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Catalytic promiscuity, which is the ability to catalyze more than one reaction in the same active site, is
thought to facilitate the evolution of new protein functions. Although many enzymes are catalytically
promiscuous, there is little direct evidence to show how promiscuous activities evolved into biological
functions. We are seeking evidence for this model by studying the o-succinylbenzoate synthase (OSBS)
family. Most enzymes within this family only catalyze OSBS, which is a step in menaquinone synthesis.
However, several characterized enzymes in one branch of the family (called the NSAR/OSBS subfamily)
efficiently catalyze both OSBS and N-succinylamino acid racemization (NSAR). Based on genome context,
NSAR appears to be the only biological function of some characterized NSAR/OSBS enzymes, while both
activities are biologically relevant in others. The promiscuity model predicts that these enzymes evolved
from an ancestral OSBS which promiscuously catalyzed NSAR as a side reaction that was not biologically
relevant. If so, the model predicts that some extant OSBS enzymes would have low levels of promiscuous
NSAR activity. This manuscript describes such an enzyme from Exiguobacterium sp. AT1b (ExiOSBS). We
show that ExiOSBS efficiently catalyzes OSBS (kcat/KM = 2.6 � 106 M�1 s�1), but its efficiency for the NSAR
reaction is only 41 M�1 s�1. Moreover, genome context indicates that OSBS is the only biologically rele-
vant activity. ExiOSBS diverged from the NSAR/OSBS subfamily before NSAR emerged as a biologically rel-
evant activity. These results provide evidence that NSAR activity originated as a promiscuous activity in
an ancestor of the NSAR/OSBS subfamily.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction would be much more frequent than the rare mutations that confer
The manner in which enzymes evolve new functions is not well
understood. This poses a challenge when using protein sequence
and structure to predict function or when engineering proteins to
catalyze novel reactions. Gene duplication followed by divergence
is often proposed as a mechanism for generating new protein func-
tions [1]. A fundamental problem with this model is that evolu-
tionary intermediates are nonfunctional, so deleterious mutations
new activities [2].
An alternative model is that protein evolution occurs through

promiscuous intermediates (Fig. 1) [2–6]. Promiscuous enzymes
catalyze more than one reaction using the same active site. In this
model, the ancestral enzyme has a single biological function but
fortuitously catalyzes a promiscuous side reaction that does not
serve a biological function. Typically, promiscuous activities are
catalyzed at much lower efficiency than biologically relevant
activities [7–10]. If the environment of the organism changes so
that the promiscuous side reaction confers a selective advantage,
mutations that increase the efficiency of the promiscuous activity
would be selected, yielding a bifunctional enzyme that has two
biologically relevant activities. If gene duplication occurs, muta-
tions that enhance one activity while interfering with the other
can accumulate in each copy. Subfunctionalization in this manner
would yield paralogs that have different biological functions.
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Fig. 1. Evolution of new protein functions through promiscuous intermediates. Promiscuous, non-biological reactions (faded pink) of an enzyme (blue) can be enhanced by
natural selection if the promiscuous activity confers a selective advantage. This would result in a bifunctional enzyme (pink and blue striped). If gene duplication occurs, each
activity could be optimized separately (subfunctionalization), yielding paralogs that have the original function (blue) or the new function (pink). Alternatively, horizontal
transfer of the bifunctional gene into a species that does not require the original activity would yield a protein that has the new function (pink), which could promiscuously
catalyze the original function (faded blue), as observed in the NSAR/OSBS subfamily.
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Much of the evidence supporting this model is anecdotal. Many,
if not most proteins catalyze promiscuous side reactions [9,10]. In
addition, protein engineering typically works best if the template
protein promiscuously catalyzes the target reaction, and the prod-
ucts of protein engineering usually catalyze both the target reac-
tion and their ancestral reaction [11–14]. What has been lacking
is a clear demonstration of an evolutionary trajectory of a natural
protein from a promiscuous ancestor to an enzyme that has a novel
biological function.

To discover direct evidence for this model, we are studying the
o-succinylbenzoate synthase (OSBS) family. Most enzymes within
this family only catalyze OSB synthesis, which is required for men-
aquinone (Vitamin K) synthesis [15,16]. However, many enzymes
in one branch of the family (the NSAR/OSBS subfamily) catalyze
both OSB synthesis and N-succinylamino acid racemization (NSAR;
Fig. 2) [17–19]. In Geobacillus kaustophilus, NSAR activity is used to
perform the racemization step in a pathway that irreversibly con-
verts D-amino acids to L-amino acids [18]. Although OSBS and
NSAR are very different chemical reactions (dehydration and race-
mization, respectively), they proceed through a common enolate
anion intermediate. Similarities in their reaction mechanisms only
partially explain how NSAR activity evolved from an OSBS ances-
tor, because the catalytic residues required for both reactions are
Fig. 2. Reactions catalyzed by promiscuous NSAR/OSBS enzymes. Structural
similarities of the intermediates are red; blue atoms are lost or rearranged in the
reactions. R = hydrophobic amino acid side chain. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)
also conserved in non-promiscuous OSB synthases and other
related enzymes [15,20].

Five experimentally characterized proteins in the NSAR/OSBS
subfamily catalyze both OSBS and NSAR reactions efficiently (kcat/
KM � 103–105 M�1 s�1), as expected if both activities are biologi-
cally relevant [18,19,21]. A sixth enzyme, Bacillus subtilis OSBS,
lacks NSAR activity with N-acetylmethionine [17]. However, this
is a poor substrate for the other enzymes that have NSAR activity;
the catalytic efficiency using N-succinylphenylglycine is up to
1000-fold higher, so it is possible that B. subtilis OSBS could exhibit
some NSAR activity with this substrate.

Biological functions of proteins in the NSAR/OSBS subfamily can
be predicted from genome context. B. subtilis OSBS and many other
subfamily members from the phylum Firmicutes are encoded in
menaquinone synthesis operons, suggesting that OSBS is their only
biological function [15,17]. In contrast, the NSAR/OSBS from G. kau-
stophilus is bifunctional, because both activities are required [18]. It
catalyzes both reactions efficiently, and it has an operon encoding
menaquinone synthesis genes. However, the NSAR/OSBS is
encoded in a 3-gene operon encoding the D-amino acid conversion
pathway. Many other members of the NSAR/OSBS subfamily are
found in species that do not require OSBS activity to make mena-
quinone, suggesting that NSAR activity is their only biological func-
tion [15]. In addition, most of these species obtained the NSAR/
OSBS gene by lateral gene transfer (Fig. 1) [15]. Thus, the NSAR/
OSBS family provides examples that support two of the stages in
the promiscuity model in Fig. 1: the bifunctional intermediate
and a later stage in which only the newly evolved function is bio-
logically relevant. In the NSAR/OSBS subfamily, ancestral OSBS
activity is retained at this latter stage as a promiscuous activity.

To date, an example of the first stage – an OSBS with promiscu-
ous NSAR activity – has not been identified. Finding such a protein
would provide essential support for the promiscuity model, and it
would also provide a point of comparison for determining what
amino acid substitutions were required for evolving NSAR activity.
Here, we report the biochemical characterization of such an
enzyme, the OSBS from Exiguobacterium sp. AT1b (ExiOSBS). Our
results show that this enzyme, which is on one of the earliest
diverging branches of the NSAR/OSBS subfamily phylogeny, is an
efficient OSBS but has very little NSAR activity. This supports the



A.M. Brizendine et al. / Biochemical and Biophysical Research Communications 450 (2014) 679–684 681
idea that NSAR activity originated as a promiscuous activity in an
ancestral OSBS that predates the divergence of ExiOSBS from the
rest of the NSAR/OSBS subfamily.
2. Materials and methods

2.1. Cloning the Exiguobacterium sp. AT1b OSBS gene

The gene encoding ExiOSBS (gi 229918090) was obtained by
gene synthesis with codon optimization for expression in Esche-
richia coli (GenScript, USA Inc) and cloned into a pUC57 vector. It
was subsequently subcloned into a modified pET-21a expression
vector, variant pMCSG7, with an N-terminal His6-tag via ligation
independent cloning [22].

2.2. Protein expression and purification

The expression plasmid encoding ExiOSBS was transformed into
a menC� E. coli BW25113 strain (menC::kan, DE3) to ensure that the
purified protein would not be contaminated with the native E. coli
OSBS [23]. A single colony was used to inoculate 1.5 l of LB contain-
ing carbenicillin and kanamycin and incubated overnight at 37 �C.

After pelleting the culture, the cells were resuspended in a buf-
fer containing 10 mM Tris pH 8.0, 5 mM MgCl2, 500 mM NaCl,
5 mM imidazole, 0.02 mg/ml DNAse (Worthington), and 2 lM
phenylmethylsulfonyl fluoride (PMSF; Thermo Scientific). The cells
were lysed by sonication, and the cell debris was removed by cen-
trifugation and filtration using a 0.22 lm Steriflip filter (Millipore).
ExiOSBS was purified from the supernatant on a HisTrap FF column
(GE) by elution with a step gradient of 10% elution buffer com-
posed of 5 mM MgCl2, 500 mM imidazole, 500 mM NaCl, and
10 mM Tris pH 8.0 for 7 column volumes, followed by a linear gra-
dient of 10–100% elution buffer over 20 column volumes. Fractions
containing ExiOSBS were pooled, concentrated and exchanged into
storage buffer containing 10 mM Tris pH 8.0 and 5 mM MgCl2 (Sar-
torius Stedim Biotech). Glycerol was added to a final concentration
of 25%, and the purified protein was stored at�20 �C. The yield was
0.3 mg protein/g of wet cell pellet.

2.3. Kinetic assays

The substrates 2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-
carboxylate (SHCHC) and N-succinyl-L-phenylglycine were pre-
pared as described in Refs. [23,19]. OSBS activity was measured
at an enzyme concentration of 0.01 lM in 50 mM Tris pH 8.0 and
0.1 mM MnCl2 at 25 �C. Enzyme activity was determined by follow-
ing the disappearance of the substrate at 310 nm
(De = �2400 M�1 cm�1) in a SpectraMax Plus384 UV–VIS spectro-
photometer (Molecular Devices). NSAR activity was measured at
an enzyme concentration of 10 lM in 200 mM Tris pH 8.0 and
0.1 mM MnCl2 at 25 �C. Activity was determined by following the
change in optical rotation at 405 nm (specific rotation of
6.54 deg M�1 cm�1) using a P2000 Polarimeter (Jasco). Both assays
were performed in triplicate. Initial rates were determined by fit-
ting the linear portion of the curve in Excel (Microsoft), and the
resulting data was fit to the Michaelis–Menten equation using
Kaleidagraph (Synergy Software).

2.4. Homology model construction

MODELLER was used to build a homology model of ExiOSBS
using a sequence alignment of the Amycolatopsis sp. T-1-60
NSAR/OSBS (AmyNSAR/OSBS; PDB: 1SJB) and D. radiodurans R1
NSAR/OSBS (PDB: 1XPY) as the template [24–26]. These structures
were used because they were solved with OSB or N-acetylgluta-
mine bound, respectively. Using the resulting models, a flexible
active site loop around position 20 (the 20s loop) was remodeled
by generating 100 models using the DOPE loop modeling protocol
[27,28]. The highest scoring model with residues 18, 20, and 22
(the loop residues that make active site contacts in the template
structures) oriented towards the active site was used for docking.

2.5. Ligand docking

Docking was carried out with the Autodock Vina tool in UCSF
Chimera using the Opal web service with default options
[29–31]. Structures of OSB and N-succinyl-D-phenylglycine were
taken from the crystal structures of Amycolatopsis NSAR/OSBS
(1SJB and 1SJD, respectively). The structure of SHCHC was
downloaded from the PubChem Compound Database (http://
www.ncbi.nlm.nih.gov/pccompound). N-succinyl-D-phenylglycine
was converted to N-succinyl-L-phenylglycine using Avogadro
[32]. Docking was performed using a box with the dimensions
17 Å � 17 Å � 25 Å centered in the active site. The lowest energy
models with the ligand in a similar orientation to that observed
in 1SJB were analyzed.
3. Results

3.1. Biochemical activities of ExiOSBS

In this report, we present the experimental characterization of
the OSBS from Exiguobacterium sp. AT1b. ExiOSBS was chosen for
this study because it is on one of the earliest diverging branches
in the NSAR/OSBS subfamily phylogeny (Fig. 3A) [23]. ExiOSBS is
also encoded in the menaquinone synthesis operon in this species,
suggesting that OSBS is its only biological function (Fig. 3B) [33].

The codon-optimized OSBS gene from Exiguobacterium sp. AT1b
was cloned into an expression vector containing an N-terminal
His6-tag. The protein was purified to >95% homogeneity by
metal-affinity chromatography. Assaying ExiOSBS for OSBS activity
determined that the kcat/KM

OSBS was 2.6 � 106 M�1 s�1. This is com-
parable to the efficiencies of other characterized OSBS enzymes
(Table 1).

In contrast, NSAR activity was difficult to detect. The enzyme
concentration had to be increased to 10 lM (1000-fold higher than
in the OSBS assay) in order to measure activity using N-succinyl-L-
phenylglycine. The kcat/KM

NSAR was only 41 M�1 s�1. No activity was
observed with N-succinyl-D-phenylglycine or N-succinyl-L-valine.
This efficiency is two to four orders of magnitude lower than
kcat=kNSAR

M of several other NSAR/OSBS subfamily members. Unlike
other characterized NSAR/OSBS subfamily members, operon con-
text suggests that OSBS is ExiOSBS’s only biological function. Thus,
NSAR activity is a promiscuous, non-biological activity of ExiOSBS.
ExiOSBS is the first example of an OSBS with promiscuous NSAR
activity in the NSAR/OSBS subfamily, representing the first evolu-
tionary stage in the promiscuity model (Fig. 1).

3.2. Modeling substrate and product binding in ExiOSBS

To compare ligand binding in ExiOSBS with Amycolatopsis
NSAR/OSBS (AmyNSAR/OSBS) bound to OSB or N-succinyl-D-phen-
ylglycine, we constructed a homology model of the protein and
used computational ligand docking to determine how the sub-
strates and products could fit in the active site. Both OSB and
SHCHC could be docked into the model in almost the same orien-
tation as the OSB in the crystal structure of AmyNSAR/OSBS, pre-
serving most of the same active site contacts (PDB: 1SJB)
(Fig. 4A–C). Two exceptions are I18 and T132 (homologous to
F19 and S135 in AmyNSAR/OSBS). In AmyNSAR/OSBS, F19 is



Fig. 3. Phylogenetic relationships and genome context of ExiOSBS. (A) Phylogenetic
tree of the NSAR/OSBS subfamily (adapted from Ref. [23]). The location of ExiOSBS is
shown with a thick branch. Biochemical activities are indicated with a circled N for
NSAR and O for OSBS. Black circles indicate that the activity is predicted to be
biologically relevant, and gray circles indicate that the activity is predicted to be a
promiscuous, non-biological reaction, based on genome context. A line through the
N indicates that NSAR activity was not detected using N-succinyl-L-phenylglycine,
except for B. subtilis OSBS, which is marked with an asterisk and was assayed with
N-acetylmethionine [17]. Plus signs indicate horizontal gene transfer to species
outside the phylum Firmicutes [15]. Colors indicate predicted biological function
based on genome context (red = NSAR, purple = bifunctional for NSAR and OSBS,
blue = OSBS, black = not examined), as determined in Ref. [15]. Results reported in
this work suggest that NSAR activity evolved in one of the ancestral nodes marked
with black circles. Proteins are labeled with their gi number and an abbreviation
consisting of the first three letters of the genus and first two letters of the species, if
available. ‘‘env’’ = metagenomic sequence. (B) Genome context of the ExiOSBS gene
(menC). All of the genes shown encode proteins in the menaquinone synthesis
pathway.
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required for both OSBS and NSAR activities [34], but I18 in ExiOSBS
would not be able to contact the substrate. Some of this active site
volume in ExiOSBS is instead filled by Y284, which is equivalent to
I293 in AmyNSAR/OSBS. S135 in AmyNSAR/OSBS forms a hydrogen
bond with the carbonyl of OSB. In the model of ExiOSBS, T132 does
not make this interaction, but it should be possible because rotat-
ing the Ca-Cb bond would not introduce a clash.

L- and D-succinylphenylglycine docked in an orientation with
slight differences from the N-succinyl-D-phenylglycine in the
AmyNSAR/OSBS 1SJD crystal structure, although they still
seem positioned in a way that could be feasible for catalysis.
(Fig. 4D–F). The phenyl ring of N-succinyl-D-phenylglycine is
rotated �90 degrees relative to its position in AmyNSAR/OSBS,
while the ring of N-succinyl-L-phenylglycine is rotated smaller
amount. N-succinyl-L-phenylglycine is also shifted farther away
from R290, resulting in a weaker interaction with the carboxyl of
the succinyl group. These shifts appear to be required to avoid
clashing with Y284 or F50. In AmyNSAR/OSBS the residue homolo-
gous to F50 is a more flexible methionine, which could adopt differ-
ent conformations to better accommodate succinylphenylglycine,
as seen in the 1SJD crystal structure. It should be noted that this
crystal structure might not reflect the catalytically competent form
of the protein, because it is missing the catalytic magnesium ion.

These models do not demonstrate why ExiOSBS catalyzes NSAR
poorly. However, using an efficient NSAR as a template may have
resulted in a distorted model. Unfortunately, using an OSBS that
lacks NSAR activity is problematic, because lower sequence iden-
tity and insertions and deletions led to poorer quality homology
models [35]. The changes in active site packing discussed above
are unlikely to account for the lack of NSAR activity, because Liste-
ria innocua and Enterococcus faecalis NSAR/OSBSs also have aro-
matic side chains at positions homologous to Y284 and F50, even
though they are able to catalyze the NSAR reaction at much higher
rates than we observe in ExiOSBS [19].
4. Discussion

Characterization of ExiOSBS fills an important gap in under-
standing the evolution of a new protein function in the OSBS fam-
ily. We have now identified examples representing each stage of
evolution in the promiscuity model. It should be noted that these
extant proteins do not directly represent intermediates in a step-
wise evolutionary pathway; that is, ExiOSBS is not the ancestor
of NSAR/OSBS subfamily proteins that diverged later. Instead,
properties of these extant proteins can be used to infer the func-
tional characteristics of their ancestors. The results presented here,
along with our previous work, places the origin of promiscuous
NSAR activity near the base of the NSAR/OSBS subfamily tree
(Fig. 3A). Most proteins near the base of the tree are encoded in
menaquinone biosynthesis operons, and they are from species that
are in the phylum Firmicutes. In the absence of natural selection,
NSAR activity could have been sporadically gained or lost among
these proteins, as might be the case for B. subtilis OSBS
(16080130_bacsu). Later branching Firmicutes, like G. kaustophilus,
have bifunctional NSAR/OSBS enzymes, indicating that NSAR was
recruited to be a biological function after it first appeared as a pro-
miscuous activity. Recruitment into biological pathways could
have occurred more than once, since L. innocua NSAR/OSBS (repre-
sented by the closely related 46908692_lismo in Fig. 3A) efficiently
catalyzes both activities. However, L. innocua does not have an
operon for the D-amino acid conversion pathway like G. kaustophi-
lus, and the biological relevance of its NSAR activity is unknown.

Together, the data presented here and in previous work sup-
ports the hypothesis that NSAR activity evolved through promiscu-
ous intermediates. Knowing the biochemical activities of ExiOSBS



Table 1
Enzymatic activity of ExiOSBS and related enzymes from the NSAR/OSBS subfamily.

Species OSBS NSARa

kcat (s�1) KM (lM) kcat/KM (M�1 s�1) kcat (s�1) KM (lM) kcat/KM (M�1 s�1)

Staphylococcus aureusb 306 ± 23 287 ± 60 1.1 � 106 <0.00002 – –
Exiguobacterium sp. AT1b 51 ± 5 20 ± 7 2.6 � 106 0.07 ± 0.006 1700 ± 500 41
Listeria innocuab 170 ± 10 59 ± 20 2.9 � 106 1.6 ± 0.2 640 ± 20 2.6 � 103

Amycolatopsis sp. T-1–60c 46 ± 5 550 ± 120 8.4 � 104 42 ± 2 1000 ± 100 4.2 � 104

a N-succinyl-L-phenylglycine was the substrate.
b OSBS and NSAR activities were measured in reference [19].
c OSBS and NSAR activities are reported in McMillan et al. [34].

Fig. 4. Model of substrates and products docked into the ExiOSBS active site. Catalytic lysines are orange, and other active site residues are blue. Substrates of the assayed
reactions are light green and the products are dark green. The magnesium that stabilizes the transition state is shown as a yellow sphere. The atom from which the proton is
abstracted in both reactions is shown as a ball. Numbers indicate distances between atoms linked by dotted lines. (A) AmyNSAR/OSBS crystal structure with OSB (PDB: 1SJB)
[25]. (B) ExiOSBS model with SHCHC. (C) ExiOSBS model with OSB. (D) AmyNSAR/OSBS with N-succinyl-D-phenylglycine (D-SPG; PDB: 1SJD) [25]. (E) ExiOSBS model with N-
succinyl-L-phenylglycine (L-SPG). (F) ExiOSBS model with N-succinyl-D-phenylglycine.
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is essential for future work to determine what sequence changes
were required to improve the efficiency of NSAR activity in other
subfamily members. Understanding how a new function evolved
in the NSAR/OSBS subfamily will provide fundamental insights that
will enhance protein engineering efforts and improve our ability to
predict functional divergence between evolutionarily related
proteins.
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