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The rate of protein evolution is determined by a combination of
selective pressure on protein function and biophysical constraints
on protein folding and structure. Determining the relative con-
tributions of these properties is an unsolved problem in molecular
evolution with broad implications for protein engineering and
function prediction. As a case study, we examined the structural
divergence of the rapidly evolving o-succinylbenzoate synthase
(OSBS) family, which catalyzes a step in menaquinone synthesis
in diverse microorganisms and plants. On average, the OSBS fam-
ily is much more divergent than other protein families from the
same set of species, with the most divergent family members shar-
ing <15% sequence identity. Comparing 11 representative struc-
tures revealed that loss of quaternary structure and large deletions
or insertions are associated with the family’s rapid evolution. Nei-
ther of these properties has been investigated in previous studies
to identify factors that affect the rate of protein evolution. Intrigu-
ingly, one subfamily retained a multimeric quaternary structure
and has small insertions and deletions compared with related
enzymes that catalyze diverse reactions. Many proteins in this sub-
family catalyze both OSBS and N-succinylamino acid racemization
(NSAR). Retention of ancestral structural characteristics in the
NSAR/OSBS subfamily suggests that the rate of protein evolution
is not proportional to the capacity to evolve new protein func-
tions. Instead, structural features that are conserved among pro-
teins with diverse functions might contribute to the evolution of
new functions.

enolase superfamily | protein structure | protein structure-function
relationships

Investigating the causes and effects of protein sequence di-
vergence is the key to identifying properties that enable
proteins to evolve new functions. Previous studies found that
constraints imposed by biophysical properties such as protein
folding and stability, translational accuracy, and interactions with
other proteins make a large contribution to the rate of protein
evolution (1-11). However, the relative contributions of bio-
physical properties versus functional constraints is an open
question (2). Given that the rate of protein evolution varies over
several orders of magnitude, the evolutionary rate of each pro-
tein is probably determined by a unique blend of biophysical and
functional constraints (12-15). Thus, the evolutionary simu-
lations and statistical analyses of large protein datasets that
comprise the primary focus of this field need to be supplemented
with case studies.

Here, we present the extraordinarily diverse o-succinylbenzoate
synthase (OSBS) family as such a case study. The OSBS family
belongs to the enolase superfamily, a group of evolutionarily
related protein families that have a common fold but catalyze
diverse reactions (16). The rate of sequence divergence in the
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OSBS family is much faster than other families in the enolase su-
perfamily. For example, the average pairwise amino acid sequence
identity of OSBSs from 66 species is 26%, and the most divergent
family members share <15% identity. Enzymes from the same
set of species that belong to the enolase family, for which the
superfamily is named, average 56% amino acid sequence identity
(17). These numbers are inversely proportional to the evolu-
tionary rate because the proteins are from the same set of species
and thus have diverged for the same amount of time. However,
these numbers underestimate the difference in evolutionary rate
between these families, because sequence identity does not ac-
count for the occurrence of multiple mutations per site.

All enzymes in the enolase superfamily consist of a C-terminal
(B/a)g-barrel linked to a capping domain composed of the N
terminus and the last section of the C terminus (Fig. 14). The
conserved catalytic residues are in the barrel domain, and two
loops from the capping domain form the rest of the active site.
The only residues conserved in the whole OSBS family are short
motifs surrounding the catalytic residues (17). These motifs are
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Fig. 1. (A) Canonical structure of enolase superfamily proteins. The catalytic
barrel domain is gray, the N-terminal part of the capping domain is green,
the C-terminal part of the capping domain is magenta, and the linker be-
tween the domains is blue. Amycolatopsis NSAR/OSBS [Protein Data Bank
(PDB) ID code 1SJB] is shown. (B) The o-succinylbenzoate synthase (OSBS) and
N-succinylamino acid racemase (NSAR) reactions. Structural similarities of the
intermediates are red; blue atoms are lost or rearranged in the reactions. R,
hydrophobic amino acid side chain. (C) Distribution of crystal structures in
the OSBS family (53). Subfamilies (shown as wedges) were defined by
grouping sequences whose pairwise amino acid sequence identity is >40%.
Underlined PDB ID codes are structures that were determined in this study.
Table 1 lists the species that encode each protein. Quaternary structure is
indicated with a superscript letter (d, dimer; m, monomer; o, octamer).

also conserved in members of the enolase superfamily that cat-
alyze other reactions, so they are not sufficient to determine
specificity for OSBS activity.

We have ruled out several factors that could have contributed to
the high sequence divergence of the OSBS family. First, high se-
quence divergence is not a general property of the enolase super-
family, as mentioned above. Second, the family’s sequence diversity
is not due to convergent evolution, because it has a monophyletic
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origin (17). Third, the OSBS family did not evolve earlier than
related families, as demonstrated by comparing OSBS enzymes to
paralogs from the same species (17).

Finally, sequence divergence is not due to functional di-
vergence: most proteins in the family catalyze a conserved step in
menaquinone (Vitamin K) synthesis (Fig. 1B). The exceptions
are promiscuous enzymes that catalyze both the OSBS reaction
and a second reaction, N-succinylamino acid racemization
(NSAR), which is part of a pathway that converts pD-amino acids
to L-amino acids (18, 19). The NSAR/OSBS enzymes originated
in a single branch of the OSBS family, the NSAR/OSBS sub-
family, which also includes proteins that only have OSBS activity
(Fig. 1C) (17, 18). Proteins within the NSAR/OSBS subfamily
share >40% sequence identity, so the high sequence divergence
in the OSBS family was not required to evolve the new activity.

In this work, we compared structural and sequence divergence
in the OSBS family by determining the structures of a represen-
tative set of OSBS enzymes (Fig. 1C). The most significant dif-
ference among these enzymes is their quaternary structure. All
OSBS enzymes, except those in the NSAR/OSBS subfamily, are
monomers. Monomeric OSBS enzymes accumulated insertions,
deletions, and other mutations that caused them to diverge from
each other and the rest of the enolase superfamily. In contrast,
proteins in the NSAR/OSBS subfamily are multimeric, like
nearly all other members of the enolase superfamily. Because of
structural constraints imposed by their quaternary structure, the
sequences and structures of proteins in the NSAR/OSBS sub-
family are much more similar to other members of the enolase
superfamily than they are to other OSBS enzymes. Thus, struc-
tural divergence is associated with the high evolutionary rate of
the OSBS family, whereas functional divergence in the NSAR/
OSBS subfamily is associated with retention of ancestral struc-
tural characteristics.

Results

Comparison of Activities in the 0SBS Family. This study analyzes
a representative set of enzymes from the OSBS family whose
pairwise amino acid sequence identity is <20%. Previously, we
determined that these divergent enzymes belong to the OSBS
family based on phylogeny and/or the presence of their genes in
menaquinone synthesis gene clusters (17). We verified their ac-
tivities by enzymatic assays (Table 1 and Table S1). All family
members had similar catalytic efficiencies for the OSBS reaction
(kea/Knm = 10° to 10° M~1.s71),

NSAR activity was only detected in the NSAR/OSBS sub-
family. The two previously uncharacterized members of the
NSAR/OSBS subfamily also catalyze the NSAR reaction, like
other members of this subfamily (20). Enterococcus faecalis
NSAR/OSBS is encoded in a menaquinone synthesis operon,
indicating that OSBS is its biological function (17). A pathway
that requires NSAR activity has not been identified in this spe-
cies, so whether NSAR is also a biological activity is unknown.
Listeria innocua has the menaquinone synthesis pathway, in-
dicating that the species requires OSBS activity. However, the
NSAR/OSBS is not encoded in the menaquinone operon, raising
the possibility that both NSAR and OSBS are biological func-
tions, as observed in the NSAR/OSBS from Geobacillus kausto-
philus (17, 19).

Quaternary Structure of OSBS Enzymes. Crystal structures of OSBS
family members from 12 species have been determined, inclu-
ding 6 reported in this work (Table 1). All of them have the
canonical enolase superfamily fold, but their quaternary struc-
tures are not conserved, as determined from crystal packing
and size exclusion chromatography (Fig. S1). Like most other
members of the enolase superfamily, the five enzymes from
the NSAR/OSBS subfamily are multimers (21-40). The three
previously characterized NSAR/OSBS subfamily enzymes are
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Table 1. Enzymatic activity and quaternary structure of enzymes in the OSBS family

OSBS NSAR*
Species Subfamily Keat/Knpe M~ 157" Keat/Knpe M~ 157" ID code(s) Quaternary structure
Escherichia coli y-Proteobacteria 1 2.0 x 10°% n.a.t 1FHV (21) Monomer
Desulfotalea psychrophila Bacteroidetes 1.1 x 108 n.a. 2PGE Monomer
Thermosynechococcus elongatus Cyanobacteria 1 1.0 x 108 n.a. 3H7V, 20ZT Monomer
Bdellovibrio bacteriovorus Not assigned 3.1x10° n.a. 3CAW Monomer
Thermobifida fusca Actinobacteria 6.7 x 10°% n.a. 2QVH, 20PJ (52) Monomer
Staphylococcus aureus Not assigned 1.1 x 10° n.a. 3H70, 20KT, 20LA Monomer
Amycolatopsis sp. T-1-60 NSAR/OSBS 2.5 x 10°Y 2.0x10° 1SJB (22) Octamer
Deinococcus radiodurans NSAR/OSBS 3.1x10° 3.7 x 10° 1XS2 (24) Octamer
Thermus thermophilus NSAR/OSBS 6.5 x 10° 7.5 x 10* 27C8 (23) Octamer
Enterococcus faecalis NSAR/OSBS 1.6 x 10° 1.4 x10° 1WUE Dimer
Listeria innocua NSAR/OSBS 2.9 x 108 2.6x 103 1WUF Dimer'!

Table S1 lists all kinetic parameters.
*N-Succinyl-L-phenylglycine was the substrate.
TOSBS activity was measured in ref. 53.

*n.a., not active. NSAR activity was measured using 10 pM enzyme and 20 mM N-succinyl-L.-phenylglycine.

SOSBS activity was measured in ref. 52.
Y05BS and NSAR activity were measured in refs. 18 and 20.

llon size exclusion chromatography, it primarily elutes as a dimer, although it also has a significant monomer peak (Fig. 51).

octamers, and the NSAR/OSBS subfamily enzymes from E. faecalis
and L. innocua are dimers (22-24). In contrast, the OSBSs from
other subfamilies are all monomers.

Structural Comparison of OSBS Monomers. We compared OSBS
family structures to 51 other members of the enolase superfamily
using TM-align (Fig. 2) (41). The TM score was used because it
considers both RMSD between aligned residues and coverage (frac-
tion of residues in the proteins that were aligned) (42). The TM score
is 1 for identical structures, >0.5 for structures that have the same fold,
and <0.2 for unrelated structures. As expected from sequence di-
vergence between OSBS subfamilies, structural divergence between
OSBS subfamilies is much higher than the divergence within the
NSAR/OSBS subfamily (columns 1 and 2 versus column 3 in Fig. 24).

Given that a new function evolved in the NSAR/OSBS subfamily,
one might expect that structures from this subfamily would have di-
verged from the rest of the enolase superfamily as much or more than
other OSBS enzymes. The opposite is true: proteins in the NSAR/
OSBS subfamily are more similar to proteins from other families in
the enolase superfamily than to other members of the OSBS family
(columns 4-6 in Fig. 24). The other OSBS subfamilies have diverged
both from each other and from the rest of the enolase superfamily.

To determine which parts of the structure have diverged the
most, we analyzed the barrel and capping domains separately.
The structural divergence of the barrel domain is similar to the
full-length protein (Fig. 2B). However, the capping domain is
much more divergent, both within the OSBS family and among
other members of the enolase superfamily (Fig. 2C). Restricting
the analysis to structures bound to substrate or product ana-
logs produced the same result, indicating that divergence of the
capping domain is not an artifact from comparing apo- and li-
gand-bound structures.

Subdividing the capping domain into smaller regions showed
that the linker between the capping and barrel domains and the
C-terminal portion of the capping domain have extremely low
TM scores (~0.3 within the OSBS family compared with ~0.45
for the whole enolase superfamily; Table S2 and Fig. 14). The
conformation of the linker in the NSAR/OSBS subfamily is
similar to that of other enolase superfamily members (Fig. 3). In
other OSBS subfamilies, deletions in the linker resulted in loss of
a short helix and an extended conformation. The length of the
C-terminal section of the capping domain is especially variable,
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and extensions at the C terminus lie in a variety of directions
relative to the rest of the protein (Fig. S2).

Insertions and Deletions in the 0SBS Family. Insertions and dele-
tions (indels) are mainly responsible for structural divergence of
the capping domain in the OSBS family (Fig. 4). The average
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Fig. 2. Structural divergence of the OSBS family comparing (A) full-length
proteins, (B) barrel domains, or (C) capping domains. Each point represents
the TM score of a pair of proteins. The gray bars are the average TM score
of each set. The average percentage sequence identity (number of iden-
tical residues divided by the length of the structural alignment) are shown
in A to illustrate that the sequence divergence in the OSBS family is similar
to the divergence in the whole superfamily. Because calculated percentage
identity varies by several percent depending on how the sequences are
aligned, the difference between 16% and 23% might not be significant
(60). The proteins compared in each column are as follows: (1) OSBS family
structures, excluding the NSAR/OSBS subfamily; (2) NSAR/OSBS subfamily
structures compared with OSBSs from other subfamilies; (3) NSAR/OSBS
subfamily structures, excluding other OSBS subfamilies; (4) OSBS family
structures, excluding the NSAR/OSBS subfamily, compared with proteins
from other families in the enolase superfamily; (5) NSAR/OSBS subfamily
structures compared with proteins from other families in the enolase su-
perfamily; (6) structures from other families in the enolase superfamily,
excluding the OSBS family.
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Fig. 3. Structural divergence of the linker between the barrel and capping
domains. (A) OSBS proteins, excluding the NSAR/OSBS subfamily (blue; PDB
ID codes 1FHV, 20KT, 20ZT, 2PGE, 2QVH, and 3CAW). (B) The NSAR/OSBS
subfamily (pink; PDB ID codes 1SJB, TWUE, TWUF, 1XS2, and 2ZC8). (C) Other
members of the enolase superfamily (purple; PDB ID codes 1EBG, 1ECS,
1KKR, 2PMQ, 2QJN, 1TKK, 2MNR, and 3DGB). The entrance to the active site
is behind the structures and is marked with a yellow circle in B.

number and length of indels in the enolase superfamily are
7.5 and 4.0, respectively (Table S3). Similarly, the monomeric
OSBSs have 8.8 indels that are 4.8 residues long, on average.
Although the average number of indels in the NSAR/OSBS
subfamily is similar (8.6), the average length (1.4) is much
shorter. Within OSBS subfamilies, the positions of most indels
are conserved, although the length can vary.

Most indels in the capping domain are distant from the active
site. The second o-helix of the N-terminal capping domain is
missing or truncated in four OSBSs (Escherichia coli, Thermo-
synechococcus elongatus, Bdellovibrio bacteriovorus, and Ther-
mobifida fusca), but it is present in most other members of
the enolase superfamily (Figs. 3 and 4). Both the first and
second a-helices are deleted in 7. fusca OSBS. In Desulfotalea
psychrophila OSBS, another helix is inserted after the second
a-helix. This insertion is uncommon in the Bacteroidetes sub-
family, and enzymes without the insertion lack both the first
and second a-helices of the capping domain. Deletions also
occur in the linker between the capping and barrel domains in
many OSBSs, which is at the end of the third a-helix. Strikingly,
the positions of indels in the capping domain helices and linker
in monomeric OSBSs are at the interface between subunits in
NSAR/OSBS enzymes and other multimeric enolase superfamily
members (Fig. 5).

Discussion

Our study highlights two structural features that affected the rate
of protein evolution in the OSBS family: quaternary structure
and indels. Most studies to identify factors that affect the rate of
protein evolution have not considered these features because
they used large, multifamily datasets that lack experimental in-
formation about quaternary structure or accurate alignments to
determine positions of indels. As a result, case studies on model
systems like the OSBS family provide critical insights into factors
affecting the structural and functional evolution of proteins. The
large insertions and deletions in the capping domains of several
OSBSs could have accelerated the evolutionary rate of amino
acid substitutions to compensate for structural perturbations.
Indeed, the evolutionary rates of inserted residues and residues
flanking deletions are higher than expected based on their sol-
vent accessibility in several monomeric OSBS subfamilies (Fig.
S3A). This result agrees with previous studies that found higher
mutation rates near the sites of indels (43, 44).

Previous studies also did not consider the role of homomeric
quaternary structure in determining evolutionary rates. How-
ever, several studies have shown that protein—protein inter-
actions decrease evolutionary rates, partly by decreasing the
fraction of surface-exposed residues (5-9, 45). Likewise, inter-
actions with large capping domains in the haloalkanoate deha-
logenase superfamily constrain the structural divergence of their
Rossman-fold core domain (46). Our observation that the OSBS
family, which is primarily composed of monomers, evolved at
a faster rate than related, homomultimeric families is consis-
tent with these studies. These studies would also suggest that
buried residues at the interface between subunits in NSAR/
OSBS enzymes would have slower evolutionary rates than
homologous, solvent-exposed residues in monomeric OSBS
enzymes. Our results offer some support for this idea, but only
a small number of sites fit these criteria (Fig. S3B).

Other studies have calculated frequencies of deletions in
protein superfamilies and assessed their effect on functional di-
vergence. Reeves et al. (47) reported that the average indel
length of proteins with <20% identity is 6.6, which declines to
3.5 for proteins having 20-40% sequence identity. The OSBS
family is in the middle of this range, with an average indel length
of 4.3 among proteins that have ~20% sequence identity. Previous
studies also noted a steep decline in both structural and func-
tional similarity below ~30% sequence identity (47, 48). However,

N-terminal Cap Barrel C-terminal Cap
Nuriiar A\I,.e;a?e I T = I- I * * * * * | |
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B. bacteriovorus OSBS 12 46 [ I T | | I i | WA IE] T i | ]
T. fusca OSBS 9 76 [N | | | | I | I | ]
S. aureus OSBS 9 33 [ | I | | I | | |/ | 1 ]
Amycolatopsis NSAR/OSBS 9 1.3 | I I | 1 1 I 11 |
P. fluorescens MLE 3 13 | | I | |
B. subtilis DE 2 15 [ [ 1 ]
P. putida MR 6 32 [ [ | B | 1 | T i | ]

Fig. 4. Minimum number of insertions and deletions (indels) in OSBS enzymes. Seven OSBS family members (black) are compared with three other members
of the enolase superfamily (gray): muconate lactonizing enzyme (MLE) from Pseudomonas fluorescens (PDB ID code 3DGB), dipeptide epimerase (DE) from
Bacillus subtilis (PDB ID code 1TKK), and mandelate racemase (MR) from Pseudomonas putida (PDB ID code 2MNR). The first schematic shows the typical
secondary structure of enolase superfamily proteins, with green representing p-sheets, pink representing a-helices, and yellow, cyan, and gray representing
loops and linkers. Deletions are black, and insertions are red. White regions are gaps that align with insertions in other sequences. The length of each colored
segment is proportional to the number of amino acids. Asterisks indicate the positions of the conserved catalytic residues. The total number of indels listed

excludes length heterogeneity at the N and C termini.
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Fig. 5. Many deletions are located at lost subunit interfaces. (A) Residues
that are at subunit interfaces in the octameric Amycolatopsis NSAR/OSBS
(1SJB) are red. (B) Positions at which insertions or deletions occur in mono-
meric OSBS enzymes from other subfamilies are red. The active site is
marked with a yellow circle.

OSBS activity has been conserved despite divergence of the
tertiary and quaternary structure. Counterintuitively, functional
divergence occurred in the subfamily that retained the most
structural similarity to functionally diverse members of the
enolase superfamily.

Analyzing the structures of 11 OSBS enzymes revealed that
absence of quaternary structure is associated with the structural
and sequence diversification of the OSBS family. The fact that
nearly all other proteins in the enolase superfamily are multimers
suggests that the common ancestor of the OSBS family was also
a multimer. If so, loss of quaternary structure permitted the ex-
treme structural and sequence divergence seen in the OSBS family.
This scenario is supported by rooting the phylogenetic tree using
closely related families as the outgroup (17, 49). The root falls
between the NSAR/OSBS subfamily and the other OSBS sub-
families, suggesting that quaternary structure was lost once (Fig.
1C). The alternative scenario is that the root falls within the OSBS
family. If so, an ancestral, monomeric OSBS would have given rise
to homomultimeric descendants that subsequently experienced
functional divergence to give rise to proteins with OSBS, NSAR,
dipeptide epimerase, muconate cycloisomerase, and other activi-
ties. We cannot exclude this possibility because of challenges
associated with rooting the phylogeny of paralogous proteins.
However, it is less parsimonious than invoking loss of quaternary
structure as the driving force for divergence of the OSBS family.

Is loss of quaternary structure sufficient to explain the extreme
sequence divergence of monomeric OSBSs? The uncatalyzed rate
of the OSBS reaction is 1,000 times faster than the uncatalyzed
rate of mandelate racemization, a reaction catalyzed by a related
family (50, 51). Authors of these studies suggested that the rel-
atively high uncatalyzed rate of the OSBS reaction might be as-
sociated with greater tolerance of mutations and thus a higher
evolutionary rate (50). To date, our data do not support this idea,
although experiments have been limited to a small number of
active-site residues. Mutations of active-site residues have similar
effects in E. coli OSBS, T. fusca OSBS, and P. putida mandelate
racemase (MR), reducing k../Knm by ~10- to 500-fold (52-55).

Instead, our data suggest a model in which the active sites of
OSBS enzymes diverged to compensate for (or were permitted to
diverge by) mutations that affected the structure outside the active
site, such as deletions at former subunit interfaces. Given the large
structural changes associated with loss of quaternary structure and
indels, the divergence of OSBS enzymes is probably irreversible.
Indeed, mutagenesis to swap amino acids at homologous positions
in E. coli and T. fusca OSBS enzymes was deleterious (52). This is
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similar to the observed mutational epistasis in other proteins, such
as the glucocorticoid receptors, although structure, not specificity,
has diverged among monomeric OSBSs (56).

The only members of the OSBS family that have NSAR ac-
tivity are in the NSAR/OSBS subfamily, which includes both
promiscuous NSAR/OSBS enzymes and enzymes that catalyze
only the OSBS reaction. Remarkably, enzymes in the NSAR/
OSBS subfamily are more similar to members of the enolase
superfamily that have diverse functions than they are to proteins
in other OSBS subfamilies. This raises the possibility that re-
tention of ancestral sequence and structural features contributed
to the evolution of NSAR activity.

This idea contrasts with the concept of designability as pro-
posed by England and Shakhnovich (57). They define desig-
nability as the number of sequences that are capable of folding
into a specific topology below a certain energy threshold. Bloom
et al. (58) related designability to high rates of protein evolution,
which are enhanced due to structural features such as higher
densities of interresidue contacts. This concept might be useful
when considering designing protein structures, but it may not
be applicable to designing new protein functions. Instead, our
results show that family members that evolved a new function
retained more ancestral sequence and structural characteristics,
suggesting that the rate of protein evolution is not proportional
to the capacity to evolve new functions.

Materials and Methods

Biochemical Methods. Genes for OSBS family enzymes from Staphylococcus
aureus (menC), T. elongatus (TIr1174), D. psychrophila (DP0251), B. bacter-
iovorus (Bd0547), E. faecalis (EF0450), and L. innocua (lin2664) were cloned
into N- or C-terminal His-tag vectors for protein expression and purification.
Detailed methods for protein production, structure determination, size ex-
clusion chromatography, and catalytic activity assays are in SI Materials and
Methods (Table S4).

Mapping Insertions and Deletions. To accurately map insertions and deletions,
62 proteins from the enolase superfamily were aligned using University of
California San Francisco Chimera (59). The alignment was manually refined
based on visual inspection of the structural alignment. Positions of insertions
and deletions were determined by comparing each protein to the consensus
of the structural alignment. Ideally, the consensus would represent the an-
cestral structure of the enolase superfamily. However, the lengths of some
regions are heterogenous throughout the enolase superfamily, making it
difficult to determine the ancestral state. The C-terminal section of the
capping domain has additional indels, but they were not enumerated be-
cause this region is difficult to align (Fig. S2). To determine the number of
indels in each sequence, indels that were separated by more than five resi-
dues were considered a single indel, to account for inaccuracies in the
alignment. Also, indels longer than one residue could represent multiple
insertion and deletion events. Consequently, Fig. 4 and Table S3 report the
minimum number of indels.

Other Bioinformatics Methods. Detailed procedures for automated struc-
tural alignment and calculation of evolutionary rates are in S/ Materials
and Methods.
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