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Background: Diaminopimelate epimerase catalyzes a key step in the synthesis ofmeso-diaminopimelate and lysine.
Results: Solution and crystal studies show that diaminopimelate epimerase exists as an active dimer, whereas a monomeric
mutant is catalytically inactive.
Conclusion: The diaminopimelate epimerase dimer is essential for function with evidence suggesting that dimerization atten-
uates subunit dynamics.
Significance: Structural insights into the design of antimicrobial agents to disrupt diaminopimelate epimerase dimerization are
provided.

Diaminopimelate (DAP) epimerase is involved in the biosyn-
thesis ofmeso-DAP and lysine, which are important precursors
for the synthesis of peptidoglycan, housekeeping proteins, and
virulence factors in bacteria. Accordingly, DAP epimerase is a
promising antimicrobial target. Previous studies report that
DAP epimerase exists as a monomeric enzyme. However, we
show using analytical ultracentrifugation, X-ray crystallogra-
phy, and enzyme kinetic analyses that DAP epimerase from
Escherichia coli exists as a functional dimer in solution and the
crystal state. Furthermore, the 2.0-Å X-ray crystal structure of
theE. coliDAPepimerase dimer shows for the first time that the
enzyme exists in an open, active conformation. The importance
of dimerization was subsequently probed by using site-directed
mutagenesis to generate a monomeric mutant (Y268A). Our
studies show that Y268A is catalytically inactive, thus demon-
strating that dimerization of DAP epimerase is essential for
catalysis. Molecular dynamics simulations indicate that the
DAP epimerase monomer is inherently more flexible than the
dimer, suggesting that dimerization optimizes protein dynam-
ics to support function.Our findings offer insight into the devel-
opment of novel antimicrobial agents targeting the dimeric
antibiotic target DAP epimerase.

Diaminopimelate (DAP)3 epimerase (EC5.1.1.7) is amember
of the pyridoxal 5�-phosphate-independent amino acid race-
mases. It catalyzes the stereoinversion of LL-DAP tomeso-DAP
in the lysine biosynthetic pathway in plants and bacteria (1–3).
The products of this pathway, namelymeso-DAP and lysine, are
used in the cross-linking of the peptidoglycan cell wall ofGram-
negative andGram-positive bacteria, respectively. Lysine is also
an important building block for the synthesis of housekeeping
proteins and virulence factors (1–3). Consequently, DAP epi-
merase represents a promising target for the development of
novel antimicrobial agents (4, 5).
DAP epimerase catalyzes the conversion of LL-DAP tomeso-

DAP using a two-base mechanism involving a pair of cysteine
residues (Fig. 1) (6–8). The first cysteine is present in the thio-
late form and acts as a base and abstracts a proton from LL-DAP,
whereas the second cysteine acts as an acid and reprotonates
the molecule, giving meso-DAP. The reaction goes through a
planar carbanion-like transition state (Fig. 1).
Previous studies of DAP epimerase have reported a mono-

meric enzyme that adopts a symmetrical �/� domain structure
with each domain contributing one of the two key active site
cysteine residues located in the interdomain cleft (8–12). This
unique fold was first observed for the Haemophilus influenzae
enzyme and is now referred to as the DAP epimerase-like fold
(9). Since the first structure of DAP epimerase was solved in
1998 (9), a number of structures have been determined that
adopt the DAP epimerase-like fold. These include proline race-
mase (13), the isomerases PrpF (14, 15) and 3-methylitaconate
�-isomerase (16), PhzF (17), and proteins of unknown or
unconfirmed function (18, 19). Interestingly, the majority of
these proteins have been found to adopt a dimeric quaternary
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structure with dimerization occurring through the N-terminal
domain (13–15, 17–19).
Although previous studies ofDAP epimerase suggest that the

enzyme ismonomeric (9, 11, 12), computational analyses of the
crystal structures using Protein Interfaces, Surfaces and
Assemblies (PISA) (20) suggest that the enzyme could adopt a
dimeric architecture similar to the dimer observed in other
DAP epimerase-like fold proteins. We therefore set out to
examine the quaternary structure of bacterial DAP epimerase
both in solution and the crystal state using the enzyme from
Escherichia coli. In addition, we compared the function of the
wild-type dimer and a monomeric mutant of E. coli DAP epi-
merase generated via site-directed mutagenesis.
Our studies reveal that DAP epimerase is a dimer in solution

and the crystal state. The high resolution crystal structure of
E. coli DAP epimerase shows that the dimeric enzyme adopts
an open, active conformation not previously reported in the
literature. Furthermore, mutagenesis studies targeting Tyr268
at the dimer interface yield a monomeric mutant (Y268A) that
is catalytically inactive, demonstrating for the first time that
dimerization of DAP epimerase is critical for catalysis.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—E. coli DAP epimerase
was expressed and purified as described in Hor et al. (21), and
the H. influenzae ortholog was expressed and purified as
described in Cirilli et al. (9) with the exclusion of the ammo-
nium sulfate precipitation step.
Generation of E. coli DAP Epimerase Mutant—The point

mutation in the E. coli dapF gene contained in pET11a (21) was
introduced using theQuikChange II XL site-directedmutagen-
esis kit (Stratagene). The primer set 5�-GGCGGTACATGTC-
TACGCCGGATTTATTCATCTAC-3� and 5�-GTAGATGA-
ATAAATCCGGCGTAGACATGTACCGCC-3� was designed
to introduce the Y268A amino acid substitution. Mutagenesis
was performed according to the manufacturer’s instructions
with successful mutation confirmed by dideoxynucleotide seq-
uencing. The mutant was expressed at 16 °C in autoinduction
medium (22) and purified using the same protocol as for the
wild-type enzyme (21).
Mass Spectrometry—Mass spectrometric analyses were per-

formed on an Agilent 6220 Accurate-Mass TOF LC/MS mass
spectrometer coupled to an Agilent 1100 LC system (Agilent,
Palo Alto, CA) as described previously (23, 24). Protein samples
were left in their original buffer (typically 20 mM Tris, 150 mM

NaCl, pH 8.0) and were loaded onto an Agilent Poroshell
300SB-C18 2.1� 75-mm, 5-�mreverse phase column attached
to the mass spectrometer.

CircularDichroismSpectroscopy—CDspectroscopywas per-
formed using an AVIV 410-SF CD spectrometer as reported
previously (25–27). Wavelength spectra were collected
between 190 and 250 nm in 20 mM Tris, 150 mM NaCl, 1 mM

tris(2-carboxyethyl)phosphine, pH 7.8 with 0.15 mg ml�1

enzyme using 1-mm quartz cuvettes with a step size of 0.5 nm
and 2-s averaging time. Data were analyzed using the CON-
TINLL algorithm from the CDPro software package (28) using
the SP43 database.
Analytical Ultracentrifugation—Absorbance-based sedi-

mentation velocity and sedimentation equilibrium experi-
ments were performed in a Beckman XL-I analytical ultracen-
trifuge with a four-hole An-60 Ti or eight-hole An-50 Ti rotor
at 20 °C as described previously (26, 27, 29, 30). For sedimenta-
tion velocity experiments, double sector quartz cells were
loaded with 380 �l of sample and 400 �l of reference (20 mM

Tris, 150 mM NaCl, 1 mM tris(2-carboxyethyl)phosphine, pH
7.8) with data collected at 40,000 or 50,000 rpm. For sedimen-
tation equilibrium experiments, quartz cells were loaded with
100 �l of sample and 120 �l of reference (20 mM Tris, 150 mM

NaCl, 1 mM tris(2-carboxyethyl)phosphine, pH 7.8) with data
collected at 10,000 and 16,000 rpm. Sedimentation velocity
datawere fittedwith a continuous size distributionmodel using
SEDFIT (31) or the enhanced vanHolde-Weischetmethod (32)
using UltraScan III (33, 34). Sedimentation equilibrium data
were fitted to a monomer-dimer self-association model using
SEDPHAT (35). Bead modeling was conducted using the
SOMOmethod incorporated in theUltraScan III software suite
(36, 37).
Enzyme Kinetic Assays—Enzyme activity of DAP epimerase

was determined using themodifiedDAP epimerase-DAPdehy-
drogenase coupled spectrophotometric assay (38). Briefly, to an
assay containing buffer, DAP and NADP� were added to DAP
dehydrogenase whereby an increase at 340 nm was observed
until a plateau was attained that corresponded to the conver-
sion of meso-DAP to tetrahydrodipicolinate until meso-DAP
was depleted. DAP epimerase was then added to the resulting
mixture, and the resulting rate was recorded. Assays were per-
formed at 30 °C in a temperature-controlled Varian Cary 4000
UV spectrophotometer and incubated for 12 min before initia-
tion of the reaction with enzyme. Assays were performed in
duplicate or triplicate. A typical assay contained 100 mM Tris,
pH 7.8, 0.1 mM LL-DAP, 0.44 mM NADP�, 1 mM DTT, 1.8 �M

DAP dehydrogenase, and DAP epimerase.
X-ray Crystallography—The crystallization, data collec-

tion, and structure determination of wild-type E. coli DAP
epimerase have been described previously (21). Y268A was

FIGURE 1. Reaction catalyzed by DAP epimerase and its mechanism.
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crystallized using the hanging drop vapor diffusion method
with drops containing 2 �l of protein solution (8.0 mg ml�1

in 20 mM Tris, 5 mM DTT, 5 mM tris(2-carboxyethyl)phos-
phine, pH 7.8) and 2 �l of precipitant solution (0.2 M sodium
iodide, 18% (w/v) PEG 3350, 0.1 M Bis-tris propane, pH 6.5, 5
mM DAP) at 20 °C.
For x-ray data collection, the Y268A crystal was soaked in

cryoprotectant solution containing reservoir solution made
up in glycerol (20%, v/v) and directly flash cooled in liquid
nitrogen. Intensity data were collected at �163 °C at the
Australian Synchrotron (MX2 beamline). Data were col-
lected in 0.5° oscillations for 250° using an ADSC Q315r
image plate detector positioned 300 mm from the crystal
with an exposure time of 0.5 s and 80% attenuation. The
diffraction data were processed using the programs MOS-
FLM (39) and SCALA (40). Although 250° of data were ini-
tially collected, the resolution and the quality of the diffrac-
tion data decreased (as judged by an increased batch Rmerge);
as such, only the first 80° data were analyzed. The Y268A
structure was solved by molecular replacement using Phaser
(41) using the wild-type E. coliDAP epimerase (Protein Data
Bank code 4IJZ) as the search model.

Structural refinement of both wild-type and mutant struc-
tures was performed using REFMAC5 (40) and iterative model
building with WINCOOT (42). Translation Libration Screw-
motion refinement in REFMAC (43) was applied in the final
rounds of refinement using three groups as determined using
TLSMD (44, 45). Structure quality was assessed by the program
MolProbity (46). X-ray data collection and refinement statistics
for wild-type E. coli DAP epimerase and Y268A mutant struc-
tures are shown in Table 1. Interface analysis used PISA at the
European Bioinformatics Institute authored by Krissinel and
Henrick (20).
Molecular Dynamic Simulations—Simulations of the wild-

type E. coli DAP epimerase crystal structure dimer and the
monomer corresponding to chain A of the dimer were per-
formed in the NPT ensemble at a temperature of 298 K and
pressure of 1 atm using the molecular dynamics program
NAMD (47). The CHARMM force field was used with CMAP
corrections to backbone dihedral interactions (48). Cys-73 was
deprotonated using the patch of Foloppe et al. (49). All simula-
tions were solvated with TIP3P water, and ions were added at a
concentration of 150 mM NaCl. A simulation time step of 2 fs
was used with a total simulation length of 25 ns.

TABLE 1
Refinement statistics for E. coli DAP epimerase wild-type structure (Protein Data Bank code 4IJZ) and Y268A mutant (Protein Data Bank code
4IK0)
r.m.s.d., root mean square deviation.

Wild-type Y268A

Data collection
Space group P41212 P41212
Cell parameters
a, b, c (Å) 89.4, 89.4, 179.6 89.2, 89.2, 179.5
�, �, � (°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0

Resolution (Å) 44.69–2.00 (2.11–2.00) 51.59–2.05 (2.16–2.05)
Observed reflections 215,760 (29,012) 290,926 (42,700)
Unique reflections 47,663 (6,683) 46,324 (6,635)
Completeness (%) 96.1 (93.7) 100.0 (100.0)
Rmerge

a 0.077 (0.339) 0.126 (0.577)
Rpim

b 0.039 (0.137) 0.055 (0.246)
Rrim 0.087 (0.385) 0.137 (0.628)
Mean I/�(I) 13.0 (4.2) 10.4 (3.2)
Redundancy 4.5 (4.3) 6.3 (6.4)
Wilson B value (Å2) 23.4 25.0
Molecules in asymmetric unit 2 2
VM (Å3 Da�1) 2.89 2.89
Solvent content (%) 57 57

Refinement
Resolution 44.37–2.00 (2.05–2.00) 49.68–2.05 (2.10–2.05)
Rwork

c 0.161 (0.215) 0.176 (0.210)
Rfree

c,d 0.200 (0.260) 0.217 (0.239)
No. atoms
Protein 4,289 4,240
Ligands 12 13
Water 516 395

Mean B value (Å2)
Main chain 22.4 23.6
Side chain 25.9 26.1
Ligands 46.0 52.7
Water 37.3 35.5

r.m.s.d. from ideality
Bond length (Å) 0.014 0.014
Bond angles (°) 1.64 1.65

Ramachandran statistics (%)
Most favored regions 97.3 98.2
Additionally allowed regions 2.7 1.6
Disallowed regions 0.0 0.2

a Rmerge � �h�i�Ii(h) � I(h)�/�h�iIi(h).
b Rpim � �h[1/(N � 1)]1⁄2�i�Ii(h) � I(h)�/�h�iIi(h).
c R � ��Fobs� � �Fcalc�/��Fobs� where Fobs and Fcalc are the observed and calculated structure factor amplitudes, respectively.
d Rfree was calculated with 5% of the diffraction data and was selected randomly and omitted from the refinement. For the Y268A structure, the same 5% set of diffraction
data was used as the wild-type E. coli DAP epimerase structure.
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RESULTS

DAP Epimerase Is Dimeric in Solution—E. coli DAP epi-
merase was expressed and purified as described elsewhere (21).
The enzyme was initially characterized by electrospray ioniza-
tion-TOFMS to show that themass of the recombinant protein
(31.031.1 Da) was consistent with that of the amino acid
sequence. CD spectroscopy showed that the enzymewas folded
(Table 2), and subsequent analysis using the DAP epimerase-
DAP dehydrogenase coupled assay (38) indicated that the
enzyme was active (data not shown).
The quaternary structure of E. coli DAP epimerase was

assessed by sedimentation velocity experiments performed in
the analytical ultracentrifuge. The raw data (Fig. 2A) were fitted
to an enhanced vanHolde-Weischetmodel (32), indicating that
E. coliDAP epimerase sediments with a standardized sedimen-
tation coefficient (s20,w) of 4.3 S (Fig. 2B). This was complemen-
tary to the result obtained using the c(s) distribution (31, 50)
(see Fig. 6A). Conversion of the c(s) profile to a c(M) distribu-
tion yields an apparent molecular mass of 61.3 kDa, which is
consistent with E. coliDAP epimerase being a dimer in solution
(Table 3).
To determine the dimerization affinity of wild-type E. coli

DAP epimerase, sedimentation equilibrium experiments were
performed in the analytical ultracentrifuge at two rotor speeds
(10,000 and 16,000 rpm) and various protein concentrations
(0.32, 0.64, 1.9, and 5.8 �M). The resulting data were fitted by
global nonlinear regression analyses to amonomer-dimer equi-
librium, which yielded a dimer-monomer dissociation constant
(KD

231) of 22 nM (Table 3 and Fig. 3).
In addition, sedimentation velocity experiments on the most

well characterized DAP epimerase from H. influenzae (8–10,
51, 52) showed that this enzyme is also dimeric in solution with
a standardized sedimentation coefficient (s20,w) of 4.1 S (Table 3
and Fig. 2, C and D). This result is consistent with the quater-
nary structure ofE. coliDAPepimerase (and other proteins that
adopt the DAP epimerase-like fold) and suggests that a dimer
may be the true biologically relevant form.
E. coli DAP Epimerase Crystal Structure—We next set out to

generate high resolution structural information for the E. coli
DAP epimerase dimer. The recombinant enzyme was crystal-
lized as reported recently (21), and the x-ray crystal structure
was determined in the space group P41212 to a resolution of 2.0
Å by molecular replacement (Protein Data Bank code 4IJZ)
(Fig. 4). The Ramachandran plot has 97.3% of residues in the
most favored regions, 2.7% in the additionally allowed regions,
and no residues in the disallowed regions. As expected, the
structure adopts the DAP epimerase-like fold similarly to sev-

eral other homologs (9–12).4 The monomer comprises two
symmetrical domains with each domain consisting of a central
�-helix surrounded by eight�-strands (Fig. 4B). These domains
show pseudosymmetry with the N-terminal domain (residues
1–119 and 263–274) and C-terminal domain (residues 120–
262) and are structurally similar with an rootmean square devi-
ation of 2.67 Å over 93 �-carbon pairs with �18% sequence
identity between the two domains. Consistent with solution
study results, E. coli DAP epimerase crystallized as a dimer in
the asymmetric unit with the dimeric architecture structurally
akin to DAP epimerase-like proteins with oligomerization tak-
ing place at the N-terminal domain (Fig. 4A).
Significantly, the structure of E. coli DAP epimerase also

crystallized in the open conformation with the two active site
Cys residues existing in the non-disulfide-bonded reduced
form with 9.5 and 13.3 Å between Cys residues in monomers A
and B, respectively (Fig. 4, B and C). Accordingly, this crystal
structure represents an active conformation of the enzyme (Fig.
4, B and C). This is in contrast to the inactive conformation
observed inH. influenzae (Protein Data Bank codes 1BWZ and
1GQZ) andMycobacterium tuberculosis DAP epimerase (Pro-
tein Data Bank code 3FVE) where a disulfide bridge between
the active site Cys residues is observed (9–11). Only one other
DAP epimerase structure, from Bacillus anthracis (Protein
Data Bank code 2OTN), has been crystallized in the open
conformation.4

Interestingly, SOMO bead model analysis (36, 37) of the
dimer results in a computed sedimentation coefficient of 4.3 S
and a frictional ratio of 1.3, which are identical to the experi-
mentally determined values (Table 3). This suggests that the
open dimer conformation observed in the crystal structure also
forms in aqueous solution.
Active Site—The active site of E. coli DAP epimerase resides

in a cleft between the two domains with each domain contrib-
uting one of the cysteine residues important for catalysis (Fig. 4,
B and C). Superimposition of the active sites of E. coli and B.
anthracisDAP epimerase structures indicates that themajority
of active site residues are similarly oriented (Fig. 4C). However,
minor changes are observed for Cys73, Gly74, and Asn75. The
different arrangement of these residues can be explained by
their location in the sequence. Cys73–Asn75 are located on a
dynamic loop (51), which means there is increased flexibility in
this region. This is supported by the higher temperature factor
of these three residues of 35.2 Å2 compared with the average B
factor for all residues of 21.8 Å2.
Dimer Interface—As for other proteins that adopt the DAP

epimerase-like fold, the dimerization interface of E. coli DAP
epimerase occurs between the N-terminal domains of the two
monomers. The dimer interface of E. coli DAP epimerase bur-
ies 765 Å2 per monomer, which represents 6.1% of the total
surface area of each monomer. This is similar to theH. influen-
zae and B. anthracis orthologs but is markedly less than other
DAP epimerase-like fold proteins (Table 4). Analysis by PISA
(20) reveals that the E. coli DAP epimerase dimer interface is

4 M. H. Matho, K. Fukuda, E. Santelli, K. Jaroszewski, R. C. Liddington, and D. I.
Roper, unpublished data.

TABLE 2
Secondary structure analysis of E. coli wild-type and mutant DAP epi-
merase
CD data were analyzed using CDPro (28) with the CONTINLL algorithm and the
SP43 reference database. r.m.s.d., root mean square deviation.

�-Helix �-Strand Turn Random r.m.s.d.

% % % %
WT 18 31 21 30 0.059
Y268A 17 31 23 29 0.069
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composed of 13 hydrogen bonds and seven salt bridges. The
locations of these interactions are depicted in Fig. 4, D and E.

The E. coli DAP epimerase dimer interface is contributed by
three areas of the protein: residues 3–12 (N terminus), residues
36–43 (loop), and residues 266–273 (C terminus) (Fig. 4E).
Residues of the C terminus, which form part of the N-terminal
domain and represent the final�-strand of themonomer, inter-
act in an antiparallel manner, creating a continuous �-sheet
that weaves through the entire E. coli DAP epimerase dimer
(Fig. 4A).
Engineering a Monomeric Variant—To probe the impor-

tance of dimerization, a point mutation targeting Tyr268 at the
dimer interface was created. Care was taken in selecting Tyr268
because this residue is not close to the active site and would be
unlikely to perturb the catalytic function of the enzyme. Inter-
estingly, Tyr268 is involved in hydrogen bonding at the dimer
interface with the same residue from the neighboring mono-

mer. Therefore, Tyr268 was mutated to Ala, yielding the point
mutant referred to herein as Y268A.
Y268A was found to be of the expected molecular mass

(30,940.0 Da) as determined by mass spectrometry and shown
by CD spectroscopy to have secondary structure proportions
similar to those of the wild-type enzyme (Table 2). In addi-
tion, the crystal structure of Y268A (Protein Data Bank code
4IK0) was determined to 2.05-Å resolution, clearly showing
that the Tyr to Ala mutation at position 268 was successful
(Fig. 5A). In addition, x-ray crystallographic studies show
that Y268A retains the secondary and tertiary structure of
the wild-type enzyme with superimposition of the mutant
and wild-type enzymes yielding a root mean square devia-
tion of 0.220 Å over all 512 �-carbon atoms (Fig. 5B). In
essence, the structure of the Y268A mutant in the crystal
state is identical to that of the wild-type enzyme. Impor-
tantly, this demonstrates that the mutation does not alter the
fold of the protein.
The quaternary structure of Y268A was next investigated

using sedimentation velocity analysis in solution. Analysis
using the c(s) distribution (30, 31, 50) yielded a standardized
sedimentation coefficient of 2.9 S, which is significantly lower
than that of the wild-type enzyme at an equivalent initial pro-
tein concentration (Fig. 6A). Conversion of the c(s) distribution
to a c(M) distribution shows that Y268A has an apparent
molecular mass of 29.9 kDa, which correlates to a monomer
(Table 3), suggesting that the propensity of the point mutant to
dimerize has been significantly attenuated.

FIGURE 2. Sedimentation velocity analysis of E. coli and H. influenzae DAP epimerase. A, E. coli DAP epimerase sedimentation velocity raw data. Absorb-
ance at 227 nm plotted as a function of radial position from the axis of rotation (cm) is shown. The raw data are presented as open circles. B, enhanced van
Holde-Weischet integral distribution plot from extrapolation of E. coli DAP epimerase sedimentation velocity raw data shown in A. C, H. influenzae DAP
epimerase sedimentation velocity raw data. Absorbance at 226 nm plotted as a function of radial position from the axis of rotation (cm) is shown. The raw data
are presented as open circles. D, enhanced van Holde-Weischet integral distribution plot from extrapolation of H. influenzae DAP epimerase sedimentation
velocity raw data shown in C.

TABLE 3
Summary of hydrodynamic properties of E. coli DAP epimerase and
Y268A mutant

DAP
epimerase

Theoretical
molecular massa s20,w f/f0b

Experimental
molecular massc KD

231

kDa S kDa
E. coli 62.0 4.3 1.3 61.3 22 nM
H. influenzae 60.5 4.1 1.3 59.3 NDd

Y268A 61.9 2.9 1.2 29.9 54 �M
a Molecular mass of a dimer based on amino acid composition.
b Frictional ratio derived using the � bar method.
c Molecular mass derived experimentally using c(M) analysis.
d Not determined.
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To quantitate the loss of dimerization affinity, sedimentation
equilibrium experiments were performed at various initial pro-
tein concentrations of Y268A ranging from 1.6 to 15.9 �M. The
resulting data generated at two rotor speeds (10,000 and 16,000
rpm) were globally fitted to a monomer-dimer equilibrium
model. The resulting global nonlinear regression best fit yielded
a dimer-monomer dissociation constant (KD

231) of 54 �M

(Table 3). This result indicates that the Ala substitution at posi-
tion 268 hasweakened the dimerization affinity by�2,400-fold.
Accordingly, the Y268A point mutant enables the structure-
function relationship of amonomer to be characterized in com-
parison with the wild-type dimer.
Y268AShowsAttenuatedActivity—The enzymatic activity of

Y268A was compared with that of wild-type E. coli DAP epi-
merase by screening at a fixed concentration of 2.5 �g ml�1

(�80 nM). This enzyme concentration is significantly lower
than the KD

231 of the Y268A point mutant but higher than the
wild-type dimerization dissociation constant. Interestingly, the
catalytic activity of Y268A is markedly attenuated compared
with the wild-type enzyme (�1% at 80 nM enzyme concentra-

tion), which indicates that the E. coli DAP epimerase dimer is
significantly more active than the monomeric form.
To support this inference, the relationship between cata-

lytic activity and enzyme concentration for Y268A and wild-
type enzyme was investigated. Not surprisingly, the plot of
rate versus enzyme concentration for Y268A is nonlinear
showing upward curvature, indicating that the mutant
becomes more active as the enzyme concentration is
increased (Fig. 6B). This phenomenon has been observed for
other enzymes that show a dependence on quaternary struc-
ture for catalytic function (26, 27). By contrast, the plot of
initial rate versus enzyme concentration for the wild-type
enzyme is linear (Fig. 6B).

DISCUSSION

The DAP epimerase-fold was first identified in 1998 when
the first structure of DAP epimerase from H. influenzae was
determined (9). Since then a number of other proteins have
been found to adopt this fold (13–19). Interestingly, the major-
ity of DAP epimerase-like proteins have been reported to be

FIGURE 3. Sedimentation equilibrium analysis of E. coli DAP epimerase. Sedimentation equilibrium data collected at 10,000 (triangles) and 16,000 rpm
(circles) overlaid with the global nonlinear regression best fit to a monomer-dimer self-association model (global reduced �2 � 0.104) are shown. Residuals are
displayed above each panel for 10,000 rpm data (triangles) and 16,000 rpm data (circles). The experiment was conducted at initial protein concentrations of 0.32
(A) 0.64 (B), 1.9 (C), and 5.8 �M (D), yielding a KD

231 of 22 nM.
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dimeric, whereas DAP epimerase enzymes have been reported
to be monomeric (9, 11, 12). Accordingly, the first aim of this
study was to ascertain the biologically relevant quaternary
structure of DAP epimerase in solution and the crystal state.

It was determined through sedimentation analyses that both
E. coli and H. influenzae DAP epimerase are in fact dimers in
solution at concentrations of 100–150�gml�1 (Fig. 2). Indeed,
sedimentation equilibrium analyses show that the wild-type

FIGURE 4. Crystal structure of wild-type E. coli DAP epimerase. A, dimer in the asymmetric unit. Monomers are in green and purple with the N-terminal
domain in the dark color and the C-terminal domain in the light color. B, two symmetrical domains of E. coli DAP epimerase. The N-terminal domain is in dark
green, the C-terminal domain is in light green, and active site Cys residues are in blue. C, overlay of the E. coli (Protein Data Bank code 4IJZ; green) and B. anthracis
(Protein Data Bank code 2OTN; blue) DAP epimerase active sites. D, dimer interface in surface representation. E, dimer interface in schematic representation.
Hydrogen bonds (red), salt bridges (blue), and other interface residues (yellow) are shown.

TABLE 4
Comparison of the dimer interface of proteins that adopt the DAP epimerase-like fold
Analysis was carried out using PISA (20).

Protein Protein Data Bank code Buried surface area per monomer Buried surface area

Å2 % of total surface area
E. coli DAP epimerase 4IJZ 765 6.1
H. influenzae DAP epimerase (inactive) 1BWZ 688 5.6
H. influenzae DAP epimerase (open) 2Q9J 721 7.7
M. tuberculosis DAP epimerase 3FVW 1086 8.9
B. anthracis DAP epimerase 2OTN 857 5.9
Shewanella oneidensis PrpF 2PVZ 2374 14.6
Pseudomonas fluorescens PhzF 1T6K 1292 10.5
Trypanosoma cruzi proline racemase 1W62 1640 10.1
E. coli YddE 1QYA 1045 9.7

Dimerization of DAP Epimerase Is Essential for Catalysis

9244 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 13 • MARCH 29, 2013



E. coli enzyme exists as a tight dimer with a dimer-monomer
dissociation constant of 22 nM (Fig. 3 and Table 3).

In addition, the x-ray crystal structure of E. coli DAP epi-
merase determined to a resolution of 2.0 Å was crystallized in
the active, open conformation, showing that the enzyme also
exists as a dimer in the crystalline state (Fig. 4). The dimer
adopts the same architecture observed in other proteins that
adopt theDAPepimerase-like foldwith dimerization facilitated
by contacts in the N-terminal domain. In addition, although in
previous studies H. influenzae DAP epimerase crystallized as a
monomer in the asymmetric unit (8–10, 51), a dimer with the
same architecture as that of E. coli DAP epimerase observed in
this study (and other DAP epimerase-like fold proteins) can be
generated using the appropriate symmetry operations. We
believe that this dimer constitutes the catalytically active and
biologically relevant form of the enzyme.
These results taken as a whole strongly suggest that DAP

epimerase is in fact a dimer and that the oligomeric state of
DAP epimerase has been misreported in the literature (9, 11,
12). Given that PISA analysis (20) indicates thatDAP epimerase
has an appreciably smaller dimer interface compared with
otherDAPepimerase-like proteins (Table 4), the significance of
this dimerization interface and hence the oligomeric state of
the protein may have been overlooked.
To probe the importance of dimerization, the crystal struc-

ture of E. coli DAP epimerase was used to design a monomeric
mutant via site-directed mutagenesis targeting Tyr268, a key
residue that forms significant stabilizing interactions at the
dimer interface. Results show that the mutagenesis was suc-
cessful, resulting in a mutant enzyme (Y268A) with a �2,400-
fold loss in dimerization affinity compared with the wild-type

enzyme (Table 3). Interestingly, enzyme kinetic analysis indi-
cates that Y268A is significantly less active than the wild-type
dimer (Fig. 6B). This cannot be due to loss in secondary or
tertiary structure because CD spectroscopy (Table 2) and x-ray
crystallography (Fig. 5) studies demonstrate that the second-
ary and tertiary structure of the mutant is preserved (Fig. 5).
Accordingly, we propose that the loss of function found in
Y268A is due to perturbation of the dimeric quaternary
structure. However, because the active site in each monomer
is located between the N- and C-terminal domains (Fig. 4B)
and is distal from the dimerization interface (�22 Å between
Tyr268 and the closest active site Cys residue), loss of func-

FIGURE 5. X-ray crystal structure of Y268A. A, electron density map show-
ing atoms around the mutated residue. The 2Fo � Fc electron density is dis-
played in gray and contoured to 1�. B, overlay of Y268A (pink) and wild-type
E. coli DAP epimerase (green).

FIGURE 6. Sedimentation velocity and catalytic activity analyses of E. coli
DAP epimerase wild type and Y268A mutant. A, continuous sedimenta-
tion coefficient (c(s)) distribution plotted as a function of sedimentation coef-
ficient (s20,w) for wild-type enzyme (solid line) and Y268A (dashed line). Resid-
uals are plotted for wild-type (black) and Y268A (gray). B, rate versus enzyme
concentration plots of wild-type (dark circles) and Y268A (light circles) E. coli
DAP epimerase. The initial rate (i.e. change in absorbance (Abs)) of the DAP
epimerase reaction is plotted as a function of enzyme concentration. Kinetics
were performed at a LL-DAP concentration of 0.140 and 0.0246 mM for Y268A
and wild-type E. coli DAP epimerase, respectively. Error bars represent the S.D.
of duplicate measurements.
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tion in the monomeric state must be due to long distance
effects.
We therefore hypothesize that dimerization plays an impor-

tant role in optimizing conformational dynamics critical for
function. In DAP epimerase, the binding of ligand triggers a
large conformational change, bringing the N- and C-terminal
domains together (8, 51). This event leads to the encapsulation
of ligand and the reorganization of the active site with the for-
mation of a network of hydrogen bonds at the catalytic center
and the optimal positioning of the active site Cys residues (Fig.
1) (8, 51). The correct positioning of the two active site Cys
residues (Cys73 and Cys217; E. coli numbering) is critical for
function of the enzyme. If these two Cys residues are too far
apart catalysis cannot take place; alternatively, if the two Cys
residues are too close together disulfide formation will occur,
rendering the enzyme inactive. Therefore, formation of the
dimer is likely to aid in attenuating conformational flexibility at
the interdomain junction where the active site is located to
allow optimal functionality.
To test this hypothesis, molecular dynamic simulations were

performed on both the monomeric and dimeric versions of
DAP epimerase using the x-ray crystal structure of the E. coli
enzyme (Protein Data Bank code 4IJZ). Preliminary results
from the 25-ns simulations appear to indicate that the mono-
mer ismore flexible or “dynamic” than the dimer (Fig. 7). This is
evident by the greater root mean squared fluctuations, particu-
larly in the N-terminal domain (residues 1–119 and 263–274),
when compared with the wild-type E. coli DAP epimerase
dimer. The N-terminal domain includes a number of catalytic
residues, includingCys73, Gly74, Asn75, Asn11, andAsn64, and is
also the dimerization domain. Thus, the buttressing of two
monomers to form a dimer may prevent increased movement
of the active site residues, allowing for optimal catalytic func-
tion.However, future studies using experimental approaches to
measure protein dynamics are required to confirm our prelim-
inary molecular dynamics simulation results.
Given that the findings in the study show that the monomer

of DAP epimerase is significantly less active than the dimer,
disruption of quaternary structure offers a new approach for
the design of novel DAP epimerase inhibitors with potential
antimicrobial activities. The use of small molecules or peptides
to disrupt protein-protein interaction is an emerging area in
drug design (54, 55). This approach has been successful in tar-

geting homodimeric proteins, such as HIV protease and induc-
ible nitric-oxide synthase, leading to the development of nano-
molar inhibitors (53). Accordingly, the structure of E. coliDAP
epimerase reported in this study permits structure-guided
design of peptide or peptidomimetic molecules targeting the
dimer interface, thus preventing dimerization of the enzyme to
its active conformation.
In conclusion, this study has shown that DAP epimerase is

dimeric in solution and that dimerization of the enzyme is
required for optimal activity. Accordingly, our work offers
insight into a new approach to aid in the development of inhib-
itors of DAP epimerase as novel antimicrobials.
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