the “tail”.

Little is known of the exact mode of interactions of the basal 4-stranded versions of the

fold. However, the apparent rarity of the simple 4-stranded versions suggests that there appears
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Fig. 30. Diagram of relative
location of p-grasp interacting
partners.

The strands and core helix of an
idealized p-GF domain have been
broken into interaction zones, and
the names of representatives of
the fold that interact using each of
these zones is listed. The top view
depicts the exposed face while the
bottom view depicts the obscured
face. Coloring of the boxes
containing lists of specific 3-GF
domains interacting via a
particular region correspond to
coloring of structural elements
(i.e. a particular strand or loop)
involved in the interaction.

to be a tendency to elaborate the
core sheet to provide an increased

interface for interactions. On the

whole, the exposed face mediates more interactions across the B-GF fold compared to the

obscured face. Thus, the proliferation and widespread utilization of the 5-stranded version might
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be associated with the availability of a larger surface on the exposed face for mediating contacts.
Another evolutionary trend is the formation of a barrel-like configuration through insertion of
strands which on instances provides a classical interaction interface at the open end of the barrel.
The more specific themes of interaction that were observed in multiple superfamilies of the fold
are discussed below.
Solute interaction in the fasciclin-like assemblage

As discussed above, the prevalence of soluble ligands such as sugars, amino acids, and
metabolic intermediates for different sequence superfamilies of the clade suggested an ancestral
solute-binding role for these proteins. Analysis of the interactions with respect to the shared
structural core of this assemblage suggests that the insert and the lateral shelf form an interface
for soluble ligand interaction in fasciclin, GS-N, and phosphoribosyl-AMP cyclohydrolase
domains [483, 496, 527]. Furthermore, in glutamine synthetase this interaction might indirectly
contribute to catalysis via a conserved aspartate from this region that interacts with the substrate
bound at the active site and helps in anchoring it there. This suggests that ancestral versions of
this assemblage probably mediated a generic ligand interaction via a similar interface. The
interactions of the L25 domain via this interface, if any, remain unknown. However, it is known
to contact 5S rRNA via the exposed face [497]. FimD, which appears to be a distant relative of the
fasciclin-like assemblage, assumes a classical barrel configuration, with the “open-end” of the
barrel providing an interface for interacting with the FimC immunoglobulin domain [485].
Similar “open-ends” of topologically unrelated barrels like the OB fold, PRC, and SH3 barrels are
known to mediate interactions with ligands in a like manner [528-530]. The loop between the

penultimate two strands of the core FimD B-GF domain is one of the major determinants of the
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interaction and this feature is comparable to certain interactions of the phosphoribosyl-AMP
cyclohydrolase domain (see below).
Metal chelation, solute interaction, and prosthetic group attachment in the
SLBB/ferredoxin/molybdopterin-dependent oxidoreductase clade

The unifying inserts of this clade typically occur in the region prior to strand 3 and in the
region associated with the connector arm or the additional strand of the 5-stranded core.
However, there is considerable diversity in the means by which these inserts mediate specific
interactions, both between and within different superfamilies of this clade. The 2Fe-2S
ferredoxins contain a characteristic set of four cysteines, three of which come from the pre-strand
3 insert and one from the connector arm-associated insert which help in coordination of the 2Fe-
2S cluster [531]. The proline dehydrogenase N-terminal domain lineage of this superfamily lacks
the cysteines but retains the inserts, suggesting that it might have been reused for interactions
with as yet uncharacterized small molecule ligands. As previously shown, members of the SLBB
superfamily typified by transcobalamin and related Bi-binding proteins contain a conserved
aromatic residue in the pre-strand 3 insert which plays a central role in binding the ligand [468].
In the molybdopterin-dependent oxidoreductase superfamily, the barrel formed by the pre-
strand-3 and the connector arm regions provides an open face for accommodating the
molybdopterin ligand. Additionally, a conserved cysteine present in the pre-strand-3 insert is
covalently linked to molybdopterin [486]. The above-described evolutionary history of this clade
suggests that the ferredoxins were probably the most ancient versions. The subsequent
diversification of this clade appears to have involved extensive adaptation of the binding site that
originally contained the 2Fe-2S cluster for accommodating a diverse set of new ligands.

Additionally, the exposed face in most of these cases remains available for interaction with other
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domains or polypeptides to recruit the p-GF domain to larger complexes. This has been
extensively demonstrated in the case of the 2Fe-2S ferredoxins [532, 533].
Interactions of AOR-N p-GF domains with metallopterins

The AOR-N domain represents the second independent case of a f-GF domain acquiring
the capability to bind tungstoperin or molybdopterin and iron-sulfur clusters (4Fe-4S). Here, a
head-to-tail dimer formed by the two tandemly repeated f-GF domains bind metallopterin via
the unusually structured connector arms that form a strand at the fringe of the core 5-stranded
sheet [487] (Fig. 30). While the two tandem repeats are very similar in structure, they are highly
divergent in sequence, and contribute different sets of residues in the connector arm to contact
the metallopterin. The N-terminal domain contributes an asparagine that directly interacts with
the pterin moiety, whereas the C-terminal domain contributes a conserved arginine that interacts
with the sulfoxide moiety that chelates the Tungsten or Molybdenum. The same arginine from
the C-terminal domain also interacts with the 4Fe-4S metal cluster. Additionally, a threonine
from the loop between strand-3 and stand-4 of the core B-grasp domain also interacts with the
4Fe-4S cluster [487] (Fig. 30). Thus, the 4-layered sandwich formed by the two derived B-GF
domains help in positioning the metallopterin and 4Fe-4S for the C-terminal a-helical domain to
catalyze the redox reactions on the substrates. It is possible that this neomorphic mode of
substrate interaction arose from MoaD-like precursors that evolved the ability to recognize
metallopterins as dimers, as an offshoot of their ancestral function in metallopterin biosynthesis.
Principal protein and nucleic acid interactions observed in the 5-stranded assemblage

A diverse range of protein-protein interactions are shown by both prokaryotic and
eukaryotic members of the 5-stranded assemblage, including those with the E1, E2 and E3

enzymes or their prokaryotic counterparts. The recently published structure of the complex of
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Nedd8 with its E1 and E2 enzymes [417], in conjunction with the data accumulated from several
other structures and mutagenesis experiments helps in deciphering the key modes of interaction
prevalent in the 5-stranded clade. Nedd8 interacts via the exposed face with the sheet of the
Rossmann fold domain of the adenylating domain of the E1, as in the case of the ThiS/MoaD
clade [409, 410]. Similarly the exposed face is also used by the B-GF of the C-terminal UFD of the
El to recruit the E2. More generally, different parts of the exposed face of the sheet mediate
interactions specific to particular representatives of the 5-stranded assemblage (Fig. 30). In
particular, zones corresponding to the C-termini of the first and last strands which lie in the
center of the sheet are utilized for protein interactions by all studied members of the classical 5-
stranded clade. The structures of the eukaryotic members of the classical 5-stranded clade show
that many of the interaction positions on the exposed face are shared, though the actual residues
at those positions might not be conserved. Hence, the interaction specificity of different members
has mainly arisen via sequence diversity at spatially congruent interaction sites, as opposed to
acquisition of entirely new modes of interaction. The availability of the exposed face that
provides an extended surface for interaction appears to be the primary factor for the pervasive
use of this fold as mediator of protein-protein interactions across biologically disparate contexts.
In a few instances, the obscured face of the RA (PDB: 1LFD [534]) and elongin domains (PDB:
1VCB [535]) might mediate specific interactions suggesting that their adapter function might
depend on using both faces to mediate different sets of specific interactions.

In the complex of Nedd8 with its conjugating enzymes, the Nedd8 moiety covalently
linked to the cysteine in the thioester-forming a-helical domain of the E1 protein also serves to
recruit its specific E2 [417]. This occurs via a unique interaction involving the cleft formed

between then sheet and the helix of the B-GF, which constitutes the “open-end” of the barrel-like
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form of the fold in Nedd8. This is reminiscent of the interaction observed in the FimD-like
versions of the B-GF. From the side of the E2, the interaction is mediated via the conserved C-
terminal helix. The high diversity of the residues in the E2 helix as well as the cleft of the Ub/Ubls
suggests that this interaction is required for the specificity of E2-Ubl association. This interaction
is representative of the more generic tendency of peripheral locations on the fold to be deployed
in specific interactions that might be required only for the unique function performed by a
particular superfamily (Fig. 30). In the sulfur carrier and conjugated versions, the C-terminal tail
plays a specific role in interaction with the active site of enzymes performing the adenylation or
thioesterification [409, 410, 417, 434]. The role of the exposed face in protein-protein interactions
appears to be a conservative aspect of the entire 5-stranded assemblage, which has been
preserved from a period predating LUCA. Similarly, the mode of interaction with modifying
enzymes via the tail appears to be an ancient conserved one. The apparently complex multiple
protein-protein interactions in the eukaryotic Ub-conjugation process also appear to have
emerged from the repeated use of the exposed face for interaction with E1, E2 and E3 partners.

In contrast to protein-protein interaction, little is known of the actual mode of RNA-
interaction by versions of the classical 5-stranded assemblage like the TGS domain. While it is
possible that the exposed face provides an interface as observed in the L25-55 rRNA-interactions
[497], the conserved “a-L” structural motif shared by the S4 and TGS domains [491] suggests a
role for the obscured face in RNA interactions.

Multiple “inventions” of enzymes in the f-GF

At least 3 distinct superfamilies of enzymes use the 3-GF the primary scaffold for their

active sites. None of the enzymatic forms can be confidently traced to LUCA. Instead they appear

to have emerged early in bacterial evolution. Furthermore, the enzymatic versions are only
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distantly related to each other suggesting that the B-GF fold has been convergently used to
provide catalytic scaffolds. In the case of phosphoribosyl-AMP cyclohydrolase and the
molybdopterin-dependent oxidoreductases like sulfite oxidase, the main pre-adaptation for
catalysis stems from the ancestral ligand binding capabilities that emerged in the assemblages to
which they belong. In the case of the Nudix superfamily, the pre-adaptation was possibly the
nucleic acid-binding ability of the ancient 4-stranded versions of B-GF. Consistent with the
convergent origins of catalysis in each instance emergence of enzymatic activity appears to have
resulted in some distinctive structural changes that go beyond the above pre-adaptations shared
with ligand-binding forms. In the molybdopterin-dependent oxidoreductases, the structural
innovation is in the form of an elaboration of the ancestral ligand-binding features—the extensive
inserts resulting in the 3-layered structure with an open barrel-like element provide a pocket for
the cysteine-attached co-factor as well as the substrate.

In the phosphoribosyl-AMP cyclohydrolases a sequence alignment and super-position of
the conservation onto the available structures indicates two basic active site elements (see
Additional file 1). The first of these is a set of conserved residues from the insert and the lateral
shelf, which appear to form the basic substrate binding site, as in other characterized members of
the fasciclin-like assemblage. The second is the active metal-chelating site formed by 3 conserved
cysteines, one from the loop between the last 2 strands of the core fold and two others from a C-
terminal B-hairpin extension. Further, these proteins form obligate dimers on account of a strand-
swapping interaction between the core B-GF and the C-terminal B-hairpin extension [495]. This
juxtaposes the proposed substrate-binding site from one monomer with the metal-chelating site

from the other monomer to form two distinct equivalent active sites at the dimer interface. Thus,
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the emergence of a neomorphic metal-chelating site on the basic fasciclin-like 3-GF scaffold
appears to have been central to the origin of catalysis in this case.

The primary structural innovation in the Nudix hydrolases is the peculiar “outflow” that
juts out of strand-2 on the exposed face (see above). The PXG motif in strand-2 immediately after
this “outflow” also provides the space to accommodate substrates due to a lack of large side-
chains. Additional substrate contacting positions also come from the rest of the exposed face.
However, the conserved residues actually required for catalysis do not come from the exposed
face, but from the helical segment and loop connecting strand-2 to it (Fig. 30). This loop contains
a conserved motif of the form [DE]xxE (where x is any amino acid) and the helix itself contains
the motif RExxEE [369, 536]. Of these, 4 acidic residues from the two motifs, excluding the last
glutamate of the RExxEE motif, form a negatively-charged cloud around the arginine, and appear
to be critical for positioning the active site and providing the right polar environment. The last
conserved glutamate projects towards the exposed face and directs the attack on the scissile
diphosphate linkage [536]. The “outflow” in strand-2 creates the necessary perforation in the
sheet that allows the active glutamate to access the scissile bond of the substrate bound on the
exposed face. These structural features suggest that in precursors of the Nudix enzymes the 3-GF
domain most probably bound the substrate via the exposed face, as is common in this fold. The
emergence of the “outflow” in strand-2 would have provided further contacts for substrate
interaction and at the same time created an aperture in the sheet allowing residues from the helix
to form a unique active site.

Other atypical modes of interactions
A few modes of interactions thus far appear to be restricted to certain sporadic lineages

or are only seen in certain highly derived forms of the domain. The superantigen/toxin-type and
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strepto/staphylo-kinase-type B-GF domains share an unusual general mode of interaction with
plasmin and the T-cell receptor -chains, respectively. Both appear to contact partners “side-on”
via the edge of the domain on which the additional strand of the 5-stranded versions is situated.
A comparable “side-on” interaction is also seen in the evolutionarily distant 4-stranded form of
the fold found in the Ig-binding domain. However, this latter interaction is distinct in having
additional extensive contacts supplied by the helical segment from the obscured face of the
domain (Fig. 30). It is unclear if this “side-on’ interaction might be another less-known but
ancient interaction feature of the B-GF domain or has convergently evolved in the
superantigen/toxin-type and strepto/staphylo-kinase-type domains on one hand and it the 4-
stranded Ig-binding domain on the other. The interactions of the POZ-domain are rather distinct
on account of its extreme structural modification as well as acquisition of a unique C-terminal
helical sub-domain. However, the structure of the POZ domain in the potassium-channel
complexed with the oxido-reductase subunit (PDB: 1EXB [537]) shows that the surface equivalent
to the exposed face of the classical f-GF domains plays an important role in the interactions of the
POZ domain (Fig. 30). This suggests that the POZ domain probably retained at least in part the
interaction of the ancestral B-GF domains.
General conclusions

While the B-GF has been thoroughly investigated in the context of the interactions of
ubiquitin and UBLs in eukaryotes and their prokaryotic relatives like ThiS and MoaD involved in
sulfur transfer, the broader evolutionary history of the fold was poorly understood. We sought to
redress this by developing a natural classification for the fold and using it as guide for exploring
the tempo of its evolutionary radiations and details of its functional adaptations. As a result we

identified several novel members of the fold, including some distinctive previously unidentified
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modifications. The reconstruction of the evolution of the fold suggests that the major structural
variants and some of the basic biochemical features and modes of interaction had emerged prior
to LUCA. This suggests that even before the radiation of the extant lineage of Life there were
several rounds of duplication followed by extensive divergence, including major structural
changes.

The scenario emerging from our analysis also suggests that the earliest reconstructed
function of the B-GF domain was in the context of ribonucleoprotein complexes, probably as an
RNA-binding domain. Based on the functions of extant versions of the domain, like the TGS
superfamily, the IF3-N domain, and early structural derivatives such as the S4 superfamily, it is
quite possible that the earliest versions of the fold played a generic role in a primitive pre-LUCA
translation system. Thus, the earliest diversification events of the B-GF fold likely occurred in the
context of the RNA-world, probably with the acquisition of increasingly specialized roles in the
evolving translation apparatus. Amongst the major pre-LUCA functional shifts were those
relating to the biosynthesis of sulfur-containing compounds and scaffolding of Fe-S clusters. On
the face, such functional shifts from earlier roles in translation-associated RNPs appear drastic
and puzzling. However, it should be noted that there is a functional connection between the
sulfur incorporation pathways of thiamine biosynthesis and thiouridine synthesis in RNA [507,
538]. Hence, it is possible that these shifts might have occurred in the context of 5-stranded
versions of the B-GF providing scaffolds for the synthesis of thio-base containing RNAs. This
reconstruction also implies that the versions of the B-GF associated with major metabolic
functions, including respiratory metabolism, radiated from the ancestral RNA-binding versions.

The major post-LUCA phases of the evolutionary history of the -GF fold saw two major

spurts of innovation. The first, occurring primarily in the bacteria, was accompanied by an
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extensive exploration of the biochemical function and interaction space by different versions of
the fold. This was marked by the acquisition of diverse soluble ligand-binding capabilities
through distinctive structural modifications as well as extensive deployment in different protein-
protein interaction contexts. Most notably, the scaffold on at least 3 independent occasions
acquired very different enzymatic activities even though the B-GF fold did not ancestrally
support catalytic activities. The eukaryotic phase did not see extensive innovation in terms of
fundamentally different biochemical functions, but the diversity of protein interactions within the
ubiquitin-like superfamily of the 5-stranded assemblage was vastly expanded through extensive
sequence divergence of the primary interaction surfaces of the superfamily. This phase was also
accompanied by ongoing innovation of new multi-domain architectures associated with the
eukaryotic expansions of Ub-like signaling domains (Fig. 29).

As has been suggested before, the f-GF shows several parallels with the RRM-like fold
[468]. Both are relatively small folds, forming asymmetric 2-layered structures, with one face of
their sheets exposed, and the other partially or wholly obscured by helical segments. Importantly,
when centered on the B-hairpin element in core of their sheets, strands in both these domains and
one helix show the same orientation. Both have evolved to provide scaffolds for a comparable set
of diverse biochemical functions, including RNA-binding, small-molecule or solute recognition,
protein-binding, supporting Fe-S clusters (ferredoxins) and providing the skeleton for active sites
of very different enzymes. Both of these folds also appear to have undergone extensive adaptive
radiation even prior to LUCA after starting off as domains with primitive roles related to RNA
metabolism [234]. These two folds differ from the ancient ot/p 3-layered sandwich domains like
the Rossmannoid and P-loop NTPase domains, which appear to have begun their existence as

enzymatic domains and more-or-less retained a conserved set of basic biochemical activities
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throughout their evolution [155, 234]. The versatility of the B-GF and RRM-like folds in providing
scaffolds for both enzymatic and diverse non-enzymatic function might be attributable in part to
two major factors: 1) an issue of contingency- these folds simply arose very early in evolution and
had the time to colonize numerous functional roles. 2) Favorable structures- their relatively large
sheet that is exposed on one side provides an interface for diverse interactions, especially in the
form of binding various substrates. Sequence alteration to this binding surface, without
disrupting the overall scaffold, could easily allow the emergence of a great diversity of new
interactions. Secondly, the presence of the large sheet with just a single helical segment also
favors formation of barrel-like structures, thereby opening new faces for interactions.

Despite intense investigations the precise functions of several eukaryotic Ubls remain
unclear. More generally, the functional details of the non-ubiquitin-like members of the fold
remain less studied, as in the case of the B-GF domains in RNP complexes which are in need of
more detailed investigations. In conclusion, we hope that our analysis of the B-GF domain
provides a new framework for further systematic experimental exploration of the functions of
this fold.

Additional Files /Supplementary Material
Additional files referred to throughout the text can be accessed at the following site:

http://www.biology-direct.com/content/2/1/18/additional/.
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A Novel Superfamily Containing the B-Grasp Fold Involved in Binding Diverse Soluble
Ligands

(based on reference [539])

Introduction

The p-grasp fold (B-GF) was first recognized in ubiquitin and the immunoglobulin-
binding (IG-binding) domains of Gram-positive cocci [437, 540]. Since then it has come to be
known as a widespread fold, utilized in proteins performing a great diversity of cellular
functions. These include regulation of protein stability and signal transduction through the
ubiquitin-conjugation system [541], RNA-protein interactions as seen in the TGS domain of tRNA
synthetases [463], and adaptor functions involving protein-protein interactions as seen in the
FERM module [542]. Additionally, standalone B-GF domain proteins ThiS/MoaD function as
sulfur carriers in molybdopterin and thiamine biosynthesis [413] and the fold also provides an
effective scaffold for binding iron-sulfur clusters in the case of the 2Fe-2S ferrodoxins involved in
electron transport (see SCOP database [203])

As part of our larger effort to understand the evolutionary and structural basis for the
functional versatility of this widespread fold [429] I was keen to determine if there were as yet
uncharacterized representatives that might widen the functional horizon of the B-GF. In
particular, I was interested in exploring the possibility of versions of the -GF domains binding
soluble ligands. Such a function was of interest because the presence of 2Fe-2S ferredoxins
suggested that the B-GF domains could potentially provide a scaffold for binding a wider range
of small molecules or other prosthetic groups. Accordingly, this was investigated further by
applying a combination of sensitive structural comparisons and sequence profile analysis on

members of the B-GF. As a result, the lab has identified a novel domain superfamily with the f3-
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GF fold and provide support that its members might be involved in binding different soluble
ligands. Their genomic contexts, domain architectures and phyletic patterns are also studied to
present evidence for their role in diverse metabolic networks, including those related to vitamin
B12.

Application of Methods

Initial DALI searches that aided in the discovery of the fold were performed in the lab by
Dr. Balaji. The initial characterization of the mode of binding in members of the fold was
performed by Drs. Balaji and Aravind. I performed the remainder of the analyses, with input
from Drs. Iyer and Aravind.

Searches of the PDB database with query structures were conducted using the DALI
program [96]. Structural visualization and manipulations were performed using the Swiss-PDB
viewer program [174]. Sensitive profile searches were conducted using the PSI-BLAST [38] and
HMMER programs [63]. PSI-BLAST searches were performed against the nonredundant (NR)
database of protein sequences (National Center for Biotechnology Information [NCBI], NIH,
Bethesda, MA, USA), with either a single sequence or an alignment used as the query, with a
default profile inclusion expectation (e) value threshold of 0.01 (unless specified otherwise), and
was iterated until convergence. All sequences collected in these searches are made available in
Additional file 2. The library of profiles for various domains was prepared by extracting all
alignments from the PFAM database [543] and updating them by adding new members from the
NR database. These updated alignments were then used to make HMMs with the HMMER
package or PSSMs with PSI-BLAST. For all searches involving membrane-spanning domains a
statistical correction for compositional bias was used to reduce false positives due to the general

hydrophobicity of these proteins [544]. Signal peptide and transmembrane helices were predicted
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using the SignalP [91] and TMHMM programs [90]. Multiple alignments were constructed using
the T_Coffee [171] and MUSCLE programs [62] followed by manual adjustments based on PSI-
BLAST results. Protein secondary structure was predicted using a multiple alignment as the
input for the JPRED program [173], with information extracted from a PSSM, HMM, and the seed
alignment itself. Similarity-based clustering of proteins was carried out using the BLASTCLUST
program [148]. Gene neighborhoods were determined using a custom script that uses completely
sequenced genomes or whole genome shotgun sequences to derive a table of gene neighbors for a
query gene. The BLASTCLUST program was then used to cluster the proteins sequences in the
neighborhoods and establish conserved co-occurring genes. The KEGG database was used to
identify key components of the B12 synthesis pathway [32]. Automation of all large-scale
sequence analysis procedures were carried out using the in-house TASS package (Anantharaman
V, Balaji S, Aravind L; unpublished), which operates similar to the previously published SEALS
package [545].
Results and Discussion
Detection of Sequence and structure relationships

To identify potential novel versions of the B-GF that bind soluble ligands, comprehensive
structural comparisons were initiated with various previously characterized members of the fold
(see B-grasp fold in SCOP database) using the DALI program. Several of these searches retrieved
the C-terminal domain of the transcobalamin protein with significant Z-scores. For example,
searches initiated with MoaD proteins (PDB: 1v8c, 1vjk) retrieved the C-terminal domain of
transcobalamin (PDB: 2bbc) with Z-scores of ~7. Transcobalamin is an animal-specific protein that
binds cobalamin (vitamin B12), and is involved in its uptake by animal cells [546].

Transcobalamin contains an N-terminal o/ toroid domain, and a C-terminal a/f domain [470]
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that corresponded to the B-GF domain recovered in the above searches. Further, DALI searches
initiated with the C-terminal domain of transcobalamin recovered a diverse set of previously
known B-GF domains such as MoaD (PDB:1vjk), YukD (PDB: 2bps) 2Fe-2S ferredoxin (PDB:1feh)
and the middle domain of the Nqol subunit of the bacterial and mitochondrial NADPH-quinone
oxidoreductase I complex (PDB: 2fug. S chain) with Z-scores in the range of 5-7. The structural
alignments generated by these searches showed that the transcobalamin C-terminal domain
aligns completely with all core structural elements of the B-GF, including a B-sheet of 5 strands
and a helix between strands 2 and 3. However, the transcobalamin C-terminal domains are
distinguished by the presence of a unique B-hairpin after the conserved helix of the B-GF (Fig.
31A). The N-terminal a/o toroid domain and the C-terminal B-GF domain cooperate in ligand-
binding by sandwiching a single B12 molecule between them [470]. Systematic searches for
contacts between the B12 ligand and the C-terminal B-GF domain in transcobalamin showed that
the unique insert plays a prominent role in binding the ligand by contributing several direct or
solvent-mediated interactions [470]. Additional contacts with the ligand are also made by
residues from the core B-GF such as those from strand 3, the end of strand 4 and the “ascending
connector” between strand 4 and 5 (Fig. 31A). These observations suggest that the C-terminal
domain of transcobalamin represents a novel adaptation of the B-GF for small-molecule ligand
interactions.

To better understand the diversity of this class of ligand-binding B-GF domains and their
phyletic spread sequence profile and hidden Markov model (HMM) searches were initiated for
homologs using PSI-BLAST and the HMMER package respectively. In addition to orthologs of
transcobalamin, intrinsic factor and solo C-terminal domains from fishes, these searches retrieved

numerous prokaryotic proteins, which were either present as stand-alone $-GF domains or in
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Fig. 31. Topology diagram of SLBB domain and multiple alignment of SLBB superfamily

(A) The five-stranded core (characteristic of all members of the 3G-F) is shown with the helical
face at the near side. 3-strands are depicted as blue arrows, with the arrowhead at the C-terminus
while the o-helix is shown in red. The two-strand insertion in the Transcobalamin-like clade is
colored in yellow and enclosed in a dotted box. The insertion point for the Nqol-like clade is
marked by a red box. The approximate soluble ligand-binding spatial region is marked by a
green oval. Residues known to contribute to cobalamin binding as derived from the crystal
structure of Transcobalamin are shown as small circles. Orange circles indicate sidechain-
mediated interactions while greenish blue circles indicate backbone or backbone and sidechain-
mediated interactions. The conservation of an aromatic residue in Transcobalamin proteins is
represented by a phenylalanine residue, rendered as a line drawing and colored purple. (B)
Proteins are denoted by their gene names, species abbreviations, and gi numbers; demarcated by
underscores. Amino acid residues are colored according to sidechain properties and degree of
conservation within the alignment, set at 80% consensus. Consensus abbreviations are shown
below the alignment. The secondary structure shown above the alignment is derived from the
crystal structures of Transcobalamin and Nqol and secondary structure prediction programs. E
and H denote (3-strand and a-helix, respectively. Secondary structure elements conserved across
the SLBB superfamily are labeled in the top line of the alignment. “Insert #1” refers to the
Transcobalamin-like clade insert while “Insert #2” refers to the Nqol-like clade insert. “asc”
refers to the ascending connector between strands 4 and 5 often observed in the 3-grasp fold. The
consensus abbreviations and coloring scheme are as follows: h, hydrophobic residues



211

(ACFILMVWY) shaded yellow; s, small residues (AGSVCDN) colored blue; p, polar residues
(STEDKRNQHC) colored purple; and b, big residues (LIYERFQKMW) shaded gray. The
conserved glycine residues characteristic of this superfamily are shaded light green and colored
white.

large multidomain proteins. For example, a search initiated with the B-GF domain of puffer fish
transcobalamin (Tetraodon nigroviridus, gi: 47226456, region: 325-425) recovered closely related
eukaryotic orthologs and paralogs fused to N-terminal /o toroid modules (iteration 1), solo
transcobalamin C-terminal domains with predicted signal peptides (e.g. XP_689937, Danio rerio,
iteration 2, e-value:3 x 10-12), and several prokaryotic proteins (e.g. BAC13773, Oceanobacterium
iheyensis, iteration 3, e-value: 2x10-3). In order to exhaustively recover all divergent homologs,
transitive searches were conducted with all above-detected members and also evaluated all hits
below the threshold of PSI-BLAST searches for the presence of potentially homologous domains.
HMMs and PSSMs were also prepared from the alignment of this region of all proteins recovered
with significant expect-values (e<.01 with statistical correction for compositional bias) and used
these to search all completely sequenced genomes. These searches consistently retrieved hits to
multiple sequence repeats in a group of bacterial cell-surface/secreted sugar-binding proteins
involved in polysaccharide export with significant e-values (e.g. Hahella periplasmic protein,
HCH_02380 residues 852-990). Inclusion of polysaccharide export proteins in profiles for further
searches additionally recovered the N-terminal region of the ComEA family of DNA uptake
receptors of Gram positive bacteria (e.g. Clostridium ComEA, gi: 67874543, iteration 2, e=10-6),
PduS-like cobalamin reductases (e.g. E. coli cobalamin reductase iteration 7, e=10-3), the middle
domain of the 51kD subunit (F chain) of the NADPH-quinone oxidoreductase complex I (Nqol,
E: 10-4, iteration 11) and the RnfC subunit of the oxidoreductases encoded by the bacterial Rnf

operons [547](Rhodobacter RnfC, E: 10-6; iteration 14). This latter set of proteins was more similar
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to the homologous region recovered in the polysaccharide export proteins than to the
transcobalamin C-terminal domain (Fig. 31B). However, recovery of the middle domain of Nqol
in sequence searches clearly confirms their relationship with transcobalamin C-terminal domains,
because the former are also known, via structural analysis, to contain a similar -GF domain [469]
(See above and Additional file 1). This was additionally supported by separate secondary
structure prediction for individual sub-groups with potentially homologous regions such as the
ComEA N-terminal regions and the polysaccharide export proteins (Fig. 31B).

Hereafter, the homologous -GF domains found in all these proteins are referred to as
the Soluble-Ligand-Binding -grasp (SLBB superfamily) as many members of this superfamily
are known or predicted to bind soluble ligands (See below for further details).

Sequence and structure features of the SLBB superfamily

A comprehensive multiple alignment for the SLBB superfamily (Fig. 31B) was prepared
by combining alignments for individual groups constructed using the T-Coffee program [50],
based on the structural superposition of transcobalamin C-terminal domain (2bbc) and Nqol
middle domain (2fug; chain S). Much of the conservation seen across the entire superfamily is in
the form of hydrophobic residues forming the stabilizing core of the fold. However, there was a
notable sequence feature in the form of two strongly conserved glycine residues, one in the turn
leading into the horizontal flange preceding the third (-strand (Fig. 31A) of the (3-GF and the
other immediately downstream of the second conserved (-strand (Fig. 31). This conservation
pattern is a unique feature of the SLBB superfamily that distinguishes them from all other
previously characterized (3-GF domains, supporting a common ancestry for this set of domains

within the B-GF.
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The alignment also helped us to classify the SLBB superfamily into several distinct
families. The Transcobalamin C-terminal domain clade is unified by the presence of the above-
described B-hairpin insert within the B-GF that plays an important role in contacting the ligand
(Fig 31A, see Additional file 1). This B-hairpin contains a conserved hydrophobic position that
makes a stacking interaction with the aromatic ring of the base in cobalamin. However, the rest of
the sequence in this region is poorly conserved as most other interactions occur through
backbone oxygen or nitrogen atoms [470] (Fig. 31B). Within animals, insects and most vertebrates
have a single ortholog of the B12 binding protein, whereas the mammals have three distinct
versions, transcobalamin I, transcobalamin II and the intrinsic factor. Besides animals, members
of this clade are widely represented in Low GC Gram-positive bacteria and planctomycetes and
less frequently in the euryarchaea.

The Nqol-like clade includes at least two distinct families: 1) the first includes the
NADPH-quinone oxidoreductase complex I subunit Nqol (51kD/F chain), the RnfC
oxidoreductase subunit, and the PduS-like cobalamin reductases. 2) The second family contains
polysaccharide export proteins and the DNA receptor ComEA. This clade is unified by the
presence of a small, often a-helical insert, in the “connector arm” between the fourth and fifth
strands of the domain (Fig. 31, see Additional file 1). In some cases, such as the ComEA protein,
the helical segment is followed by a low complexity region; suggesting the presence of a
disordered, extended loop. These proteins are also characterized by an sGG motif (where ‘s is
any small residue) around the second conserved glycine of the superfamily (Fig. 31B). The Nqol
subunit of the classical NADPH-quinone oxidoreductase complex I is present in all major
bacterial lineages with well-developed electron-transport chains, in most mitochondriate

eukaryotic lineages, and very rarely in euryarchaea. The RnfC proteins are strongly conserved in



214

y-proteobacteria, but are also found in some representatives of Low GC Gram positive bacteria
and the Bacteroidetes/Chlorobi assemblage. The PduS protein is restricted to the Low GC Gram-
positive bacteria and certain y and ® proteobacteria. The ComEA proteins and polysaccharide
export proteins show a nearly mutually exclusive complementary distribution. The ComEA
family is chiefly present in Low GC Gram-positive bacteria and actinobacteria, whereas the
polysaccharide export family is more widespread and widely present in proteobacteria,
cyanobacteria, acidobacteria, planctomycetes, bacteroidetes/chlorobi, and more sporadically in a
few other groups.

While the interaction between B12 and the transcobalamin-like SLBB domain involves
the unique B-hairpin insert, there key contacts are also contributed by the core fold (See above,
Fig. 31A), and in general the position of the bound ligand is comparable to that of the bound
metal-sulfur cluster in the B-GF ferredoxins. The Nqol-like clade shows its distinctive innovation
in the region between strands 4 and 5, which also corresponds to the same general spatial
location where the ligands are bound in the transcobalamin-like clade and -GF ferredoxins (Fig.
31B). This indicates that the structural innovation specific to the Nqol-like clade might also be
involved in binding a ligand at a similar position. This spatial location might thus represent a
common site for soluble ligand interactions in the B-GF that is distinct from the C-terminal tail
and the opposite protein surface that is key to the functional interaction of sulfur carriers like
ThiS and MoaD and the ubiquitin-like proteins [548].

Contextual associations and inferences of possible functions for the SLBB

To investigate the functional diversification of the SLBB fold contextual analysis was

used, which often provides insights into biochemical functions of poorly characterized protein

domains or genes. Contextual analysis utilizes the information gleaned from the association of
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uncharacterized domains with other domains of known function and the tendency of genes
whose products functionally interact to associate in conserved gene neighborhoods or predicted

operons. [5];[197, 549].
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Most members of the transcobalamin C-terminal domain clade of the SLBB superfamily contain
signal peptides, and several also contain the C-terminal Gram-positive anchor motif [550],
suggesting that they are secreted or cell-surface proteins. A common domain architecturein this
clade encountered in both eukaryotes and bacteria is the fusion of the SLBB to an o/a toroid
domain. In bacteria the toroid may be present either N-terminal (e.g. Desulfotomaculum,gi:
88945170) or C-terminal (e.g. Bacillus, gi: 42782379) to the SLBB (Fig. 32A). As the central cavity
formed by the o/a toroid in transcobalamin plays a major role in binding B12 [470], it is likely
that the two domains cooperate in binding B12 in all these proteins. Additional architectures
include fusions to domains typically found in extracellular proteins, such as one or more
immunoglobulin-fold domains (e.g. Archaeoglobus; gi: 11498993 and Moorella; gi: 83590303), the
FIVAR (Pfam entry: PF07554) sugar-binding domain (Clostridium, gi: 28210467), the fasciclin
domain (Methanosarcina; gi: 21228740) and a 3-propeller domain (Clostridium, gi: 28210494). Given
that many of these domains are often involved in interactions with polysaccharides, they might
play a role in tethering these proteins to the cell surface by binding peptidoglycan or capsular
polysaccharides [114, 482, 551-554]. Often these multi-domain SLBB proteins occur in conserved
operons that might additionally code a second paralogous extracellular SLBB protein (Fig. 32).
This might imply that different extracellular SLBB proteins interact together to form protein
complexes on the cell surface. Interestingly, an analysis of the B12 biosynthesis pathways of all
the bacteria that possess proteins with such SLBB domains showed they usually lacked key
biosynthetic enzymes for B12. Furthermore, these SLBB proteins are generally encoded by
predicted operons that also contain genes for CbiO-like ABC ATPase and the CbiQ-like integral
membrane protein implicated in cobalt transport [555]. These observations suggest that the

primary role of this clade of SLBB proteins might be to scavenge B12 or its precursors from the
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environment. As the archaea which contain these SLBB proteins often possess an anaerobic B12
synthesis pathway, it is possible that these might instead be involved in scavenging a distinct
metabolite. In Syntrophomonas the SLBB domain is found in putative extracellular enzymes fused
to sulfite oxidase-like molybdopterin cofactor binding domain (e.g. gi: 71491441) [486]. It is likely
that in these proteins the SLBB provides a B12 cofactor that might be required by these enzymes.

Intracellular versions of the transcobalamin-like clade show fusions of the SLBB domain
with two distinct winged HTH domains, namely those of the ArsR-like (e.g. gi:72395507,
Methanosarcina) and AraC-like families (E.g. gi: 86604362, Lactobacillus) (Fig. 32A). These proteins
probably function as one-component transcription factors that respond to concentration of B12, it
precursors or some other as yet unknown soluble ligands.

In the Nqol-like clade, polysaccharide export proteins are predicted to be secreted or
periplasmic proteins and contain an absolutely conserved N-terminal {-strand-rich domain
followed by 1-8 repeats of the SLBB domain (Fig. 32A). They appear to be part of a larger
complex that is involved in transport of polysaccharides to the cell surface and are believe to
associate with the outer membrane and periplasmic space in proteobacteria [556]. Conserved
gene-neighborhoods that encode these proteins are populated with proteins involved in the
biosynthesis and modification of sugars or polysaccharides, which is consistent with their role in
polysaccharide export (Fig. 32). The related ComEA proteins of Gram-positive bacteria also
contain a signal peptide followed by an N-terminal SLBB domain that is always fused to a pair of
DNA-binding Helix-hairpin-Helix domains at their C-terminus. This is consistent with the role of
the ComEA protein as a non-specific DNA receptor in the transformation competence mechanism
of Gram-positive bacteria [557, 558]. Prior studies suggest that this DNA receptor may be linked

to the cell surface via the N-terminal region spanning the SLBB domain [557]. Taken together
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these observations suggest that the SLBB domain in these proteins is likely to be critical for
interaction with cell polysaccharides and/or sugars of the peptidoglycan. The complementary
phyletic distribution of ComEA and polysaccharide export proteins is strongly correlated with
the presence or the absence of the specialized Gram-positive cell wall (See above). This suggests
that they probably diverged from a common ancestral polysaccharide/sugar-binding domain that
was originally involved in uptake or extrusion of large molecules at the cell surface.

The remaining three groups of proteins, namely Nqol, RnfC and PduS, within the Nqo1-
like clade of the SLBB superfamily share a common architectural core consisting of a fusion
between an N-terminal Rossmannoid domain and an SLBB domain. Unlike classical Rossmann
fold domains of oxidoreductases with 5-7 strands, the Rossmannoid domain of these proteins has
a 4-stranded core in a 3214 order [469] coupled to a N-terminal two-stranded hairpin contributed
by a module similar to the BBMs of RNA polymerases [476]. The SLBB and this Rossmannoid
domain are additionally combined to variety of other domains in Nqol, RnfC and PduS proteins.
The most common fusions seen in all three groups of proteins are those to 4Fe-S ferredoxin
domains that flank the above two-domain core. The Nqol family also might contain a C-terminal
tetrahelical bundle with an up-and-down topology that coordinates an Fe-S cluster via conserved
cysteine residues, which in addition to the 4Fe-S ferredoxin is likely to provide an additional
redox center for electron transport [469]. A biotin/lipoate carrier-like Sandwich Barrel Hybrid
Motif (SBHM) domain [476] is found respectively at the C- and N- termini of members of PduS
and RnfC families.

The roles of these versions of the SLBB remain enigmatic; however there is evidence that
the PduS protein might bind soluble ligands. The PduS gene typically belongs to a large mobile

operon coding proteins required for the biogenesis of carboxysome/polyhedral bodies, which
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contains enzymes involved in propanediol degradation. The PduS has been shown to strongly
bind cob(I)alamin and was characterized as a bifunctional cob(II)alamin and hydroxycobalamin
(cob(Ill)alamin) reductase catalyzing the formation of cob(I)alamin. Cob(I)alamin is the
immediate precursor of Ado-cobalamin, which serves as an essential coenzyme for the diol
dehydratase in degradation of 1,2-propanediol [559, 560]. It is likely that the SLBB domain in
PduS, like that in transcobalamin, binds cob(I)alamin or HO-cobalamin, while the N-terminal
Rossmanoid domain binds the flavin nucleotide cofactor for the redox reaction. Such a function is
also supported by the observation that cob(I)alamin is highly reactive and needs to be shielded
from the environment [559]. The role of the fused SBHM domain seen in PduS proteins is less
clear. However, given that the SBHM domain carries covalently associated ligands such as
biotin/lipoate [524, 561], it might similarly carry cofactor ligands or intermediates in propanediol
degradation such as 1,2-propanediol-1-yl radical [562]. There is currently no evidence for a
soluble ligand interacting with the related SLBB domain in the RnfC and Nqol. Nevertheless,
crystal structures indicate an exposed location for SLBB domain in these proteins, allowing the
possibility that they might be allosterically regulated by hitherto unknown ligands interacting
with this domain.
Evolutionary History of the SLBB Domain and General Conclusions

The phyletic and domain-architecture distributions show that the SLBB superfamily is
well-represented and has diversified across the entire bacteria superkingdom. Their sporadic
presence in archaea and the stronger affinity of the different eukaryotic versions to their bacterial
counterparts suggests that the SLBB superfamily was derived early in evolution of bacteria, most
probably from one of the many ancient -grasp fold domains. The two major families in the

Ngqol-like clade appear to have a pan-bacterial distribution suggesting that this clade had already
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differentiated into versions associated with cell wall related functions (ComEA-Polysaccharide
export protein family) and intracellular oxido-reductase related functions (Nqol, RnfC and
PduS). Of the latter group the Nqol protein of the respiratory complex-I is seen across bacteria
and was transferred to the eukaryotic lineage during the primary endosymbiotic event that
generated the eukaryotic cell with mitochondria. RnfC and PduS proteins have more restricted
phyletic distributions and are likely to be late derivatives of the more ancient Nqol lineage. The
transcobalamin C-terminal clade is very divergent in sequence and appears to be a lineage-
specific innovation in Gram positive bacteria that was recruited specifically for transporting
extracellular B12-like cofactors or their precursors. Subsequently, a specific version that combined
the a/o toroid domain with the SLBB domain appears to have been laterally transferred to the
animal lineage early in its evolution. This event probably conferred on animals the ability to
directly absorb cobalamin synthesized by bacteria in the gut. In parallel, there appear to have
been sporadic transfers of large extracellular multidomain versions as well as intracellular
versions fused to DNA-binding HTH domains to certain euryarchaeal lineages.

In this context, it is of interest to note that the discovery of soluble ligand binding
versions of the B-GF points to a noteworthy structure-function analogy with the RNA-recognition
motif (RRM)-like fold. In functional terms, the RRM-like fold has long been known to bind a
range of soluble ligands such as amino acids, sugars and co-factors. Notable examples of these
include the ACT domain superfamily and the amino acid-binding domain of the LRP-like
transcription factors [114, 563, 564]. Both folds also provide scaffolds for iron-sulfur clusters,
(4Fe-4S ferrodoxins in the case of the RRM-like fold [565]) and are also involved in RNA-binding,
as well as adaptor functions related to protein-protein interactions [524, 561]. These functional

analogies in turn might be related to certain general organizational similarities seen in the two
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domains: like the B-GF domain, the RRM-like fold domain is also a relatively small domain with
an asymmetric two-layered structure. One surface of the core sheets is partially obscured by
helical segments in both these folds, whereas the other is largely left exposed (see SCOP database
[203]). Further study of these functional analogies might throw light on whether there exist
certain general structural principles that have affected the recruitment of certain small ancient
domains in similar contexts.

In conclusion, we show that the B-GF domains found in transcobalamin, polysaccharide
export proteins, ComEA, PduS, and RnfC and Nqol-like oxidoreductases define a novel
superfamily, several of which might interact with different soluble ligands. This investigation
provides the possible evolutionary scenario for the origin of the vitamin B12 uptake in animals
via transcobalamin and intrinsic factor. It also provides leads for new investigations into B12
metabolism in bacteria and other aspects of protein-ligand interaction in competence, cell-surface
biochemistry, and respiratory electron transfer.

Additional files/supplementary material
All additional files mentioned in the above text can be accessed at the following site:

http://www.biology-direct.com/content/2/1/4/additional/.

Experimental validation of work presented above

Dr. Naismith and colleagues at the University of St. Andrews recently published the
crystal structure of Wza protein, the export protein that facilitates extracellular transport of
polysaccharides in E. coli [566]. The Wza protein contains two SLBB repeats (see additional files).
The solved structure reveals octameric symmetry, with the two SLBB domains bridging the
periplasmic space in each monomer. A deep cleft rings the membrane protein at the SLBB-SLBB

domain juncture. Interestingly, surface residues of this cleft correspond to residues of the
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putative SLBB binding pocket. This appears to strengthen the contention above that the binding
pocket is interacting with sugar moieties of the peptidoglycan, anchoring the transporter as it

bridges the periplasmic space.
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The Prokaryotic Antecedents of the Ubiquitin Signaling System and the Early Evolution of
Ubiquitin-like B-Grasp Domains
(based on reference [414])
Introduction

The ubiquitin system is one of the most remarkable protein modification systems of
eukaryotes, which appears to distinguish them from model prokaryotic systems. The
modification of proteins by ubiquitin (Ub) or related polypeptides (Ubls) has been detected in all
eukaryotes studied to date and is comprised of conserved machineries that both add ubiquitin
and remove it [541, 567]. The Ub-conjugating system consists of a three-step cascade beginning
with an El1 enzyme that uses ATP to adenylate the terminal carboxylate of Ub/Ubl and
subsequently transfers this adenylated intermediate to a conserved internal cysteine in the form
of a thioester linkage. The E1 enzyme then transfers this cysteine-linked Ub to the conserved
cysteine of the E2 enzyme, which is the next enzyme in the cascade. Finally, the E2 enzyme
transfers the Ub/Ubl to the target polypeptide with the help of an E3 enzyme [567, 568]. The E3
enzymes of the HECT domain superfamily contain a conserved internal cysteine, which accepts
the Ub/Ubl through a thioester linkage and finally transfers it to the e-amino group of a lysine on
the target protein. The E3 ligases of the treble-clef fold, namely the RING and A20 finger
superfamilies, appear to directly facilitate the transfer of Ub to the lysine of target protein,
without forming a covalent link with Ub/Ubl (Fig. 33) [455, 569].

The proteins modified by ubiquitination might have different fates depending both on
the specific Ub or Ubl used, and the type of modification they undergo [570, 571].
Monoubiquitination and poly-ubiquitination via G76-K63 linkages have regulatory roles in

diverse systems such as signaling cascades, chromatin dynamics, DNA repair and RNA that
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Fig. 33. ThiS/MoaD/Ubiquitin-based protein conjugation system.

The figure shows different themes by which a ThiS/MoaD/Ubiquitin-like polypeptide participates
in thiamine biosynthesis, MoCo/WCo biosynthesis and the ubiquitin conjugation/deconjugation
system and the siderophore biosynthesis pathways. The “?” refers to the speculated part of the

pathway inferred from operon organization. SUB refers to the polypeptide/protein substrate.

results in targeting the polypeptide for proteasomal degradation [571]. Other polyubiquitin
chains formed by linkages to K29, K6 and K11 are relatively minor species in model organisms

and are poorly understood in functional terms. Similarly, modification by Ubls such as SUMO,



225

Nedd8, URMI1, Apg8/Apgl2 and ISG15 have specialized regulatory roles in the context of
chromatin dynamics, RNA processing, oxidative stress response, autophagy and signaling [443,
572]. The Ub-modification is reversed by a variety of deubiquitinating peptidases (DUBs)
belonging to various superfamilies of the papain-like fold and pepsin-like, JAB, and Zincin-like
metalloprotease superfamilies [459, 573-578]. Of these the most conserved are certain versions of
the papain-like fold and the JAB superfamily metallo-peptidases, which are components of the
proteasomal lid and signalosome [460, 579-581]. The JAB peptidases are critical for removing the
Ub chains before the targeted proteins are degraded in the proteasome [582, 583].

While the entire ubiquitin system with the apparatus for conjugation and deconjugation
has only been observed in the eukaryotes, several structural and biochemical studies have
thrown light on prokaryotic antecedents of this system. Most of these studies are related to the
experimental characterization of the key sulfur incorporation steps in the biosynthetic pathways
for thiamine and molybdenum/tungsten cofactors (MoCo/WCo). Both these pathways involve a
sulfur carrier protein, ThiS or MoaD, which is closely related to the eukaryotic URM1, and bears
the sulfur in the form of a thiocarboxylate of a terminal glycine, just as the thioester linkages of
Ub/Ubls formed in course of their conjugation [445, 584]. Furthermore, both ThiS and MoaD are
adenylated by the enzymes ThiF and MoeB respectively, prior to sulfur acceptance from the
donor cysteine [409, 410, 412, 413, 434]. ThiF and MoeB are closely related to the Ub-conjugating
El enzymes, and all of them display a characteristic architecture, with an N-terminal Rossmann-
fold nucleotide-binding domain and a C-terminal -strand-rich domain containing conserved
cysteines [409]. Interestingly, in the case of the thiamine pathway, it has been shown that ThiS
also gets covalently linked to a conserved cysteine in the ThiF enzyme, albeit via an acyl-

persulfide linkage, unlike the direct thioester linkage of the E1-Ub covalent complex [410, 434]
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(Fig. 33). However, no equivalent covalent linkage between MoaD and MoeB has been reported
[411] (Fig. 33). There are other specific similarities between the eukaryotic Ub/Ubls and
ThiS/MoaD, such as the presence of a conserved C-terminal glycine and the mode of interaction
with their respective adenylating enzymes [409, 445]. These observations indicated that core
components of the eukaryotic Ub-signaling system and the interactions between them were
already in place in the prokaryotic sulfur transfer systems, and implied direct evolutionary
connection between them [409, 585].

Homologs of other central components of the eukaryotic Ub-signaling pathway have also
been detected in bacteria, such as the TS-N domain found in prokaryotic translation factors,
which is the precursor of the helical ubiquitin-binding UBA domain [586-588]. Similarly,
members of the papain-like fold, zincin-like metallopeptidases and the JAB domain superfamilies
are also abundantly represented in prokaryotes [459, 573-578, 589]. However, to date there is no
evidence for the functional interactions of any of the prokaryotic versions of these domains with
endogenous co-occurring counterparts of Ub/Ubls and their ligases in potential pathways
analogous to eukaryotic Ub signaling. Thus, despite the reasonably clear understanding on the
possible precursors of Ub/Ubls and the El1 enzymes, the evolutionary process by which the
complete eukaryotic Ub-signaling system as an apparatus for protein modification was pieced
together remains murky. To address this problem we carried out a systematic comparative
genomic analysis of the Ub-like (Also referred to as the (3-grasp fold in the SCOP database [58])
fold in prokaryotes to decipher its early evolutionary radiations. We then utilized the vast dataset
of contextual information derived from newly sequenced prokaryotic genomes to systematically
identify the potential functional connections of the relevant members of the Ub-like fold and

other functionally associated enzymes such as the E1/MoeB/ThiF (E1-like) family.
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As a result of this analysis we were able to identify several new members of the Ub-like
fold in prokaryotes as well as functionally associated components such as El-like enzymes, JAB
hydrolases and E2-like enzymes, which appear to interact even in prokaryotes to form novel
pathways related to eukaryotic Ub signaling. We present evidence that not only are there
multiple adenylating systems of Ub-related proteins in prokaryotes, but also predicted intricate
pathways using JAB-like peptidases and E2-like enzymes in the context of diverse ubiquitin
related proteins.

Application of Methods

I made the initial discovery of the presence of several previously undetected prokaryotic
Ub-like families and their genome associations with other core components of the eukaryotic Ub-
modification system through sequence and genome contextual analysis methods. Following this,
Dr. Iyer and I worked closely to meticulously and thoroughly identify and classify all Ub-like
homologues and their corresponding conserved gene neighborhoods of interest. Additional
sequence and structural analyses were also split equally between Dr. Iyer and myself. Dr.
Aravind provided input and was also involved in examining results, screening our results for

potentially missed associations.

The non-redundant (NR) database of protein sequences (National Center for
Biotechnology Information, NIH, Bethesda) was searched using the BLASTP program [38]. A
complete list of these genomes and the predicted proteomes of prokaryotes used in this analysis

in fasta format can be downloaded from: http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi.

Additional sequences, from microbial genomes that have been sequenced but not completely

assembled and submitted to the GenBank database were also used in this analysis. A list of these
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prokaryotic genomes, from which sequences have been deposited in GenBank can be accessed

from the following URL: http://www.ncbi.nlm.nih.gov/genomes/static/eub u.html.

Gene neighborhoods were determined using a custom script that uses completely sequenced
genomes or whole genome shot gun sequences to derive a table of gene neighbors centered on a
query gene. Then the BLASTCLUST program is used to cluster the products in the neighborhood
and establish conserved co-occurring genes. These conserved gene neighborhood are then sorted
as per a ranking scheme based on occurrence in at least one other phylogenetically distinct
lineage (“phylum” in NCBI Taxonomy database), complete conservation in a particular lineage
(“phylum”) and physical closeness on the chromosome indicating sharing of regulatory -10 and -

35 elements.

Profile searches were conducted using the PSI-BLAST program with either a single
sequence or an alignment used as the query, with a default profile inclusion expectation (E) value
threshold of 0.01 (unless specified otherwise), and was iterated until convergence. For all searches
involving membrane-spanning domains we used a statistical correction for compositional bias to
reduce false positives due the general hydrophobicity of these proteins [544]. The library of
profiles for various signaling domains was prepared by extracting all alignments from the PEFAM

database (http://www.sanger.ac.uk/Software/Pfam/index.shtml) and updating them by adding

new members from the NR database. These updated alignments were then used to make HMMs
with the HMMER package [63] or PSSM with PSI-BLAST. Multiple alignments were constructed
using the T_Coffee, MUSCLE and PCMA programs followed by manual adjustments based on
PSI-BLAST results [62, 171, 172]. The GIBSS sampling method, as implemented in the MACAW

program, was used for the identification and statistical evaluation of conserved motifs in multiple
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protein sequences [590, 591]. All large-scale sequence analysis procedures were carried out using
the TASS package (V.Anantharaman, S.Balaji and L.A unpublished). Structural manipulations
were carried out using the Swiss-PDB viewer program [174]. Searches of the PDB database with
query structures were conducted using the DALI program [95, 96]. Protein secondary structure
was predicted using a multiple alignment as the input for the JPRED program, with information
extracted from a PSSM, HMM and the seed alignment itself [173]. Similarity based clustering of
proteins was carried out using the BLASTCLUST program:

ftp://ftp.ncbi.nih.gov/blast/documents/blastclust.html. Phylogenetic analysis was carried out

using the maximum-likelihood, neighbor-joining and least squares methods [100, 176, 592]. This
process involved the construction of a least squares tree using the FITCH program or a neighbor
joining tree using the NEIGHBOR program (both from the Phylip package) [100], followed by
local rearrangement using the Protml program of the Molphy package [592] to arrive at the
maximum likelihood (ML) tree. The statistical significance of various nodes of this ML tree was
assessed using the relative estimate of logarithmic likelihood bootstrap (Protml RELL-BP), with
10,000 replicates. Text versions of all alignments reported in this study can be obtained in the

Supplementary material.

Results and Discussion
Identification of novel prokaryotic Ub-related proteins

We investigated the origin of ubiquitin and the ubiquitin signaling system as a part of a
comprehensive investigation on the evolutionary history of the ubiquitin-like (3-grasp) fold [429].
Earlier studies had shown that ThiS and MoaD are the closest prokaryotic relatives of the

eukaryotic Ub/Ubls both in structural and functional terms [412, 434]. Structural similarity-based
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clustering using the pair-wise structural alignment Z-scores derived from DALI program, as well
morphological examination of the structures showed that several additional members of the (3-
grasp fold prevalent in prokaryotes are equally closely related to the eukaryotic Ub/Ubls. The
most prominent of these was the RNA-binding TGS domain, which was previously reported by
us as being found fused to several other domains in multidomain proteins such as the threonyl
tRNA synthetase, OBG-family GTPases and the SpoT/RelA like ppGppp phosphohydrolases
[463] (also see SCOP database). The [-grasp ferredoxin, a widespread metal-chelating domain, is
also closely related, but is distinguished by the insertions of unique cysteine-containing flaps
within the core [-grasp fold that chelate iron atoms [593]. Another version of the p-grasp fold
closely related to the Ub-like proteins is subunit B of the toluene-4-monooxygenase system (e.g.
PDB 1t0q) [472], which is sporadically encountered in several proteobacteria and actinobacteria
(Table 5).

In order to identify novel prokaryotic Ub-related members of the (-grasp fold we
initiated transitive PSI-BLAST searches, run to convergence, using multiple representatives from
each of the above mentioned structurally characterized versions. Searches with the TGS domains
and ThiS or MoaD proteins were considerably effective in recovering diverse homologs with
significant expect (e)-values (e<.01). Searches from these starting points were reasonably
symmetric -- thus, searches initiated with various ThiS or MoaD proteins detected eukaryotic
URM]1, representatives of the TGS domain, as also the [-grasp ferredoxins. Likewise, searches
initiated with different representatives of the TGS domains also recovered ThiS, MoaD and
representatives of the [3-grasp ferredoxins. These searches also recovered several previously
uncharacterized prokaryotic proteins in addition to the above-stated previously known

representatives of the Ub-like fold. These included several divergent small proteins equally
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related to both ThiS and MoaD, the N-terminal regions of a group of ThiF/MoeB-related (E1-like)
proteins from various bacteria, the N-terminal regions of a family of bacterial RNAses with the
Mut7-C domain, the N-terminal region of the family of tail assembly protein I of the lambdoid
and T1-like bacteriophages, and the RnfH family that is highly conserved in numerous bacteria.
For example, searches initiated with the Escherichia coli ThiS recovered the tail protein I of the
phage lambda (e=107; iteration 3) and T1 (e=10+ iteration 5) and the N-terminal domains of a
Thermotoga maritima Mut7-C RNase (e=107, iteration 5, gene TM_0779) and a E1-like protein from
(e.g. e=10% iteration 7 from Shewanella oneidensis, gene: SO1475, gi: domain of the Bacillus subtilis
Campylobacter jejuni (e=.01; iteration 11, gi: 57166736). Likewise, a search initiated with the TGS
31340486). We prepared individual multiple alignments of all the novel families of proteins
containing regions of similarity to the Ub-like (-grasp domains and predicted their secondary
structures using the JPRED method that combines information from Hidden Markov models,
PSI-BLAST profiles and amino acid frequency distributions derived from the alignments. In each
case the predicted secondary structure of the region detected in the searches showed a
characteristic pattern with two N-terminal strands, followed by a helical segment and another
series of around3 consecutive strands. This pattern is completely congruent with that observed in
the Ub-like B-grasp proteins (See SCOP database), and was used as a guide along with the overall
sequence conservation to prepare a comprehensive multiple alignment including all the major
prokaryotic representatives of the Ub-like (3-grasp domains (Fig. 34). Examination of the sequence
across the different families revealed a similar pattern of hydrophobic residues that are likely to
form the core of the [3-grasp domain, as suggested by the structures of the ThiS, MoaD and URM1

structures, and a highly conserved alcohol-group containing residue (serine or threonine) before



Operen type

Phyletic pattern

Protein coded by conserved genes neighborhoods/
comments

1 | Thiamine biosynthesis All known bacternal lineages ThiS, ThiG, ThiF, ThiC, ThiD, ThiE, ThiH and ThiQ.
- In many proteabacteria and actinobacterium Rxyl, the ThiS
Is fused to a ThiG. In a subset of &/ proteobacteria and Low
GC gram positive bacteria, the ThiS is fused to a ThiF and
these operons also encode a second solo ThiS-like protein.
2 | Molybdenum cofactor All known bactenal and most MoaE, MoaC and Moah.
biosynthesis archaeal lineages - In some rare instances, MoeB is present in the same operon
as MoaD.
3 | Tungsten cofactor biosynthesis a) Euryarchaea: Mace, Mmaz, Paby, | MoaD, ¥ redoxin oxidoreductase, MoeB, MoaE,
Pfur, Pfur, Phor, Tkod Moea, Pyridine disulfide oxidoreductase, and 4Fe-5
b) oy, 8/ Protecbacteria: Ashr, ferredoxin.
Asp., Dace, Ddes, Dpsy, Dvul, Gmet, | - In Azoarcus, the MoaD is fused to C-terminal to the AQR
Gsul, Mmag, Pcar, Pnap, Ppro, Rfer, | (Fig. 3)
Rgel, Sfum, Wsuc
¢} Low GC gram positive: Chyd,
Moth, Swol, Teth, The
d) Actinobacteria: Sthe
e) Other bacteria: Tth
4a | Siderophore biosynthesis [+ and y protecbacteria: Neur, Nmul, | ThiS/MoaD-like Ub (PdtH), E1-like enzyme fused to a
Rsol, Py, Hche, Pstu, Pput Rhodanese domain (PALF), JAB (POLG), Caib like coA
transferase (Pdtl) and AMP-acid ligase (Pdtl).
- Exper Iy ¢ ized siderop by this
pathway include POTC and quinolobactin
4b | Uncharacterized operon a) vy, 8/e proteobacteria: Adeh®, E1 fused to a Rhodanese domain and JAB.
encoding a ThiS/MoaD, a JAB Aehr*, Noce -Only species marked with an * additionally possess a
peptidase and E1-like enzyme b) Cyanobacteria: Ana, Avar, Gvio®, | ThiS/MoaD-like Ub
Npun, Pmar Syn, Ts
4c | Uncharacterized operon with a a) a, y protecbacteria: Paer, Rpal El is fused to a Rhodanese domain
ThiS/MoaD, El-like enzyme, a b) Acidobacteria: Susi
JAB and a Cysteine synthase c) Actinobacteria: Rxyl
d) Bacteroidetes/Chlorobi: Srub
) Chloroflexus: Caur
4d | Uncharacterized operon with a Actincbacteria: Fsp., Mtub, Nfar, Additionally the operon encedes an uncharacterized

synthase and Clps

This/MoaD, JAB, Cysteinge

Nsp., Save, Scoe, Tfus

conserved protein with an a-helical domain (Fig 3).

Operons with genes for sulfur
metabolism proteing

@) &/e protecbacteria: Gmet, Wsuc
b) Low GC gram positive:Amet,
Bcer, Chyd, Csac, Cthe, Dhaf

c) Bacteroidetes/Chlorobi: Cpha
d) Actinobacteria: Nsp., Acel

e) Crenarchaea: Pyae

ThiS/MoaD-like protein, JAB, E1-like protein, Sird,

sulfitefsulfate ABC transporters, PAPS reductase, ATP

sulfurylase, sulfite reductase, O-acetylhomosering
ydrylase and Adenylylsulfate kinase.

- The ThiS/Moal domain in Nsp and Acel are fused to a

Sulfite reductase

oxygenase hydroxylase

5 | Phage Tail assembly associated | Lambdoid and T1 phages Ub-like TAPL, TAPK protein with a JAB and NipC domains, and
ub TAP].
- The TAPI proteins additionally have a C-terminal domain
that is separated from the Ub-domain by a glycine rich
region. In some prophages, TAPL is fused to the TAP] protein.
In ane particular prophage of Ecal (Fig, 3) the TAPI is fused
to the JAB. The NIpC domains of these versions almost always
lack the JAB domain. These latter operons also encode a fi-
strand rich domain containing protein (labeled "2° in Fig. 4)
6a | Uncharacterized operon with a a) a by, 8/ protecbacteria: gkT 71, | Triple module protein with E2 (UBC), E1-like domain and JAB,
triple module protein containing | Goxy, Maqu, Msp, Nwin, Obat, Pnap, | lined in a single polypeptide in that order. In most operons,
an E2-like, E1-like and JAB Rmet, Rsph, Saci, Sdeg, Xaxo. these are almost always next to a Metallo-ji-lactamase.
domains b) Low GC gram positive: Cper
&b | Uncharacterized operon coding a | a) a,ji,y5/€ protecbacteria: Ecol, Multi-domain protein with E2 and E1 domains, JAB and polfp
multidomain protein with E2 and | Elit, Gura, Obat, Farc, Pber, Retl, superfamily nucleotidyl transferase.
El domains RhNGR234a, Rosp., Rusp., Shsp., - Both the E2+E1 protein and the JAB are closely related to
veho, the corresponding sequences of the operons in the previous
b) Actinobacteria: Asp. row of the table. Most of these operons are in ICE-like mobile
c) Low GC gram positive: Cper elements and plasmids.
6c | Uncharacterized operon coding @ | « protecbacteria: Miot, Mmag, Multi-domain E2+E1 protein, JAB and predicted metal binding
distinctive multidomain protein Retl, RhNGR234,Rpal protein.
with E2 and E1 related domains -In Mmag and Rpal, the E1 domain is fused to a distinct
domain instead of E2. The E2-like domain has a conserved
cysteine in place of the conserved histidine of the classical
E2s
6d | Uncharacterized operon coding a | a) B, &/ protecbactena: Asp., Bvie, | Ub-like protein, JAB, E1-like, E2-like and novel a-helical
Ub-like protein, a JAB, an E1-like | Cnec, Daro, Pnap, Ppro, Posp., Rfer, | protein.
protein and an E2-like protein Rmet, Rsol -The E2-like pratein lacks the conserved histidine of the
b) Low GC gram positive: Beer, Bthu | classical E2-fold. However, they have an absolutely conserved
c) Cyanobacteria: Ana, Avar histidine C-terminal to the conserved cysteine. The rapidly
d} Bacteroides: Bthe diverging a-helical protein has several absclutely conserved
charged residues suggesting that it may function as an
enzyme. The JAB domains of this family additionally have an
N-terminal a+p domain characterized by a conserved arginine
"6e | Uncharacterized operons coding | a) u,f,y,3/€ proteobacteria: Amac,
a protein with tandem repeats of | Bvie®, Miot*, Nham®, Pnap®, Rmet®, | domain protein with a JAB fused to an E1 domain, and a
a ubiquitin-like domain (polyubl) | Rpal’, Shsp.', Vpar' metal binding protein {labeled ¥ in Fig 3).
b) Actinobacteria: Fsp.* -The polyUbls contain between 2-3 Ub-like domains (Fig. 3).
c) Cyanchacteria: Ana, Syn Some versions of the E1 domain have a distinct domain in
place of the JAB domain {marked with a *, Domain X in Fig.
3). In some species (marked with a ***), the poly Ubl is fused
to an Inactive E2-like domain. Amac has a solo Ub-like
7 | ubl fused to Mut7-C a) Wide range of | protecbacteria Mo conserved gename context.
and Avin
b} Actinobacteria: Mtub, Scoe, Save,
Mavi, Nfar, Tfus
c) Acidobacteria: Susi
d) Cyanobacteria: Npun
- &) Tmar
8 | Uncharacterized operon A wide range of p and ¥ Ub-like RnfH, a START domain containing protein, SmpA and
encoding a RnfH family protein | protecbacteria and Mmag SmpE.
9 | Mobile RnfH operon w, i, ¥ proteobacteria: Asp., Daro, Ub-like RnfH, RnfB, RnfC, RnfD, RnfG and RnfE.
Pstu, Reap, Zmob -These components are part of an electron transport chain
involved in reductive reactions such as nitrogen fixation
10 | Toluene-0-Xylene Mono- aja,f and y protecbacteria: Bcep, Ub-like TmoB, Toluene-4-monooxygenase hydroxylase

Bsp., Daro, Paer, Pmen, Psp. Reut,
Rmet, Rpic, Xaut
b} Actinobacteria: Rsp., Fsp.

(TmoA), hydroxylase/ ¥g!

(TmoD), Tol 4 g ydroxy
Rieske 2Fe-5 protein (TmoC), NADH-Terredoxin
oxidoreductase (TmoF), 4-oxalocrotonate decarboxylase

y protein
{TmaE}),

(40CDC), 4-oxalocrotonate tautomerase (40CTT)
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Table 5. Phyletic distributions and conserved gene neighborhoods of prokaryotic Ub-like

families.

helix-1. A similar secondary structure and conservation pattern was also found in two additional
Ub-related protein families that we recovered using contextual information from analysis of gene
neighborhoods and domain fusions (Fig. 34; See next two sections for details). Taken together
these observations strongly supported the presence of an Ub-related 3-grasp fold in all the above-
detected groups of proteins.

Like the ThiS, MoaD and URM1 proteins, the phage tail assembly protein I (TAPI) and
one of the other newly detected Ub-related families also showed a highly conserved glycine at
the C-terminus of the B-grasp domain, suggesting that they might participate in similar
functional interactions with other proteins or undergo thiolation (Fig. 34). The remaining newly
detected members, while showing a similar overall conservation as the above families, do not
contain the glycine or any other highly conserved residue at the C-terminus of the domain.

Fig 34. Multiple alignment of ThiS/MoaD-like ubiquitin domain containing proteins.

Proteins are listed by gene name, species abbreviation, and gi number; separated by underscores.
Amino acid residues are colored according to side chain properties and the extent of conservation
in the multiple alignment. Coloring is indicative of 70% consensus, which is shown on the last
line of the alignment. Consensus similarity designations and coloring scheme are as follows: h,
hydrophobic residues (ACFILMVWY) shaded yellow; s, small residues (AGSVCDN) colored
green; o, alcohol group containing residues (ST) colored aqua; b, big residues (EFHIKLMQRWY)
colored purple and shaded in light grey. Secondary structure assignments are shown above the
alignment where E represents a strand and H represents a helix. The families of the ubiquitin-
related domains are shown to the right. Also shown to the right are the row numbers in Table 5,

that describe a particular family.
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Individual families also possess their own exclusive set of highly conserved residues, suggesting
that each might participate in their own specific conserved interactions with other proteins or
nucleic acids.

Identification of the contextual associations of the prokaryotic Ub-related proteins and their functional
partners

Detection of architectures and conserved gene neighborhoods

Different types of contextual information can be obtained by means of prokaryotic
comparative genomics and used to understand functionally uncharacterized proteins. 1) Fusions
of uncharacterized domains or genes to functionally characterized domains or genes suggest
participation of the former in similar processes as the latter. 2) Clustering of genes in operons
usually implies coordinated gene expression and conserved prokaryotic gene neighborhoods are
a strong indication of functional interaction especially through physical interactions of the
encoded protein products. The power of contextual inference, especially for the less prevalent
protein families, has been considerably boosted due to the enormous increase in the data from
the various microbial genome sequencing projects [197, 549].

Accordingly, we set up a protocol to comprehensively identify the network of contextual
connections centered on the prokaryotic Ub-related proteins detected in the above searches, and
used it to infer the functional pathways in which they participate. We first determined the
complete domain architectures of all the Ub-like proteins using a combination of case-by-case
PSI-BLAST searches and searches against libraries of PSSMs or HMMs of previously
characterized protein domains. We then established the gene neighborhoods (see Material and
Methods) for these Ub-like proteins and found a number of conserved neighborhoods containing

genes for specific protein families often co-occurring with the Ub-like proteins. Each of the
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families belonging to the conserved neighborhoods were used as starting points for further PSI-
BLAST searches to identify homologous proteins in prokaryotic genomes. These homologs were
then used as foci to identify any conserved gene-neighborhoods occurring with them. This way
we built up a comprehensive set of conserved gene neighborhoods for the Ub-like proteins as
well as their putative functional partners and their homologs which were identified via
contextual analysis. As a result we identified several persistent architectural and gene
neighborhood themes associated with the prokaryotic Ub-like proteins. We discuss below the
most prominent of these, especially those having relevance to the early evolution of the Ub-
signaling related pathways.

Common architectural themes in prokaryotic Ub-like proteins

Several families of prokaryotic Ub-like proteins, namely ThiS, MoaD, RnfH, TmoB and a
newly-detected family typified by Ralstonia solanacearum RScl661 (gi: 17428677, see below) are
characterized by a single stand-alone Ub-like domain. In several cases the ThiS and MoaD are
fused to ThiG and MoaE (Fig. 35), which respectively are their functional partners in the transfer
of sulfur to the substrates (Fig. 33). We also noted that a distinct version of ThiS is fused to the C-
terminus of the sulfite reductase in certain actinobacteria (e.g. Nocardiodes and Acidothermus
cellulolyticus), while MoaD might be fused to aldehyde ferredoxin oxidoreductase (Azoarcus) (Fig.
35). Another newly characterized family of Ub-domains typified by the protein mlr6139 from
Mesorhizobium loti (gi: 14025878) is characterized by three tandem repeats of the Ub-like domain
(Fig. 35, see below for details). A family of Ub-like domains, distinct from ThiS, is found fused to
the N-terminus of the adenylating Rossmann fold domain of certain ThiF proteins, such as that
from Campylobacter jejuni (gi: 57166736) (Fig. 35). In the lambda and T1 phage TAPI proteins, the

Ub-like domain is fused to another small globular C-terminal domain via a glycine rich low
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complexity linker. In some cases the TAPI protein itself may be fused to the tail-assembly protein
J (TAPJ]) or K (TAPK), which contains two peptidase domains, namely the JAB domain and
NIpC/P60 domain with the papain-like fold (Fig. 35) [575]. In the proteins typified by the

Fig 35.

associated proteins.
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Thermotoga maritima TM_0779, the N-terminal Ub-like domain is linked to a C-terminal Mut7-C
RNAse domain and a zinc ribbon domain (Fig. 35) [594]. Iterative sequence profile searches with
the Mut7-C domain as a query recovered the previously characterized PIN (PilT-N) RNAse
domains with significant e-values. The two domains share an identical pattern of conserved
catalytic residues, suggesting a similar enzymatic mechanism [595]. The TGS domain, as
previously reported, was almost always found in various RNA-binding multi-domain proteins;
hence it is not discussed here in detail [463]. Likewise, the architectures of 3-grasp ferredoxins,
which are typically found as a part of multi-domain oxido-reductases, have been previously
considered in depth, and are not dwelt upon in detail here [524].

Conserved gene neighborhoods related to the thiamine biosynthesis pathway

The multi-step biosynthetic pathways for the major co-factor thiamine is the
experimentally best characterized of the prokaryotic systems involving Ub-like sulfur transfer
proteins and associated El-like enzymes. Furthermore, there has also been a comprehensive
comparative genomics analysis of the components of the prokaryotic thiamine biosynthetic
pathway [596]. In our current report we only focus on the associations in these systems pertinent
to the evolution of the Ub-signaling related pathways and previously un-noticed features of the
distribution and gene neighborhoods of the ThiS genes. The ThiS protein is highly conserved in
all the major bacterial and archaeal lineages suggesting that it may be traced back to the last
universal common ancestor (LUCA). In most bacterial lineages ThiS is encoded within a large
operon including several other genes for thiamine biosynthesis. These include genes encoding
proteins for both the major branches of the thiamine biosynthetic pathway, i.e. the

aminoimidazole ribotide utilizing branch with ThiC and ThiD, and the sulfur transfer and
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hydroxyl-ethyl-thiazole forming branch with ThiS, ThiG, ThiO, ThiH, as well as the stem
combining the products of branches to form thiamine phosphate (ThiE) (Fig. 36) [596] .

Though the individual genes occurring in this conserved gene neighborhood shows some
variability across different bacteria, ThiS is most strongly coupled with ThiG (~87%); its
physically interacting functional partner within the operon. The next strongest coupling of ThiS
in bacteria is with its other complex-forming partner, the adenylating enzyme ThiF (~17%). This
is not surprising, given that ThiF and ThiG compete for ThiS to catalyze two successive steps in
the sulfur incorporation process [409, 597]. Very rarely, ThiS may also be coupled with ThiC (e.g.
Cytophaga hutchinsonii). The genes for the group of ThiF proteins containing a fused Ub-like
domain at their N-termini (see above) typically co-occur in operons with standalone ThiS genes
(Fig. 36). This suggests that their fused Ub-like domain plays a role different from the stand-alone
ThiS protein. However, in a single case (Pelobacter propionicus), the Ub-like domain-ThiF fusion
proteins do not occur in an operon with other thiamine biosynthesis genes, instead co-occurring
with O-acetylhomoserine sulfhydrylase and cysteine synthase (Fig. 36). Similar operonic
association of ThiS alone, or ThiS and ThiG with genes for cysteine biosynthesis like cysteine
synthase, and sulfite transporter genes are also seen in Pelodictyon and Chlorobium (Fig. 36,
Supplementary material). These represent multiple independent associations of thiamine
biosynthetic genes with sulfur assimilation and cysteine biosynthesis genes, which is consistent
with the fact that cysteine is the sulfur donor for the ThiS thiocarboxylate. The genes of the
archaeal ThiS orthologs are not found in any conserved operons, and this is consistent with the
previously noticed absence of ThiF and ThiG orthologs in the archaea, and the presence of an

alternative branch for hydroxyl-ethyl-thiazole biosynthesis [596]. This observation suggests that
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Fig 36. Gene neighborhoods of the prokaryotic ThiS/MoaD-like ubiquitin domains and

functionally associated proteins.

Genes found in conserved neighborhoods are depicted as boxed arrows with the arrow head
pointing from the 5 to the 3’ direction. ThiS/MoaD-like proteins are shaded in blue. Other than in
the classical ThiS and MoaD pathways, ThiS/MoaD/Ubiquitin-like proteins are labeled Ubl for
ubquitin-like domain. The ThiS/MoaD-like proteins in each operon are identified in black
lettering below the neighborhood by gene name, species abbreviation, and gi number
demarcated by underscores. In the instances where ThiS/MoaD-like domains are absent, the
operons are identified by the JAB domain containing protein. Alternative names of
experimentally well-characterized genes are shown below the boxed arrows for that gene. Boxed
arrows with no colors represent poorly conserved proteins. Conserved neighborhoods are
clustered according to major assemblages of gene neighborhood as described in the text.
Abbreviations are as follows: AOR: aldehyde ferredoxin oxidoreductase; Cys Synthase: Cysteine
Synthase; Rhod: Rhodanese domain; Z: poorly characterized protein with an alpha+beta domain

with several conserved charged residues; X: f-strand rich globular domain.
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the archaeal ThiS genes might have even been recruited for a sulfur transfer process distinct from
thiamine biosynthesis.

Conserved gene neighborhoods related to molybdenum and tungsten cofactor biosynthesis

The MoaD-MoeB system in molybdenum and tungsten cofactor biosynthesis mirrors the ThiS-
ThiF system in thiamine biosynthesis. MoaD is also conserved across all major archaeal and
bacterial lineages suggesting that it existed in the LUCA. Unlike ThiS, MoaD is present in Mo/W
cofactor biosynthesis operons in both bacteria and archaea. This implies that both ThiS and MoaD
had probably diverged from each other by the time of the LUCA, but the recruitment of ThiS for
a sulfur transfer system in thiamine biosynthesis emerged early in the bacterial lineage, only after
it had split from the archaeal lineage. In contrast, the deployment of MoaD in Mo/W cofactor
biosynthesis appears to have happened in the LUCA itself. The Mo/W cofactor biosynthesis
operons from different bacteria encode a variety of proteins, including those involved in using
the GTP precursor (MoaA and MoaC), the MoeB, MoaD and MoaE products, which are
downstream of the former and involved in molybdopterin biosynthesis, and MoeE, MogA,
MobD, and the MOSC domain proteins involved in formation of MoCo/WCo and its terminal
derivatives [598-600]. While the operons show variability across prokaryotes in terms of the
different genes included in them, the core conserved gene neighborhood in bacteria contains the
genes for MoaD and MoaE, which together constitute the molybdopterin (MPT) synthase, that
transfers the sulfur from the MoaD thiocarboxylate to the precursor Z (cyclic pyranopterin
monophosphate) to form MPT [598, 601] (Fig. 33, 36). In a few cases MoaD might be adjacent to
the gene for MoeA, which acts on the product downstream of the reaction catalyzed by the MPT
synthase. MoaD, unlike ThiS, is rarely found immediately adjacent to the gene for its adenylating

enzyme, MoeB (Fig. 36). This distinction may be related to experimental results which indicate
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that MoaD and MoeB do not form a covalently-linked persulfide or thioester complex, unlike
ThiS and ThiF or the Ub/Ubl and the E1s (Fig. 33) [411].

A distinct set of MoaD genes are found strictly adjacent to genes encoding an aldehyde
ferredoxin oxidoreductase (AOR) in a sporadic group of phylogenetically distant archaea and
bacteria (Table 5), suggesting that they might constitute a mobile gene cluster. Additionally, these
gene neighborhoods often include MoeB and occasionally other cofactor biosynthesis genes such
as MoaA and MoaE, and a pyridine disulfide oxidoreductase in the close vicinity to MoaD and
the AOR genes (Fig. 36). In some organisms this MoaD containing gene cluster is distinct from
the MoCo biosynthesis operon found elsewhere in the genome of the same organism.
Experimentally characterized versions of these AORs have been shown to utilize a tungsten-
containing variant of the cofactor [602]. Taken together, these observations suggest that these
AOR linked MoaD genes might specifically participate in the synthesis of molybdopterin for
WCo generation for the AORs. In Sulfolobus MoaD and MoaE are linked to ThiD, raising the
intriguing possibility that they might have been secondarily recruited for an additional role in
thiamine biosynthesis (Fig. 36).

Other potential novel pathways involving ThiS/MoaD-like proteins and El-like enzymes

Beyond the above-stated operons, with the bona fide ThiS/MoaD and the ThiF/MoeB
enzymes involved in conventional thiamine and MoCo/WCo biosynthesis, we also recovered
several other predicted bacterial operons encoding homologous proteins. These gene clusters
typically encode a ThiS/MoaD related protein and an El-like enzyme related to ThiF/MoeB with a
C-terminal rhodanese domain, but do not contain any genes encoding other components of the
two co-factor biosynthesis pathways (Fig. 35, Fig. 36, Table 5). The bacteria which contain these

predicted operons also contain independent thiamine or molybdenum operons, highlighting the
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functional distinctness of the pathways coded by these operons (Table 5). Interestingly, this class
of predicted operons also often contains a gene encoding a standalone version of the JAB
metallopeptidase, which forms a monophyletic clade within the tree of all JAB domains (Fig. 36,
37). There are at least five distinct sub-types of this class of operons, which show a sporadic
distribution across phylogenetically diverse bacteria suggesting possible dispersion through
lateral gene transfer (Table 5, Fig. 36). One of these sub-types of gene clusters has been shown to
encode components of the biosynthetic pathway for the siderophores and secreted protective
compounds PDTC (pyridine-2,6-bis(thiocarboxylic acid)) and quinolobactin in Pseudomonas
stutzeri/P.putida and P. fluorescens, respectively [508, 603]. Our analysis of gene neighborhoods
showed that related operons are also found in several distantly related proteobacteria such as
Ralstonia solanacearum and Nitrosomonas europaea, suggesting that such compounds might be
widely produced (Table 5, Fig. 36).

There are considerable differences in the genes and corresponding biosynthetic pathways
(related to amino acid biosynthetic pathways) producing the basic molecular skeleton of each of
these metabolites. For example, in the case of quinolobactin a xanthurenic acid skeleton is used,
whereas in the case of PDTC, a dipicolinic acid skeleton is used (Fig. 33) [508, 603]. However, all
of these operons contain a conserved core of genes whose products catalyze the critical
sulfurylation step required for the production of all of these compounds [508, 603]. This core
group encodes a carboxylate AMP ligase, which adenylates a carboxylate group on the precursor,
and proteins for a sulfur transfer system that forms a thiocarboxylate group from the carboxy
adenylate produced by the AMP ligase (Fig. 33). The proteins of the sulfur transfer system
include an El-like protein with a C-terminal rhodanese domain, a ThiS/MoaD-like protein and a

protein with a JAB metallopeptidase domain (Fig. 36). The first two enzymes are likely to
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participate in a sulfur transfer pathway similar to those seen in the conventional thiamine and
MoCo/WCo pathways, with the rhodanese domain probably abstracting the sulfur from a small
molecule donor like cysteine (as in the case of Thil), and the El-like protein adenylating and
transferring the sulfur to the ThiS/MoaD-like protein to form a terminal thiocarboxylate (Fig. 33).
Most other predicted operon subtypes of this class appear to show different variants of
the core sulfur transfer system seen in the above-described siderophore biosynthesis operons
(Table 5, Fig. 36). A simple subtype seen in a wide range of bacteria contains just three genes
encoding a ThiS/MoaD-like protein, a protein combining an El-like module and a rhodanese
domain and JAB domain peptidase. Derivatives of this basic subtype might simply contain genes
for the JAB domain peptidase and El+rhodanese protein (Table 5, Fig. 36). Another subtype
additionally combines the cysteine synthase to the three genes of the basic operon, suggesting
that they might couple sulfur transfer to the production of the major cellular sulfur donor
cysteine. A variant of the cysteine synthase-containing operon subtype, which is particularly
prevalent in the actinobacteria, includes ClpS which is involved in degradation of proteins
through the Clp system and an uncharacterized helical protein that is almost exclusively encoded
in this predicted operon subtype (Fig. 36). Other links to sulfur metabolism are hinted at by
another major subtype of this class of operons, where genes for the ThiS/MoaD, JAB and E1-like
proteins are combined with genes coding sulfite/sulfate ABC transporters, PAPS reductase, ATP
sulfurylase, sulfite reductase, O-acetylhomoserine sulthydrylase and Adenylylsulfate kinase. The
El-like protein of these predicted operons always lacks the C-terminal rhodanese-like domain.
However, these operons always contain a SirA (Cysteine containing domain 1, CCD1) protein,
which was predicted to play a role similar to rhodanese [604](Table 5, Fig. 36). These observations

suggest that these operons are principally involved in the assimilation of sulfur from
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sulfate/sulfite and this sulfur might be terminally transferred to the ThiS/MoaD-like proteins
encoded by them.

The tail assembly operons of phages Lambdoid and T1-like phages

The genomes of lambdoid and T1-like phages are known to contain related tail assembly
gene complexes [605]. In a large number of phages this complex encodes a protein TAPI that
contains an Ub-like domain related to ThiS/MoaD (Fig. 34). The exact function of this protein tail
assembly is unclear, but it is not incorporated into the mature tail. Analysis of the gene
neighborhoods showed that TAPI is most often flanked by the genes of TAPK protein, with JAB
and NIpC/P60 peptidase domains and the TAPJ protein, which is required for host specificity
(Fig. 36). The JAB domains found in these gene associations are also a part of the monophyletic
clade including those from the above-described class of operons. Variants of this organization,
lacking either of the two flanking genes are seen in a few phages/prophages, and in a small group
of phages TAPI is flanked by a version of TAPK containing only an NIpC/P60 peptidase domain
(Fig. 36). It is possible that the latter versions are actually degenerate variants of the former
versions and are typical of integrated prophages.

Predicted operons coding El-like proteins, E2 (UBC)-like proteins, JAB peptidase and novel Ub-

like proteins

A number of sets of predicted operons, each with a distinctive sporadic distribution
across several phylogenetically distant bacteria and encoding proteins with JAB domain and E1-
like enzymes, were recovered in our search for conserved gene neighborhoods. El-like enzymes
in these operons never contained a C-terminal rhodanese domain. However, they were typically
fused, either at the N-terminus or the C-terminus, to the JAB domain. In the instances they were

not fused to the JAB domain, there was always a JAB domain protein encoded by the
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immediately adjacent gene in the predicted operon. One group of proteins, typified by an El-like
protein fused to a JAB domain at the C-terminus, also contained an additional conserved N-
terminal domain, with a conserved histidine and cysteine (E.g. Mdeg02000735 from Microbulbifer
degradans, gi:48864353). Iterative PSI-BLAST searches with the alignment of this domain as a seed
recovered eukaryotic E2 (ubiquitin conjugating enzymes, UBC) enzymes as hits with significant
e-values (e=107%, iteration 3). The predicted secondary structure of these domains was congruent
with that of eukaryotic E2 domains, with a 4 strand -meander and two flanking helices on either
side [606]. Furthermore, the conserved histidine and cysteine of the bacterial proteins also
precisely matched the cognate active site residues of the eukaryotic E2 enzymes, suggesting that
the N-terminal domains of the bacterial domain are homologs of the E2 enzymes and likely to
possess similar activity (Fig. 38).

In addition, each set of these predicted operons contain a distinct group of genes that
almost exclusively co-occurred with a particular operon type. Based on the different groups of co-
occurring genes we were able identify at least five major operon types (Table 5, Fig. 36). These
groups of co-occurring genes coded for several conserved uncharacterized proteins, whose
affinities we systematically investigated using sequence profile searches, secondary structure
prediction and matches to libraries of profiles and HMMs for various previously characterized
domains. The first of these operon types showed a very simple organization, usually with two
genes: one of them encoded the triple module protein, with N-terminal E2-like and El-like
domains followed by a C-terminal JAB domain (Fig. 35). The second gene in the operon encoded
a specialized version of the metallo-[3-lactamase domain (Fig. 36). Another operon group typified
by a conserved gene neighborhood from the E.coli integrative and conjugative element ICE [607]

and related mobile elements was found to contain a nucleotidyl transferase of the polymerase 3
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fold [608], in addition to the genes encoding the El-like and JAB domain proteins (Table 5, Fig.
36). Like the El-like proteins from the first group of operons the El-like proteins of this group
also show a fusion to an E2-related domain with a conserved active site cysteine. Similarly, a
conserved operon group prototyped by a gene neighborhood from the megaplasmid NGR234 of
Rhizobium sp contains genes encoding two conserved uncharacterized proteins, one of which is
predicted to contain a metal-binding domain based on the conserved pattern of two cysteines, a
histidine and an acidic residue (Table 5, Fig. 36). We observed that the E1-like proteins encoded
by both of these operon types contained an additional N-terminal domain with a conserved
cysteine. Sequence searches with this N-terminal region recovered the UBC-like E2 domains from
a variety of eukaryotes. The best hit to these domains was from a profile of the E2-like proteins
and included a match to the conserved cysteine (p<10-* match for this cysteine containing motif in
a Gibbs sampling search including a wide range of known E2 domains). Secondary structure
prediction for this conserved domain also showed complete congruence with the known
structure of the E2 fold, suggesting that these N-terminal domains fused to the El-like enzymes
are also homologs of the eukaryotic E2 ubiquitin conjugating enzymes (Fig. 38).

A fourth operon type found in several diverse bacteria (Table 5) typically contained three
additional genes in the conserved gene neighborhood, in addition to the genes of the JAB domain
and El-like proteins (Fig. 36). Furthermore, the JAB domain additionally has an N-terminal a+f3
domain that has a strictly conserved arginine and tryptophan residue (JAB-N, Fig. 35). These first
of these encodes a small protein with a highly conserved glycine at their C-terminus. Secondary
structure prediction revealed that this small protein has a progression of structural elements
identical to that seen in the (-grasp fold (Fig. 34). The conservation pattern in this protein also

strongly resembles that seen in the known {-grasp domains, and sequence-structure threading
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using the PHYRE program also recovered {3-grasp proteins (e.g. ThiS, PDB: 1tyg) as the best hits,
suggesting that these are small stand-alone Ub-like proteins. The second protein encoded by this
operon type was found to encode a largely a-helical protein with several absolutely conserved
charged residues, suggesting that it might be an uncharacterized enzyme. The third conserved
protein from these operons contained a conserved cysteine and gave significant hits to the
profiles of the E2 Ub-conjugating enzymes, with the alignments spanning the conserved cysteine
(Fig. 36). This relationship was also supported by their predicted secondary structure and general
conservation pattern. While these proteins did not have the conserved histidine at the position
often encountered in most E2 enzymes, they had an absolute conserved histidine further
downstream (Fig. 38). Mapping of the sequences of representatives of this family of proteins on
the structures of E2 enzymes showed that this downstream histidine from the helix would be
positioned very close to the active site histidine of the classical E2 enzymes (Fig. 38). This would
mean that these proteins are likely to effectively contain an active site similar to the classical E2
enzymes.

The fifth operon type is found sporadically in most proteobacterial lineages,
cyanobacteria and certain actinobacteria (Table 5). Usually these operons contain two or three
genes in addition to the central gene for an El-like enzyme, which in most cases contains a JAB
domain fused to the N-terminus of the E1-like module. However, in a subset of bacteria, the E1-
like protein contains a fusion to an uncharacterized N-terminal domain in place of the JAB
domain (Fig. 34). The conservation pattern of this domain is unrelated to that of the JAB domain,
but it contains several conserved charged residues, making it tempting to speculate that it might
perform a function analogous to the JAB domains. The other gene found in all operons of this

type encodes a protein containing one to three repeats of an approximately 70-75 amino acid
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domain. The conservation pattern is similar to that seen in Ubls, and the predicted secondary
structure of this domain shows a progression completely congruent to other p-grasp fold
domains (Fig. 34. Consistent with this, sequence-structure threading with the PHYRE program
recovered the structures of the ThiS/MoaD proteins as the top hits (e.g. PDB: 1tyg). These
observations strongly suggest that this group of proteins is comprised of one or more Ub-like
domains (Table 5).

Furthermore, we noted that these predicted (3-grasp domain proteins might also be fused
with either of two unrelated C-terminal domains (Table 5). The first of these domains is a small
domain of about 75 residues showing conservation pattern and secondary structure progression
similar to the Ubls (Fig. 34). These domains also recovered ThiS/MoaD as their best hits in
sequence-structure threading with the PHYRE program, implying that it might form the third
Ub-like domain in a subset of these proteins. The second C-terminal domain found in a mutually
exclusive subset of these proteins, also occasionally occurs as a standalone protein coded by a
separate gene sandwiched between the genes for the multi-B-grasp domain protein and the
JAB+E1 domain proteins (Fig. 35). Profile searches with an alignment of this domain recovered
hits to the E2 enzymes and the eukaryotic RWD domain [606, 609], which contains a catalytically
inactive version of the E2 fold as the best hits (e~.01-.005). This relationship was also supported
by the congruence of the predicted secondary structure of these domains with that of the E2 and
RWD domains [606]. Like the eukaryotic RWD domains, these bacterial domains also lacked the
conserved cysteine residue, implying that they are likely to be catalytically inactive
representatives of the E2-like fold (Fig. 38). The above operon type was also seen to encode

another conserved protein with a C-x(3)-C-x(35-38)-H-x(2)-C signature (Fig. 36). The predicted
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secondary structure of this potential metal-binding signature is consistent with proteins
containing a Zn-finger domain, perhaps of the treble-clef fold.

The RnfH associated conserved gene neighborhoods and other miscellaneous operons

The RnfH protein is highly conserved across the 3/y proteobacteria (Table 5) and in each
of these instances it occurs in a strongly conserved gene neighborhood also containing genes for a
START domain protein, the tmRNA binding protein SmpB and a small membrane protein of
unknown function SmpA. Within this conserved neighborhood the genes for the SmpB, the
START domain protein and RnfH appear to share a common transcriptional regulatory region
with the former gene being transcribed in the opposite direction to the latter two (Fig. 36). This
neighborhood is of particular interest given that the SmpB-tmRNA complex is used in bacteria to
tag proteins from mRNAs lacking stop codons with small peptide. This tag targets proteins for
degradation analogous the eukaryotic Ub-system [610]. A second type of conserved gene
neighborhood containing an RnfH gene is found sporadically in a few proteobacteria, where it is
linked to group of Rnf genes whose products form a membrane associated complex involved in
transporting electrons for various reductive reactions such as nitrogen fixation [611].

In addition to this, there other operons coding Ub related -grasp domain proteins, such
as the Tmo operon which encodes the toluene monooxygenase complex in several bacteria (Fig.
36, Table 5). TmoB, the Ub related protein of this complex, has been shown to be a subunit of
monooxygenase, which binds a distinct conserved exposed ridge on the catalytic subunit [472].
However, it does not affect the activity of the enzyme in vitro and its exact role in the complex

remains unknown.
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Functional implications of the prokaryotic systems with components related to the eukaryotic
Ub-signaling network

Much of the above-described diversity of prokaryotic functional systems involving Ub-
signaling related proteins remains experimentally unexplored. However, the syntactical features
of the domain architectures and conserved gene neighborhoods provide some hints regarding the
general functional properties of these systems (Fig. 36, Fig. 39). One of the most striking features
is the dichotomy in distribution, operon organization and domain architectures of the versions
involved in thiamine and MoCo/WCo biosynthesis and majority of other operons (Table 5, Fig.
36). The former set of operons is highly conserved and is present across most bacterial and
several archaeal lineages suggestive of a pattern of vertical inheritance from LUCA, or early in
bacterial evolution. The other types of above-described operons are instead sporadic in their
distribution and found patchily across phylogenetically unrelated bacteria (Table 5). The former
types do not contain a single instance of a gene encoding a JAB domain protein or a fusion to a
JAB domain. In contrast to the thiamine and MoCo/Wco operons, the majority of other operons
code a JAB domain protein along with an El-like enzyme and/or Ub-like protein (Fig. 36, Table
5). A subset of these, namely those involved in the biosynthesis of siderophore-like compounds
and those associated with sulfur assimilation and cysteine synthase, are linked with genes
encoding metabolic enzymes. This suggests a role for them in the biochemistry of sulfur transfer,
albeit in pathways which are likely to be distinct from the thiamine and MoCo/WCo (Fig. 33). The
other operons show no major links to metabolic enzymes suggesting that they might specify
standalone regulatory pathways.

One of the most interesting features of these predicted functional systems is the presence

of the JAB domain (Fig. 37), which is universally conserved in eukaryotes and is the primary
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deubiqutinating peptidase associated with the proteasome [582, 583] (Fig. 38). The association of
the JAB peptidase with just an Ub-like protein with a C-terminal glycine in the phage tail
assembly operons strongly implies that the two domains form a functional unit even in the
prokaryotes. It is quite probable that the phage TAPI is processed by the peptidase domains of
TAPK, with the JAB probably releasing the Ub-like domain by cleaving at the point of the C-
terminal-most glycine of the Ub-domain. A similar function may be envisaged for the JAB
domain in the organisms where ThiS or MoaD is fused to some other proteins-- it might cleave
off the Ubl-like moiety and generate a free C-terminus for sulfur transfer. However, the strong
association of the JAB with sporadically distributed operon types related to the Pseudomonas
siderophore biosynthesis pathways is more mysterious. Based on complete absence of JAB
proteins in the thiamine and MoCo/WCo pathways, we predict that in the pathways where the
El-like enzyme is found in association with the JAB domain it functions via a mechanism distinct
from that used by classical ThiF or MoeB. This mechanism is likely to be closer to the Ub-transfer
reaction of bona fide eukaryotic Els, wherein the ThiS/MoaD or any other associated Ub-like
protein is directly linked to a cysteine in the El-like enzyme by a thioester linkage. In this
situation, it is likely that the E1-like enzyme also transfers the covalently linked Ub-like protein to
amino groups of lysines in particular target proteins. These linkages would then be cleaved by
the associated JAB domain proteins (Fig. 33).

The potential regulatory pathways defined by operons that combine JAB and El-like
domain proteins often encode their own Ub domain proteins and also homologs of the eukaryotic
Ub conjugating E2 enzymes. Given the presence of E2 homologs it is quite likely that these are
indeed dedicated protein modifying systems that add the associated Ub-like proteins or the

available ThiS/MoaD to target proteins. In these cases we predict that the JAB domain is likely to
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Fig. 37. Multiple alignment of JAB domain-containing proteins.

Coloring is indicative of 80% consensus. The coloring scheme, consensus abbreviations and
secondary structure representations are as in Fig. 34. The secondary structure, shown on the first
line of the alignment, is derived from a JAB crystal structure whose primary sequence is found on
the second line of the alignment, with PDB identifier shaded in gold. Conserved histidine and
acidic residues (ED) are colored yellow and shaded in red. The conserved active site serine
residue is colored light grey and shaded in teal. The conserved cysteine found in a subset of JABs
(marked with a *) are shaded blue and colored white. The alignment is grouped according to
families, with family names listed to the right. Also provided are references to the appropriate

row on Table 5 that describe a particular JAB containing operon.

be important for both processing the Ub-like proteins and removing them from the target
proteins, thus constituting a genuine bacterial version of the eukaryotic Ub-signaling system. The
operon type prototyped by the E. coli ICE element also encodes a nucleotidyl transferase (Fig. 36),
which might provide an additional protein modification like its homolog the uridylyl transferase,
which modifies glutamine synthase [608, 612]. It is particularly interesting to note that some of
these systems contain proteins with 2-3 tandem repeats of the Ub-like domain (reminiscent of the
eukaryotic poly-ubiquitin) or RWD domain-like inactive versions of the E2-like fold, which
probably bind the Ub moieties (Fig. 33, 37). Some of the other uncharacterized proteins encoded
specifically by these operon sets, such as the Zinc finger protein (e.g. sll6052 from Synechocystis),
might be involved in recognizing specific target proteins for modification by these systems. The
high mobility of these operons in bacteria is illustrated by their differential presence or absence
even within closely related strains of same organism and indeed, some of them are borne by
conjugative mobile elements (Table 5). This pattern of mobility is reminiscent of some other
conserved operon systems such as the restriction-modification operons, the toxin-antitoxin
systems and the CRISPR system [158, 613-616]. It is quite possible that like the two former

systems, these operons also maintain themselves by providing the host with oppositely directed
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activities. Hence, we speculate that the JAB domain and the E1+E2 complex provides a system
that uses an endogenous ThiS/MoaD protein or the distinct Ub-like protein encoded by the
mobile operon to alternately modify or de-modify cellular target proteins. This system might
provide a means of regulating target protein stability and maintains itself by either acting as an
addiction system like the toxin-antitoxin systems or as a means of protection against invasive
replicons as the restriction-modification systems.
Other tantalizing but uncertain links between components of the bacterial Ub-like systems and
protein stability are suggested by some of the operons. The operon which encodes a JAB domain
protein, an Ub-like protein related to ThiS/MoaD and ClpS is one such (Fig. 36, Table 5). The ClpS
domain recognizes the N-terminal domain of proteins targeted for destruction and links them to
the protein-degrading ClpAP machine in bacteria and the RING finger E3 ligase of the eukaryotic
N-recognins [617, 618]. It is possible that this system may be involved in modification of proteins
by an Ub-like modification prior to linkage by ClpS for degradation. A more enigmatic case is
offered by the linkage between RnfH and SmpB — here apparently no Ub-like transfer system is
involved. However, the tight neighborhood association with SmpB that RnfH could in principle,
under as yet unstudied conditions, interact with the tmRNA and influence protein stability.
Evolutionary implications of prokaryotic cognates of the Ub-signaling system

The identification of numerous prokaryotic systems containing proteins related to
ubiquitin, E1, E2, and the JAB domain, beyond the previously known versions found in the
thiamine and MoCo/WCo biosynthesis operons throw considerable light on the emergence of the
eukaryotic Ub signaling system (Fig. 39). Amongst the oldest versions of the Ub-fold are the TGS

domains that are traced back to LUCA and bind RNA [462, 463]. This suggests that the Ub-like
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Fig. 38. Multiple alignment of E2 (UBC)-like proteins with a special emphasis on bacterial
versions.

PDB identifiers of primary sequences derived from crystal structures are shaded in gold.
Coloring is indicative of 55% consensus. The secondary structure, shown on the second line of the
alignment, is derived from a general consensus of the secondary structure features from the
different crystal structures shown in the alignment. Other features of the alignment are the same
as Fig. 34, including coloring scheme, consensus abbreviations and secondary structure
representations. Additionally, conserved polar residues (p) (CDEHKNQRST) are colored blue.
The strongly conserved proline and asparagine residues are colored purple brown respectively.
The major families of bacterial E2s are shown to the right. Also shown are the row numbers in
Table 5, where a particular family is described.
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versions of the B-grasp fold probably emerged prior to the LUCA as an RNA-binding domain.
This is also supported by the observation that versions related to ThiS/MoaD, like the one fused
to the Mut7-C RNAse domain (Fig. 35), are also likely to participate in a RNA-binding function
(Fig. 39). Such a function might also hold for the RnfH protein, which is most closely related to
the TGS domains (Fig. 34). However, it is also clear that the MoaD and ThiS versions were also
present in LUCA, implying that the divergence between sulfur carrier and RNA-binding versions
occurred prior to the LUCA. The analysis of the phyletic patterns of the operons suggests that the
sulfur carrier version was a part of molybdenum metabolism in LUCA itself, whereas its
recruitment for thiamine biosynthesis happened at the base of the bacterial tree. Likewise, at least
a single representative of the El-like enzymes had differentiated from the remaining Rossmann-
type folds, through the acquisition of a distinct C-terminal module, by the time of the LUCA.
Even in these two ancient pathways there appears to have been a progressive increase in the
complexity of the reaction catalyzed by the El-like enzyme on the Ub-like protein. Originally, it
appears to have been merely an adenylation reaction, as has been suggested for the MoeB-MoaD
pair [411]. However, the ThiS-ThiF pair involved an additional formation of a covalent persulfide
linkage between the E1-like enzyme the Ub-like protein (Fig. 33).

The operon and domain architecture evidence suggests that reaction mechanisms similar
to the eukaryotic E1 enzymes emerged next in specialized versions of the El-like-Ub-like protein
pairs found in the prokaryotes. These systems also added a JAB domain protein, probably in a
role similar to their eukaryotic counterparts. The sequence and organizational diversity of the E1-
like, E2-like and Ub-like proteins from these remarkable bacterial systems is much higher that
that seen in their eukaryotic cognates. This suggests that these systems probably first diversified

in bacteria, and were acquired by the eukaryotes during their emergence via the symbiotic
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Fig 39. Network diagram of ThiS/MoaD-like beta-grasp domains.

The interaction network depicted here represents the known functional associations (arrows
colored orange), the associations suggested by domain architectures (arrows colored green), and
the associations suggested by gene neighborhood (arrows colored grey) between pairs of
domains, as described in the text. The directionality of the network interactions, as indicated by
an arrowhead, represents the order of a domain pair from the amino- to the carboxyl-terminus of
the domain architecture or from the 5" to 3’ end of a gene neighborhood. Lines with arrowheads
at both ends represent domain pairs found both N-terminal and C-terminal to each other in
domain architectures or 5 to 3’ in operonic contexts. The primary “hubs” of the network are
highlighted prominently. Domains are not exactly to scale. Selected interactions are encircled by
small ellipses connected to the labels describing the functional role of the interaction. The labels
are portrayed as large black ellipses with white lettering. Abbreviations used: Toluene mono:
Toluene monooxygenase, Rhod : Rhodanese-like domain, ZnR : zinc-ribbon containing domain,
OAHS hyd : O-acetylhomoserine sulfhydrylase, PDOR : pyridine disulfide oxidoreductase, MBL :

metallo-3-lactamase domain.
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process involving the a-proteobacterial precursor of the mitochondrion. This is consistent with
the frequent presence of the more complex Ub-signaling related systems in a-proteobacteria
(Table 5). At the face of it the E3 enzymes, such as the RING domain and the HECT domain,
appear to be eukaryotic innovations. However, it cannot be ruled out that the additional
uncharacterized proteins, such as the above-described Zn finger protein encoded in the bacterial
operons (Fig. 36, Table 5), act as E3-like adaptors. However, it is clear that the core of the Ub-
transfer system, as well as the main peptidase required for its removal — the JAB domain — were
already linked as a functional complex in the bacteria, prior to the emergence of the eukaryotes.
The bacteriophage tail assembly system contains an NIpC/P60 peptidase, typically fused to the
JAB domain (Fig. 35), which might also be involved in processing the Ub-related protein. Given
that the NIpC/P60 peptidase contains a papain-like fold also found in most of the eukaryotic
DUBEs, it is possible that the functional association between Ub-like domains and the papain-like
peptidase emerged in the prokaryotic world. Links between these prokaryotic systems and
protein degradation via ATP-dependent proteolytic machines are less clear, although there are
some hints that the prokaryotic Ub-like domains might even have a role in such a process.
General conclusions

By performing a systematic search for Ub-like domains in bacteria we identified several
novel domains with diverse domain architectures. We present evidence that there are several
predicted bacterial operons, beyond those specifying the previously well-characterized thiamine
and MoCo/WCo biosynthesis systems that encode Ub-related, JAB domain, El-like and E2-like
proteins. These operons show several distinct organizational themes, each of which is likely to
specify a distinct functional system. Some of these systems are likely to possess the capacity to

transfer Ub-like protein moieities on to target proteins via a relay of El-like and E2-like proteins.
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This is the first report of a genuine prokaryotic ubiquitin-like signaling system, and we suggest
that these systems were the precursors to the eukaryotic Ub-signaling system. We hope this
report may stimulate experimental analysis of these bacterial systems and thereby throw light on
the emergence of a signaling system that was hitherto considered the unique property of the
eukaryotes.
Supplementary Material

The complete list of alignments, conserved neighborhoods and architectures discussed in
this article is available for download from:

ftp://ftp.ncbi.nih.gov/pub/aravind/UB/.

Experimental validation of work presented above

Begley and colleagues at Cornell University provided the first experimental confirmation
of the results presented above, describing the interaction between a JAB deubiquitinase
(erroneously referred to as a “JAMM motif protein”) and a Ub-like protein in thioquinolobactin
siderophore biosynthesis [430]. They find that the Ub-like protein is pre-processed by the JAB
domain before adenylation by an El-like protein; removing the C-terminal pair of amino acid
residues and exposing the conserved di-glycine motif conserved in this particular Ub-like family
(see Supplementary Material). This stands as the first experimental confirmation of an ancestral

association in prokaryotes between Ub-like proteins and JAB deubiquitinases.


ftp://ftp.ncbi.nih.gov/pub/aravind/UB/
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CONCLUSIONS AND GENERAL OBSERVATIONS

Since Darwin published The Origin of Species [619], the recognition that selection for
advantageous traits drives diversification has been a central theoretical tenant underlying
biological research, from early research in taxonomy and paleontology observing and reporting
shared morphological characteristics to recent research in molecular biology and biochemistry
elucidating molecular adaptations in organisms. An additional tenant compatible with the work
of Darwin, the neutral theory of molecular evolution, was formulated in the 1960s by Dr. Motoo
Kimura which argued for a strong role of genetic drift in determining adaptive evolution [99].
Despite realizing the importance of the twin evolutionary forces of adaptive change and effective
population size in shaping extant biological systems, the lack of a comprehensive dataset
necessary for systematic application of evolutionary principles across all branches of biological
research has long hampered efforts to view biological macromolecules and the systems they
combine to form as products of natural selection; subsequently much information that could be
derived from studying close and distant relationships between these macromolecules has gone
undetected. The onset of the genomic age is at last providing the data needed to construct a
comprehensive and unified picture of macromolecule and system development; allowing
researchers to precisely define the pervasiveness of a discovery in the biological world and link
that discovery to related biomolecules/biosystems in order to gain further insight. The studies in
the preceding pages are examples of this kind of comprehensive analysis, illustrating the
predictive power of studies based on large-scale genome data in deciphering functional roles for

proteins and the evolutionary processes dictating functional divergence in related proteins.
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One key objective of comparative evolutionary genome analysis is the search for
conserved features, whether sequence, structure, or genome context in nature. Conservation of a
feature across a broad range of representatives indicates a feature is under selective retentive
pressure; as such, the feature is likely to contribute in some functional way to the biomolecule or
biosystem to which it belongs and also provides a clear signal indicating a common evolutionary
origin that can be used in elucidating higher-order relationships. Such conserved features were
invaluable in deciphering function and evolution time and time again in this research. Several
features contributed to a better understanding of function: the conserved flap and squiggle
structural motifs of the HAD superfamily with important structural roles in the catalytic
mechanism, the conservation of a 2-3 3-strand insert in members of the Fasciclin assemblage of
the (-grasp fold important in mediating functional contacts with interacting partners, and the
presence of a conserved gene neighborhood providing functional clues for the possible role of the
PSPTO_2114 subfamily of HAD domains, to name a few. Conserved features also provide insight
into evolution: the discovery of conserved gene neighborhoods in prokaryotes containing core
components of the eukaryotic ubiquitin modification system suggests a bacterial provenance for
the system, conserved sequence features in the portal proteins of DNA virus packaging systems
indicate a monophyletic origin for these proteins, and the distribution of genome conservation in
members of the transcobalamin-like family led to a novel proposal for the evolutionary mode of
inheritance of the vitamin B12 receptor in animals. Nor are functional and evolutionary
inferences mutually exclusive; the discovery of a positively-charged, absolutely conserved
binding cleft in the ASCH domains contributed to the establishment of an ancient evolutionary
link between the ASCH superfamily and the PUA fold and to its predicted functional role in

RNA-binding.
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Several theories of protein domain evolution have previously been described, which
posit that protein domains often undergo functional diversification through utilization of the
following strategies: accretion of insert modules into a conserved core scaffold, selective sequence
divergence of primary interacting surfaces, and incorporation of an entire domain into diverse
and novel architectures [620], [621]. The detailed research I have performed demonstrates that
these strategies have been consistently applied to several folds, strengthening these theories of
protein domain evolution. The particular evolutionary strategy or strategies of a given domain
appear to depend on the functional niche to which a domain is initially recruited; domains
associated with regulatory or signaling roles often diversify through multiple duplication events
coinciding with sequence divergence and incorporation into new multi-domain architectures.
This was observed in my research into the Ub superfamily, which has colonized a range of
functional niches in the cell primarily through such sequence diversification and incorporation
into novel domain architectures. Meanwhile, domains with more specific roles in the cell tend to
conserve sequence and structure features critical to that role through strong purifying selection
while undergoing significant divergence in other regions of the domain, driving the emergence of
novel substrate specificities [621]. The HAD superfamily is an excellent example of this; the core
Rossmannoid scaffold has incorporated a range of inserts providing novel surfaces that influence
substrate specificity while retaining sequence conservation of residues critical to catalysis. A
slight variation to this trend is observed in the SLBB superfamily and Fasciclin-like assemblage of
the B-grasp fold which instead of conserving specific catalytic residues critical to functionality,
acquired structural inserts early in their evolution which were retained through selection for
function. The sequences of these domains and their respective structural inserts subsequently

underwent lineage-specific diversification allowing for the exploration of interacting partner
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space; in the case of the SLBB domains this entailed an exploration of small-molecule binding
partners while the Fasciclin-like assemblage primarily explored novel protein-protein interaction
partners.

Of all domains investigated in this dissertation, the El-like superfamily of Rossmannoid
domains has followed a pathway of more distinctive nature which led to functional
diversification. Exploration of substrate space in this superfamily has been experimentally
determined in some cases to be a function of association with distinct domains in multi-domain
architectures [417] [425] rather than divergence in primary sequence of regions outside the central
catalytic residues of the adenylation active site. In fact, my research supports other recent
research [421] suggesting that sequence divergence of these fused domains may play an
important role in substrate recognition in several E1 domain-containing proteins. Further
research into protein fold evolution will help determine the extent to which El-like superfamily
represents a novel variation to the presently-accepted theories of protein domain evolution. It
should be noted that lineage-specific inserts and distinct sequence features have emerged on
occasion in the El1 superfamily; however, functional roles for these inserts are largely
uncharacterized, presenting possible targets for future study.

In this research I have also propsed a novel evolutionary scenario describing the
emergence of the primary vitamin Bi2 receptor in eukaryotes. This also led to the discovery of a
unique mode of structural adaptation in protein domain evolution wherein the ancestor of a
domain acquires distinct inserts into distinct locations of the core scaffold with each insert
facilitating the same functional adaptation. The recognition of this event enabled prediction of

functional roles in contexts that otherwise would not have been possible. The extent of the
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incidence of this type of functional diversification is not yet well-understood, but recognition in
additional cases will likely aid the future elucidation of functional roles in diverse settings.

Another evolutionary observation that can be drawn from this research is the repeated
recruitment of domains in the same superfamily or fold to similar functional niches in the cell.
Examples of this phenomenon from this research include the repeated emergence of RNA or
nucleotide-derived molecule-binding lineages in the (3-grasp fold, the independent recruitment of
[-grasp fold domains on at least two occasions as structural components of bacterial flagellum,
emergence of different sugar moiety phosphatase activity in distant branches of the HAD
superfamily, and perhaps most strikingly the multiple independent recruitments of different P-
loop NTPase superfamilies to viral DNA packaging apparatuses. Although important, this
observation is not altogether surprising; generic biochemical functions in ancient domains were
likely established in the RNA world as these domains collaborated with catalytic RNAs [622]. As
proteins diversified through employment of the evolutionary strategies discussed in the
preceding paragraph, they likely began displacing RNAs in enzymatic functions, while still
retaining a generic scaffold with inherent functional properties [621], properties that display an
affinity for the functional state of common ancestor of the fold or superfamily. This evolutionary
trend could be more comprehensively examined through an analysis of the folds populating
conserved, complex pathways with distinct evolutionary origins; determining the extent of fold
recruitment to similar roles across multiple pathways.

Data derived from genome sequencing projects will continue to pour in with the
development of cheaper genome sequencing technologies [623], leading to expanded
opportunities to understand protein domain function and evolution. The research contained in

this dissertation demonstrates that computational tools designed for the analysis of genome data
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and the formulation of sound molecular biological predictions based on solid statistical evidence
have, for the large part, already been developed. The major challenge facing both computational
and experimental researchers in the coming years is not necessarily in the development of new
tools, but in the incorporation of existing tools into experimental designs that will expand the
implications of their work beyond single model systems. This will significantly contribute to a
stronger dependence of modern biological research on its founding tenants—the principles of
evolution. In turn, this will lead to the ability to quickly and appropriately evaluate the
significance of research results; propelling biological scientific research forward at a much faster

pace.
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