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ABSTRACT: The o-succinylbenzoate synthase (OSBS) fam-
ily is part of the functionally diverse enolase superfamily. Many
proteins in one branch of the OSBS family catalyze both OSBS
and N-succinylamino acid racemization in the same active site.
In some promiscuous NSAR/OSBS enzymes, NSAR activity is
biologically significant in addition to or instead of OSBS
activity. Identifying important residues for each reaction could
provide insight into how proteins evolve new functions. We
have made a series of mutations in Amycolatopsis sp. T-1-60
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NSAR/OSBS in an active site loop, referred to as the 20s loop. This loop affects substrate specificity in many members of the
enolase superfamily but is poorly conserved within the OSBS family. Deletion of this loop decreased OSBS and NSAR catalytic
efficiency by 4500-fold and 25,000-fold, respectively, showing that it is essential. Most point mutations had small effects, changing
the efficiency of both NSAR and OSBS activities <10-fold compared to that of the wild type. An exception was F19A, which
reduced k,./Ky**™ 200-fold and k,,/Ky"**® 120-fold. Mutating the surface residue R20E, which can form a salt bridge to help
close the 20s loop over the active site, had a more modest effect, decreasing k.,,/Ky; of OSBS and NSAR reactions 32- and 8-fold,
respectively. Several mutations increased Ky, of the NSAR reaction more than that of the OSBS reaction. Thus, both activities
require the 20s loop, but differences in how mutations affect OSBS and NSAR activities suggest that some substitutions in this
loop made a small contribution to the evolution of NSAR activity, although additional mutations were probably required.

Many enzymes have flexible loops near the active site
which play important roles in their functions. Upon
binding a substrate, many active site loops become more
ordered or under%o conformational changes to form a cap over
the active site.' "' These changes can allow the loop to directly
interact with substrates'>™"> or isolate the active site to alter the
chemical environment by changing the dielectric constant,'¢™ '
This can lead to stronger binding between chargesm’lg’20 or
altered pK, values within the active site.”*" Because such loops
contain less regular structure than a-helices or f-strands,
mutations in conformationally dynamic active site loops are
expected to be less detrimental than in rigidly structured
regions, providing a route to evolve new functions both in
nature and by protein engineering.”>”>*

We are investigating the possible role of a flexible active site
loop in the evolution of new functions in the o-succinylben-
zoate synthase (OSBS) family. All experimentally characterized
members of this family are able to catalyze a dehydration
reaction that forms o-succinylbenzoate (OSB), a required step
in menaquinone biosynthesis (Figure 1A).>*"* In addition,
some members of one subfamily catalyze both OSBS and the
racemization of N-succinylamino acids usin§ the same catalytic
residues in the active site (Figure 1B).**>”*° In one species,
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Geobacillus kaustophilus, N-succinylamino acid racemase
(NSAR) activity is used in a pathway to convert D-amino
acids to r-amino acids.®” Its NSAR/OSBS is bifunctional,
because it also requires OSBS activity for menaquinone
synthesis. In many other species that encode NSAR/OSBS
subfamily enzymes, genome context indicates that NSAR (or
another) activity is the protein’s biological function, because
menaquinone biosynthesis genes are missing.>' In this article,
we analyzed the role of an active site loop in the NSAR/OSBS
from Amycolatopsis sp. T-1-60, which catalyzes OSBS and
racemization of N-succinyl-L-phenylglycine with similar effi-
ciencies.”® Although the genome of this species has not been
sequenced, NSAR is probably the biological function of this
enzyme, based on the genome context of a related species,
Amycolatopsis azurea. A. azurea, which is an Actinobacteria,
encodes the menaquinone synthesis pathway.*” This organism
not only encodes an OSBS from the Actinobacteria OSBS
subfamily, but it also encodes an NSAR/OSBS that shares 90%
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Figure 1. (A) 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. (B) Phylogenetic
tree of the OSBS family.>® Wedges represent clusters of sequences that
share at least 40% sequence identity. Species and PDB codes of crystal
structures discussed in the text are shown in the wedges. The NSAR/
OSBS subfamily is colored red. (C) Structure of Amycolatopsis NSAR/
OSBS (PDB: 1SJB Chain A) showing the location of the 20s loop
(magenta).*® The 50s loop is blue, the rest of the capping domain is
green, and the barrel domain is gray. OSB and a magnesium ion are
shown in the active site. Structural representations shown in all figures
were prepared using UCSF Chimera.®?

amino acid sequence identity with the Amycolatopsis sp. T-1-60
NSAR/OSBS.

The OSBS family is part of the enolase superfamily. Like
other members of the enolase superfamily, the active site is at
the interface between a capping domain and a (f/a),f-barrel
domain (Figure 1C). The barrel domain contains the catalytic
residues that are conserved in all enolase superfamily members.
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These consist of three acidic residues that bind a magnesium
ion needed to stabilize the enolate anion intermediate (D189,
E214, and D239 of Amycolatopsis NSAR/OSBS), a lysine which
serves as the catalytic base for the OSBS reaction and either a
base for D-to-L racemization or acid for L-to-D racemization
(K163 in Amycolatopsis NSAR/OSBS), and a second lysine
(K263 in Amycolatopsis NSAR/OSBS) that stabilizes the
transition state of the OSBS reaction or serves as the second
acid or base for racemization.’**

The capping domain includes two loops that close over the
active site, known as the 20s loop and 50s loop, because of the
approximate position of these loops in the protein sequences of
most enolase superfamily members. The 50s loop usually has a
well-defined structure rather than being flexible, and it forms
part of the interface in homoligomers of the NSAR/OSBS
subfamily and many other enolase superfamily mem-
bers, 2934736

In contrast, the 20s loop is often disordered in crystal
structures of enolase superfamily enzymes in the absence of
bound substrate or product analogues.””**~3” The position of
the 20s loop also differs among members of the OSBS family,
even when OSB is bound (Figure 2).****” Compared to the
20s loop of OSBS enzymes from other subfamilies, the 20s loop
of Amycolatopsis NSAR/OSBS extends further over the active
site, allowing more residues to interact with the substrate or
with the barrel domain. The two other OSBS enzymes whose
OSB-bound structures have been determined are from different
subfamilies that lack NSAR activity. In the Thermobifida fusca
OSBS from the Actinobacteria subfamily, the 20s loop contains
a small deletion, and in the Escherichia coli OSBS from the y-
Proteobacteria 1 subfamily, the 20s loop is somewhat twisted
compared to the NSAR/OSBS loop.”**” In both cases, the 20s
loop does not contact the barrel domain as it does in the
NSAR/OSBS subfamily. Instead, in both E. coli and T. fusca
OSB synthases, an arginine from the 20s loop reaches across
the active site to interact with the 50s loop, although the
position of this arginine is not conserved in the two
subfamilies.”*® These results suggest that the 20s loop could
help determine the difference in specificity between the
promiscuous NSAR/OSBS subfamily and other OSBS
subfamilies.

The 20s loop has long been proposed to play a role in
determining substrate specificity in the enolase superfamily,
with much of the evidence coming from studies of the
dipeptide epimerase (DE) family, another member of the
enolase superfamily.** The specificity of E. coli 1-Ala-D/1-Glu
epimerase could be changed by mutations in the 20s loop
combined with another mutation in the barrel domain."**" As
further evidence that this loop determines specificity, Lukk et
al."”® showed that hydrophobic contacts, hydrogen bonds, or salt
bridges between the 20s loop and the ligand determine
substrate specificity for different dipeptides. However, Bourque
and Bearne found that the 20s loop of mandelate racemase can
tolerate a wide variety of hydrophobic substitutions, suggesting
that these contacts are mostly nonspecific.'®> Likewise, point
mutations that disrupt the interaction between the ligand and
the 20s loop in E. coli and T. fusca OSB synthases had only a
small effect.”®*® These results indicate that the role of the 20s
loop varies in the enolase superfamily.

In this work, we examined the role of the 20s loop in
Amycolatopsis NSAR/OSBS by measuring the effects of a series
of mutations on OSBS and NSAR activities. We discovered that
Amycolatopsis NSAR/OSBS is much less tolerant of mutations

dx.doi.org/10.1021/bi500573v | Biochemistry 2014, 53, 4434—4444



Biochemistry

A Amycolatopsis B C _
NSAR/OSBS T. fusca OSBS E. coli OSBS
6%
=0 o
s
oy
| e
)
o €

Figure 2. Interaction of the 20s loop with other regions of Amycolatopsis NSAR/OSBS, E. coli OSBS, and T. fusca OSBS. The 20s loop is magenta,
the capping domain is green, the barrel domain is gray, and OSB is black. (A) Amycolatopsis NSAR/OSBS. R20 is blue, S22 is orange, D140 and
E165 are red, and A190 is yellow. (B) T. fusca OSBS. R17 is blue, and F39 is red. (C) E. coli OSBS. R20 is blue, and F51 is red.

in its 20s loop than homologous OSBS enzymes from E. coli
and T. fusca. The largest effect of a single mutation was the
F19A mutation, which decreased OSBS efficiency by
approximately 200-fold and NSAR efficiency by approximately
120-fold. This residue directly contacts OSB and N-
succinylphenylglycine, as well as several other residues in the
active site.>> Another mutation, R20E, reduced OSBS efficiency
32-fold and NSAR efficiency 8-fold, apparently by disrupting a
salt bridge between the 20s loop and the barrel domain, rather
than through direct interactions with the substrate. Most of the
mutations that have modest effects increase the Ky, but do not
directly contact the substrate, suggesting that the conformation
or flexibility of the 20s loop helps determine substrate binding
affinity. The Ky for the NSAR reaction (Ky**) was more
sensitive to several 20s loop mutations than Ky°*®S. This
suggests that amino acid substitutions in the 20s loop could
affect specificity differences between promiscuous NSAR/
OSBS enzymes and nonpromiscuous OSB synthases. Thus,
mutations in the 20s loop could have contributed to the
evolution of NSAR activity, although they were probably not
sufficient given the relatively small effects of mutations that
differentially impact NSAR and OSBS activities.

B MATERIALS AND METHODS

Mutagenesis. Site-directed mutagenesis was performed
using the QuikChange mutagenesis protocol and two-stage
polymerase chain reaction (PCR).*' Template DNA came from
the Amycolatopsis sp. T-1-60 NSAR/OSBS gene (GI 49259021)
cloned into a pET17b vector (a gift from J.A Gerlt, University
of Illinois, Urbana, IL). Mutations were confirmed by
sequencing in each direction (Eton Bioscience, Inc.). Primers
and PCR conditions are included in Supporting Information.

Protein Expression and Purification. Proteins were
expressed in E. coli strain BW25113 (menC::kan, DE3).*®
Expression in menC™ cells ensured that OSBS from the host cell
would not copurify with the protein expressed from the
plasmid. Cultures were grown for 48 h at 30 °C without
induction in Luria—Bertani broth supplemented with carbeni-
cillin and kanamycin, then harvested by centrifugation.
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The cell pellet was resuspended in 20 mM Tris (pH 8.0), S
mM MgCl,, 0.4 mM phenylmethylsulfonyl fluoride (PMSF),
and 10 pg/mL DNase I Resuspended cells were lysed by
sonication and centrifuged. The supernatant was filtered, then
applied to a 20 mL HiPrep 16/10 DEAE FF column (GE
Healthcare). The protein was eluted with a buffer containing 20
mM Tris (pH 8.0), S mM MgCl, and 500 mM NaCl using a
linear gradient from 30% elution buffer to 65% elution buffer
over 10 column volumes. Fractions containing Amycolatopsis
NSAR/OSBS variants were identified by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS—PAGE) and
combined with (NH,),SO, at a final concentration of 0.4 M.
This sample was then applied to three 5 mL HiTrap Phenyl FF
(low sub) columns (GE Healthcare) attached in tandem and
equilibrated in a buffer containing 20 mM Tris (pH 8.0), S mM
MgCl,, and 0.4 M (NH,),SO,. The protein was eluted with 20
mM Tris (pH 8.0) and S mM MgCl, using a linear gradient
from 0% elution buffer to 100% elution buffer over 15 column
volumes. Fractions containing the protein were identified by
SDS—PAGE, and OSBS activity was confirmed before pooling
the fractions. If no activity was detected, the same fractions that
had activity when purifying the wild-type protein were pooled.
Pooled fractions were exchanged into storage buffer (20 mM
Tris (pH 8.0) and S mM MgCl,) and concentrated using an
Amicon Ultra-15 centrifuge filter with a 30 kDa molecular
weight cutoff. After supplementing the storage buffer with a
final concentration of 25% glycerol, the proteins were stored at
4 °C for immediate use or at —80 °C for longer terms.

OSBS Activity Assay. 2-Succinyl-6-hydroxy-2,4-cyclohex-
adiene-1-carboxylate (SHCHC) was synthesized from choris-
mate and a-ketoglutarate using the enzymes from the
menaquinone synthesis pathway as described previously.*®
Wild-type and mutant enzymes were assayed using a
SpectraMax Plus384 plate reader (Molecular Devices) with
varying concentrations of SHCHC in 50 mM Tris (pH 8.0)
and 0.1 mM MnCl, at 25 °C. Reactions for the series of
substrate concentrations were monitored by the loss of
absorbance of SHCHC at 310 nm (Ae = —2400 M™*
em™1).2%% TInitial rates were determined by fitting the linear
portion of the curve in Excel (Microsoft) and fitting to the

dx.doi.org/10.1021/bi500573v | Biochemistry 2014, 53, 4434—4444



Biochemistry

Michaelis—Menten equation using Kaleidagraph (Synergy
Software).

Synthesis of N-Succinyl-L-phenylglycine. The synthesis
was modified from previously described methods.””** All
reactions were carried out under a nitrogen atmosphere in
flame-dried glassware. All solvents and commercial reagents
were used as received. The following is a general procedure
used for all succinyl acid substrates. A mixture of r-
phenylglycine (4.99 g 33.0 mmol, 1 equiv) and succinic
anhydride (3.99 g, 39.9 mmol, 1.2 equiv) in 25 mL of acetic
acid was heated at 60 °C under N, for 8 h (Scheme 1). After

Scheme 1
O
_ AOH [ ©H
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concentrating in vacuo to remove acetic acid, the crude product
was purified by flash chromatography (CH,Cl,/MeOH = 10:1)
with 60 A silica gel (230—400 mesh) as a stationary phase using
an isocratic solvent system to give the product as semisolid (4.2
g, 85%). 'H NMR (500 MHz, DMSO-d) 5 8.62 (d, ] = 7.6 Hz,
1H), 7.39—7.32 (m, SH), 5.33 (d, ] = 7.6 Hz, 1H), 2.50—2.39
(m, 4H). C NMR (125 MHz, DMSO-d,) § 0173.9, 1172.0,
2171.0, 137.3, 128.6 (2C), 1128.0, 127.7 (2C), 56.3, 29.7, 29.1.
HRMS (ESI”): calculated mass for C,,H;,NO; ([M — H]") is
250.0715. Actual mass found was 250.0706.

'"H and "*C NMR spectra (Figure S1, Supporting
Information) were recorded at S00 and 125 MHz, respectively.
'"H NMR chemical shifts are reported as & values in ppm
relative to DMSO-dg (2.50 ppm), coupling constants (J) are
reported in Hertz (Hz), and multiplicity follows convention.
DMSO-dg served as an internal standard (39.52 ppm) for *C
spectra. Mass spectra were obtained at the Laboratory for
Biological Mass Spectrometry (Texas A&M University). Thin
layer chromatography (TLC) was performed using glass-backed
silica gel 60F,s,.

Specific rotation of N-succinyl-L-phenylglycine at 405 nm
was found to be 6.54 deg M™! cm™!, as determined by fitting
three independent serial dilutions to a straight line.

NSAR Activity Assay. NSAR activity was ass
previously described but with slight modifications.””
change in optical rotation of N-succinyl-L-phenylglycine was
monitored at 405 nm in 200 mM Tris (pH 8.0) and 0.1 mM
MnCl, at 25 °C using a P-2000 polarimeter (Jasco).
Measurements were taken using a 10 s integration time,
reading every 30 s using a cell with a 5 cm path length.
Calculation of initial rates and kinetic parameters was done in
the same way as that for the OSBS assay.

NSAR/OSBS Protein Sequence Analysis. NSAR/OSBS
subfamily members were identified by using BLAST to search
the NCBI Nonredundant protein sequence database for
matches to the Bacillus subtilis strain 168 OSBS (GI
16080130). Using B. subtilis OSBS (a nonpromiscuous member
of the NSAR/OSBS subfamily), rather than Amycolatopsis
NSAR/OSBS, provided better coverage of the NSAR/OSBS
subfamily because of it being closer to root sequences that
would be otherwise missed. The 1000 best matches were
downloaded and separated into clusters sharing at least 40%
amino acid sequence identity using CD-HIT. 243 Only
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sequences that were clustered with previously identified
NSAR/OSBS proteins were retained.”’ These clusters were
aligned separately and combined into a single alignment using
MUSCLE’s profile option.** The alignment was manually
refined by comparing it to a structural alignment that included
six members of the NSAR/OSBS subfamily (PDB entries 1S]B,
27C8, 1XPY, 1IWUE, IWUF, and 3QLD).***546 This set of
872 sequences was filtered to sequences sharing less than 90%
sequence identity for further analysis. A cluster containing
sequences from the Streptosporangineae suborder was also
excluded from analysis in this article due to a large insertion in
the 20s loop, producing a final set of 371 sequences. Sequence
logos were produced using the WebLogo 3 server.*”*®
Sequence logos for the muconate lactonizing enzyme family
and E. coli dipeptide epimerase subfamily were based on the
sequence alignment from ref 49.

B RESULTS

Effect of Mutations on OSBS and NSAR Activity. To
establish the importance of the 20s loop for the two reactions
of Amycolatopsis NSAR/OSBS, we deleted the entire loop.
Deleting residues 18 to 26 decreased the efficiency of OSBS
and NSAR activities by 4500-fold and 25,000-fold, respectively.
The efficiency of the 20s loop-deletion mutant is still well above
the rate of noncatalyzed reactions (k,,,), with catalytic
proficiencies (k.,/Ky/knon) of 1.1 X 10" M™' for OSBS and
5.7 x 10 M~ for NSAR>**! (Catalytic proficiency for the
NSAR reaction was estimated using k., for the mandelate
racemase reaction, which is catalyzed by another member of the
enolase superfamily and uses a similar reaction mechanism.)
Retention of some activity was expected because deleting the
20s loop does not disrupt the catalytic residues. However,
retention of <0.1% of wild-type OSBS activity is not sufficient
in vivo because expressing the 20s loop-deletion mutant in
menC™ E. coli results in very slow growth rates compared to that
of the wild type under anaerobic conditions, in which OSBS
activity is required for menaquinone synthesis (data not
shown). The decrease in OSBS efficiency due to deleting the
20s loop is 25 times greater than the decrease caused by
equivalent deletions in E. coli and T. fusca OSBSs.’***
Amycolatopsis NSAR/OSBS is more sensitive to mutations in
the 20s loop than these representatives from other OSBS
subfamilies, suggesting that different subfamilies use this loop in
different ways to carry out the same reaction.

To determine which residues in Amycolatopsis NSAR/OSBS
are responsible for this loss of activity, amino acids in the 20s
loop were mutated individually and in combination. The effects
of these mutations are shown in Tables 1 and 2 and Figure 3.

The first set of mutations were F19A, T21A, and F23A
(Figure 4A). The side chains of these residues face the active
site and could make contact with the substrate, influencing
substrate binding or catalysis directly. F19 and T21 are also
near the side chain of K163, which could help position K163
correctly to abstract a proton in the OSBS reaction or serve as
the proton donor or acceptor for the racemase reaction. In
Amycolatopsis NSAR/OSBS, F19A had the largest effect of any
of the single point mutations, decreasing the catalytic
efficiencies of OSBS activity by approximately 200-fold and
NSAR activity by approximately 120-fold. This could be
because it packs against S135 and F323, two other residues that
also contact the substrate of both reactions (Figure 4B).

The T21A mutation had similar effects on OSBS and NSAR
activities, decreasing catalytic efficiency approximately 4-fold.
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Table 1. OSBS Activity Kinetic Parameters

relative

mutation ke (s71) K, (uM) ko/Ky M7 s71) keat/ Ko
WT 46+ S 550 + 120 (8.3 +£2.0) x 10*  1.00
A20s nd“® nd® 18 +2 0.000 22
F19A n.d.? n.d.? (4.1 £02) X 10> 0.0049
T21A 72409 290+ 100 (24 +09) x 10 029
F23A% 19 +2 600 + 100 (3.4 +09) x 10* 040
F19A/T21A nd.? n.d.? (9.0 £ 0.1) x 10*  0.011
F19A/F23A nd.® nd® 39+4 0.000 47
S22R 33+2 130 + 20 (2.6 £0.5) x 10°  3.09
R20E nd.?® nd.® (2.6 £ 02) x 10*  0.031
D140R 14+ 03 450 + 30 (3.0 £ 02) x 10*  0.36
E165R” 38+ 8 220 + 30 (17 £ 04) X 10° 202
R20E/D140R  n.d.” nd? (43 +£0.1) x 10* 052
R20E/E165R  n.d“ nd? (47 + 0.1) x 10*  0.56
DI140R/ 63+2 390 + 30 (1.6 £ 0.1) x 10° 195

E165R
R20E/ 1S+ 5 580 + SO (20 £02) x 10° 236

DI140R/

E165R
G24A 21409 290 + 40 (71 £ 1) x 10° 0.86
P18A 52+ 12 450 + 30 (12 £01) x 10° 138

“Not determined because substrate saturation could not be achieved.
YBecause of low expression, the protein copurified with another band
and was only ~50% pure according to SDS—PAGE. As a result, k.,
could be somewhat higher than that reported.

Like F19, T21 contacts K163, and it also contacts F19, F23, and
N191 (Figure 4C). Thus, it could have a small effect on the
position of the catalytic base and other active site residues. The
F23A mutation reduced OSBS efliciency 2.5-fold. However, it
significantly increased both k., "**® and K%, with little
effect on k,./ Ky AR, The simplest explanation for the effect of
F23A is that product release becomes less rate-limiting in the
NSAR reaction. Although the rate-limiting step of the NSAR
reaction has not been definitively determined, the rate of
deuterium exchange of the a-proton that is abstracted to
initiate the reaction is faster than k., suggesting that a step

A 10 Relative k_,./K,,

e
-

o
o
-

Relative k_,,/K,,

0.001
F19A F23A  S22R

R20E D140R/ R20E/ R20E/ R20E/
E165R D140R E165R D140R/
E165R

B .
10 Relative K,

Relative K,

0.1

FI9A F23A S22R  R20E D140R/ R20E/ R20E/ R20E/

E165R D140R E165R D140R/
E165R

Figure 3. Comparison of kinetic parameters of selected mutants
relative to those of the wild type. In both panels, the OSBS reaction
parameter is plotted as open bars, and the NSAR reaction parameter is
plotted as solid bars. (A) Relative k./Ky. (B) Relative K. Stars
indicate mutations which have unknown Ky°%" values due to not
achieving substrate saturation (minimum value is >1.5 times wild-type
K °%B5). Plus sign indicates a mutation which has an unknown Ky"*4®
value due to not achieving substrate saturation (minimum value is >10
times wild-type Ky >AF).

Table 2. NSAR Activity Kinetic Parameters”

mutation ke (s71) K, (uM) e/ Ky (M7 s71) relative k.,/K,,
WT 422 1000 + 100 (4.3 £ 0.6) x 10* 1
A20s nd? nd? 1.7 + 02 0.000040
F19A 32 402 9100 + 1500 (3.5 £ 0.7) x 10 0.0083
T21A 18+1 1500 + 200 (12 + 0.2) x 10* 028
F23A° 210 + 9 3500 + 600 (59 £ 0.1) x 10* 1.39
F19A/T21A° nd? nd? (2.5 +0.1) x 10 0.0059
F19A/F23A 1.8 + 0.1 7800 + 800 (2.3 £ 0.3) x 10 0.0054
S22R 35+ 1 3200 + 300 (1.1 £ 0.1) x 10* 0.26
R20E 45+ 1 8100 =+ 1400 (5.5 £ 1.0) x 10° 0.13
D140R 60 + 5 4900 + 1000 (12 £ 03) x 10* 0.29
E165R® 186 + 14 4000 + 900 (47 £ 1.0) x 10* 111
R20E/D140R 109 + 6 6200 + 900 (1.8 + 0.3) x 10* 0.41
R20E/E165R 18 + 0.6 3200 + 300 (5.6 £ 0.6) x 10° 0.13
DI140R/E165R nd? nd? (1.1 + 0.2) x 10* 0.25
R20E/D140R/E165R 240 + 20 4400 + 900 (54 + 2.0) x 10* 127
G24A 11 + 038 1000 + 300 (1.1 + 0.8) x 10* 0.26
PISA 73+ 15 3095 + 1600 (24 + 1.3) x 10* 0.56

“N-Succinyl-L-phenylglycine was used as the substrate. “Not determined because substrate saturation could not be achieved. “Because of low
expression, the protein copurified with another band and was only ~50% pure according to SDS—PAGE. As a result, k_, could be somewhat higher

than that reported.
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Figure 4. Active site residues in the 20s loop of Amycolatopsis NSAR/
OSBS.** (A) Ribbon representation of 20s loop residues (green). F19,
T21, and F23 side chains of Amycolatopsis NSAR/OSBS (green) in
relation to OSB (cyan) (PDB code 1SJB). (B) Space filling model of
F19 (green) with residues that are within 5 A of both F19 and OSB
(gray). OSB is colored as described in panel A. (C) Similar to panel B,
but showing residues near T21. (D) Similar to panel B, but showing
residues near F23.

after proton abstraction, such as product release, is at least
partially rate-limiting.’® F23 is near the tip of the 20s loop,
where it interacts with the substrate, N191, and YSS (Figure
4D). Eliminating these interactions could hinder the 20s loop
from closing, which could reduce substrate and product affinity
and increase the rate of product release. The double mutants
F19A/T21A and F19A/F23A had effects on NSAR activity
similar to that of the F19A mutation alone. In contrast, F19A/
F23A was about 10-fold less efficient at carrying out the OSBS
reaction than FI9A alone. F19A/T21A showed a small
restoration of OSBS activity compared to that of the F19A
single mutant, but it is not clear whether this 2-fold increase in
efficiency is significant.

In addition to the active site side chain interactions discussed
above, two surface-exposed residues in the Amycolatopsis
NSAR/OSBS 20s loop contact the barrel domain. It is plausible
that these surface residues could play an important role in
OSBS or NSAR activity by closing the 20s loop. The first of
these, R20, is equidistant from E16S and D140 (Figures 2A and
SA). Another NSAR/OSBS from Deinococcus radiodurans also

4439

G24

P18

Figure 5. 20s loop residues that do not contact the bound substrate or
product. (A) R20 of Amycolatopsis NSAR/OSBS forms salt bridges
with D140 and E165, and S22 forms a hydrogen bond to the backbone
of A190. OSB is shown in light blue. (B) Homologous residues from
D. radiodurans NSAR/OSBS (PDB: 1XPY chain C) make interactions
similar to those shown in A.** (C) Backbone atoms of Amycolatopsis
NSAR/OSBS residues 14 through 28. 20s loop residues 18 to 26 are
colored purple except for P18 and G24, which are colored cyan.

has a similar interaction with the homologous positions E27
and K172, but it has an alanine at position 147 (Figure SB).
This potential interaction was disrupted by R20E, D140R, and
E165R mutations. R20E reduced k_,./Ky°S®® 30-fold and k_,/
K" 8-fold. Mutating D140 or E165 individually had a
smaller effect. This cannot be easily explained by the fact that
one partner of the salt bridge to R20 remains since the activity
of the double mutant D140R/E165R was not additive
(D140R/E16SR has OSBS activity similar to that of E165R
and NSAR activity similar to that of D140R). Restoring the salt
bridge with the double mutation R20E/D140R partially
restored OSBS and NSAR efficiencies, but the Ky was still
significantly higher than that of the wild type. R20E/E165R
also partially restored OSBS activity, but it did not restore
NSAR activity. However, the triple mutant R20E/D140R/
E165R restored the efficiency of both reactions back to wild-
type levels. This suggests that the salt bridge interactions
between the 20s loop and the barrel domain contribute to
catalytic efficiency. However, the positions of positive and
negative charges also appear to be important, especially for
NSAR activity, because Ky"*** of R20E/D140R/E165R was
still quite a bit higher than that of the wild type and because the
effects of some mutations were not as expected (E165R had
little effect on efficiency, and D140R/E165R was not additive
and had different effects on OSBS and NSAR activity).
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§22 also contacts the barrel domain via a hydrogen bond
with the backbone carbonyl of A190 (Figure SA). Serine is
highly conserved at that position in the NSAR/OSBS
subfamily, but it is often arginine or other amino acids in the
rest of the OSBS family. In D. radiodurans NSAR/OSBS, this
serine only makes a hydrogen bond in one of the monomers of
the crystal structure and is positioned slightly differently in the
other monomer. We made the S22R mutation because alanine
is already present at this position in some NSAR/OSBS
enzymes, and arginine occurs at this position in many other
OSBS subfamilies. This mutation had little effect on the k_, of
either reaction, but Ky,°S® decreased while Ky increased,
resulting in opposite effects on catalytic efficiency of the these
two reactions.

The last two positions we examined were P18 and G24,
which are conserved in most of the NSAR/OSBS subfamily and
could be important for positioning or ordering the 20s loop.
P18 is located near where the peptide backbone bends almost
90 deg to begin forming the 20s loop, and the rigid nature of
the proline side chain could help determine this change of
direction (Figure SC). However, P18A had little effect on
OSBS or NSAR efficiency. G24 is located where the 20s loop
forms a turn, and the torsion angle needed for this turn requires
a glycine in this position. However, G24A had near wild-type
OSBS activity, and the NSAR activity decreased 4-fold due to a
lower kg, MR, Thus, P18 and G24 make a very small
contribution to positioning the 20s loop for catalysis, and
that small effect appears to only be important for NSAR
activity.

Conservation of the 20s Loop in the NSAR/OSBS
Subfamily. Previous sequence analysis showed that the 20s
loop is highly divergent within the OSBS family, contrary to
expectations if the 20s loop determines substrate specificity
(Figure 6A).>"*® However, within different subfamilies there is
more conservation, either because different residues in the 20s
loop make important interactions in each subfamily or because
the sequences share a more recent common ancestor (Figure
6B—D).>*® We previously showed that the most important
residues in the 20s loops of E. coli and T. fusca OSB synthases
are arginine residues that interact with the ad]acent 50s loop to
partially close the active site (Figure 2).”® Not only is the
sequence of the 20s loop in the NSAR/OSBS subfamily quite
different, but the loop plays a different structural role,
completely closing the active site when a ligand is bound.*

The 20s loop extends from position 18—26. In this study,
positions 25 and 26 were not mutated because they are more
variable and also more distant from bound OSB in the structure
of Amycolatopsis NSAR/ OSBS.>* A mutation at F19, which is
conserved in most of the NSAR/OSBS subfamily, had the
largest effect among the single mutations, whereas mutating
F23, which is variable, had little impact on catalytic efficiency.
The third position (R20 in Amycolatopsis NSAR/OSBS) is
often a charged residue. Amycolatopsis NSAR/OSBS and D.
radiodurans NSAR/OSBS have oppositely charged amino acids
at this position, both of which form a salt bridge with a
homologous residue in the barrel domain (E16S of
Amycolatopsis NSAR/OSBS or K172 of D. radiodurans
NSAR/OSBS). In fact, 41% of the NSAR/OSBS subfamily
could form at least one salt bridge between this position in the
20s loop and either position in the barrel domain. It will be
interesting to subdivide the NSAR/OSBS subfamily according
to their biological function (OSBS, NSAR, or bifunctional) to
determine if some of the sequence variation reflects special-
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Figure 6. Sequence logos showing conservation of the 20s loop and
potential salt bridge partners. Letter size is proportional to the
frequency at which an amino acid is found in the sequence alignment.
Sequence numbering is relative to the Amycolatopsis NSAR/OSBS
protein. (A) All OSBS family members. (B) NSAR/OSBS subfamily.
(C) y-Proteobacteria 1 subfamily, which includes the E. coli OSBS. (D)
Actinobacteria subfamily, which includes T. fusca OSBS. (E)
Muconate lactonizing enzyme family, a related family in the enolase
superfamily. (F) E. coli subfamily of dipeptide epimerase enzymes,
which is a large family with diversity similar to that of the OSBS family.
Includes the E. coli L-Ala-D/1-Glu epimerase that was mutated to
confer OSBS activity."** Background colors indicate the structural
position of the residues in the Amycolatopsis NSAR/OSBS crystal
structure. Turquoise background indicates residues that point into the
active site. Yellow indicates residues that form a salt bridge. Orange
indicates residues that form a hydrogen bond with a backbone
carbonyl.
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ization for NSAR or OSBS activity, or even perhaps specificity
for different succinylamino acids.

B DISCUSSION

Role of the 20s Loop Is Not Conserved in the Enolase
Superfamily. Because the 20s loop is a conserved structural
element in the active sites of enolase superfamily enzymes, it
has been thought that sequence divergence in the 20s loo
contributes to divergence of specificity in the superfamily.””
Our work here and elsewhere paints a more complex picture, in
which the 20s loop plays different roles in the context of
different proteins. In the Amycolatopsis NSAR/OSBS, the 20s
loop is essential for achieving biologically relevant activity levels
of both NSAR and OSBS activities. A single conserved residue
(F19) is largely responsible for this effect. A conserved
phenylalanine is found at the same position in the dipeptide
epimerase family, and a histidine that forms a hydrogen bond to
the ligand is generally conserved at this position in the
muconate lactonizing enzyme family (Figure 6E and F).>%*5>
Discovering that the critical phenylalanine is conserved in
related families suggests that the 20s loop serves a structural
role in Ampycolatopsis NSAR/OSBS and is not the primary
determinant of specificity.

However, the hydrophobic packing contributed by F19, the
methyl group of T21, and F23 of the Amycolatopsis NSAR/
OSBS 20s loop distinguishes it from the 20s loops of many
enolase superfamily members. In muconate lactonizing enzyme,
a histidine in the 20s loop makes a hydrogen bond with the
ligand, implicating a role in determining substrate specificity.>>
In several members of the dipeptide epimerase family,
specificity for different dipeptides is determined bZ hydrogen
bonds between 20s loop residues and the ligand.'>>* Likewise,
most of the acid-sugar dehydratases have salt bridges or
hydrogen bonds between the 20s loop and the carboxylate of a
diacid sugar, but the positions of these charged and polar
residues are not identical.**>*~%%

In fact, increasing the hydrophobic packing of the 20s loop in
E. coli 1-Ala-D/L-Glu epimerase, in combination with a
mutation in the barrel domain, changes its specificity from
dipeptide epimerization to OSB synthesis.'***** The mutation
in the barrel domain (D297G) removes a steric conflict with
the succinyl group of SHCHC, raising k./Ky°*® from
undetectable to 12.5 M™' s™". Two additional mutations in
the 20s loop (I119F and R24W, which correspond to positions
T21 and Q26 in Amycolatopsis NSAR/OSBS) increase the
mutant’s k_,/Ky°%5 100-fold further to 2.1 x 10° M~! s7,
which is only 40-fold lower than that of the Amycolatopsis
NSAR/OSBS. These mutations essentially abolish r-Ala-D/1-
Glu epimerase activity. In Amycolatopsis NSAR/OSBS, the
methyl group of T21, not its hydroxyl, is nearest the ligand, and
Q26 is >6 A from the ligand. Because the parts of SHCHC and
N-succinyl-L-phenylglycine that are accessible to the 20s loop
are hydrophobic, interaction with F19 and the lack of nearby
polar or charged atoms in the Amycolatopsis NSAR/OSBS
could help distinguish between its substrates and other enolase
superfamily substrates like polar/charged dipeptides or diacid
sugars.

The 20s loop mutations in E. coli L-Ala-D/1-Glu epimerase
increased its OSBS activity mainly by decreasing Ky %"
Conversely, mutating F19 and several other positions in
Amycolatopsis NSAR/OSBS increased the Ky, especially for
NSAR activity. Although N-succinylphenylglycine is probably
not the natural substrate for NSAR enzymes, it was used
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because catalytic efficiency with succinylphenylalanine and
derivatives of other natural amino acids are at least an order of
magnitude lower, which made it difficult to measure activity
using a low sensitivity method like polarimetry (Table S2,
Supporting Information). If the mutations examined here have
similar effects on the Ky for natural substrates, they could have
a significant impact on flux through metabolic pathways that
use NSAR activity in vivo because typical amino acid
concentrations in cells are ~0.5—3 mM, which are well below
the ~5—9 mM Ky’s of some variants.”°

The crystal structure suggests that salt bridges between R20
in the 20s loop and D140 and E165 in the barrel domain could
stabilize the 20s loop in the closed position, helping to lower
the K. Indeed, most salt bridge mutations increased the Ky,
and the loss of catalytic efficiency due to R20E was restored by
the triple mutant R20E/D140R/E165R. However, it is unclear
whether restoration of wild-type OSBS efficiency by the triple
mutant R20E/D140R/E165R was due to restoration of the salt
bridges or whether the effects of R20E and DI140R were
masked by E165R, which conferred nearly wild-type efficiency
by itself. In contrast, NSAR activity appears to be more
sensitive to mutations in the salt bridge than OSBS activity.
DI140R, E165R, and D140R/E165R increased K2R but not
Ky©%BS. In addition, k/Ky"**® of the triple mutant R20E/
D140R/E165R was similar to that of the wild-type enzyme, but
Ky was still elevated. These results suggest that these
charged surface residues may have had a role in the evolution of
NSAR activity. If so, we would expect to see a frequent
occurrence of charged amino acids at positions equivalent to
R20, D140, and E165 in other subfamily members whose
biological function is NSAR. Indeed, 41% of the NSAR/OSBS
subfamily proteins have the potential to form salt bridges at
these positions. The salt bridge is present in D. radiodurans
NSAR/OSBS, which is predicted to function as an NSAR in
vivo because D. radiodurans has an alternative menaquinone
synthesis pathway that does not require OSBS.>"®" In contrast,
the salt bridge is absent in B. subtilis OSBS and Staphylococcus
aureus OSBS, which are encoded in menac%uinone synthesis
operons and do not have NSAR activity.”***> Testing this idea
further will require predicting the biological functions of the
~400 members of the NSAR/OSBS subfamily to supplement
these anecdotal examples.

Thus, the 20s loop of Amycolatopsis NSAR/OSBS affects the
enzyme’s activity and possibly specificity two ways: via
hydrophobic interactions between F19 and the ligand and
through interactions between surface residues of the 20s loop
and residues in the barrel domain that appear to help latch the
20s loop into the closed position. The observation that the 20s
loop makes critical interactions in Amycolatopsis NSAR/OSBS
is in line with the idea that the 20s loop helps determine
specificity in the enolase superfamily.*® The role of the 20s loop
in determining specificity does not appear universal, however.
The 20s loop of mandelate racemase, another member of the
enolase superfamily, is relatively tolerant of mutations,
suggesting that it primarily functions as a flexible flap that
closes when the ligand is bound."

In addition, mutagenesis of the 20s loops of two distantly
related OSBS enzymes indicate that their 20s loops are more
important for the structural integrity of the active site than for
determining specificity.”>*® E. coli OSBS and T. fusca OSBS
share <30% amino acid sequence identity with the
Amycolatopsis NSAR/OSBS. They are not part of the NSAR/
OSBS subfamily, and they only catalyze the OSBS reaction.***’
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The structures of these enzymes bound to OSB show that the
active site is partially open, unlike that in Amycolatopsis NSAR/
OSBS (Figure 2).2%*% In E. coli OSBS, the 20s loop is also
twisted so that only L19, which is homologous to T21, could
contact the substrate.’” In T. fusca OSBS, a deletion in the 20s
loop leaves only F16 facing the active site.”® Point mutations of
L19 in E. coli OSBS and F16 in T. fusca OSBS reduce catalytic
efficiency only ~6-fold, and deleting the 20s loop of both
enzymes reduces catalytic efficiency by 300-fold, compared to
4500-fold for the Amycolatopsis NSAR/OSBS. Instead of
interacting with the barrel domain, the 20s loops of E. coli
and T. fusca OSBSs form cation-7 interactions with the 50s
loop, which is the other active site loop in the capping domain.
Mutations that abolish this interaction in E. coli and T. fusca
OSB synthases reduce catalytic efficiency 500-fold or 100-fold,
respectively. In Amycolatopsis NSAR/OSBS, F23 contacts the
50s loop, but effects of mutations at this site were minimal for
OSBS activity, although this mutation did increase K%,
while maintaining catalytic efficiency similar to that of the wild
type. Thus, the 20s loops of E. coli and T. fusca OSBSs form a
ledge that partially occludes the entrance to the active site when
the ligand is bound, but they do not strongly interact with the
ligand. In contrast, the 20s loop in Amycolatopsis NSAR/OSBS
completely closes the active site, and F19 forms an important
part of the substrate binding pocket.

Role for the 20s Loop in the Evolution of NSAR
Activity? Our primary reason for studying the NSAR/OSBS
subfamily is to determine how catalytic promiscuity has been
exploited in order to evolve a new enzyme function. Differences
in the positions and sequences of the 20s loop between the
promiscuous Amycolatopsis NSAR/OSBS and two distantly
related, nonpromiscuous OSBS enzymes suggested that it could
be an important determinant for NSAR specificity. Our data
show that the 20s loop is necessary for NSAR activity. Although
many mutations affected NSAR and OSBS activities equally,
S22R had opposite effects on NSAR and OSBS activities, R20E
and F19A/F23A had a larger effect on OSBS activity, and
several mutations (F23A, D140R, E165R, D140R/E165R, and
R20E/D140R/E165R) had a larger effect on Ky"**® (Figure
3B). While these mutations had a larger effect on one of the
reactions, none resulted in severe reduction of NSAR activity
without also affecting OSBS activity (or vice versa). For this
reason, we do not expect that substitutions in the 20s loop were
the only changes needed to evolve NSAR activity. The
experiments described here lay the groundwork for future
experiments on nonpromiscuous members of the NSAR/OSBS
tamily, such as B. subtilis OSBS,?° to determine what amino acid
substitutions are sufficient for conferring NSAR activity.
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