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ABSTRACT: In plants and bacteria, the branch point of (S)-lysine biosynthesis is the condensation of (S)-
aspartate-â-semialdehyde [(S)-ASA] and pyruvate, a reaction catalyzed by dihydrodipicolinate synthase
(DHDPS, EC 4.2.1.52). It has been proposed that Arg138, a residue situated at the entrance to the active
site of DHDPS, is responsible for binding the carboxyl of (S)-ASA and may additionally be involved in
the mechanism of (S)-lysine inhibition. This study tests these assertions by mutation of Arg138 to both
histidine and alanine. Following purification, DHDPS-R138H and DHDPS-R138A each showed severely
compromised activity (approximately 0.1% that of the wild type), and the apparent Michaelis-Menten
constant for (S)-ASA in each mutant, calculated using a pseudo-single substrate analysis, was significantly
higher than that of the wild type. This provides good evidence that Arg138 is indeed essential for catalysis
and plays a key role in substrate binding. To test whether structural changes could account for the change
in kinetic behavior, the solution structure was probed via far-UV circular dichroism, confirming that the
mutations at position 138 did not modify secondary structure. The crystal structures of both mutant enzymes
were determined, confirming the presence of the mutations and suggesting that Arg138 plays an important
role in catalysis: the stabilization of the catalytic triad residues, a motif we have previously demonstrated
to be essential for activity. In addition, the role of Arg138 in (S)-lysine inhibition was examined. Both
mutant enzymes showed the same IC50 values as the wild type but different partial inhibition patterns,
from which it is concluded that arginine 138 is not essential for (S)-lysine inhibition.

Dihydrodipicolinate synthase (DHDPS,1 EC 4.2.1.52) is
the enzyme that catalyzes the branch point reaction leading
to meso-diaminopimelate (DAP) and (S)-lysine. First char-
acterized in 1965 (1), DHDPS has since attracted sustained
interest in the literature. (S)-Lysine biosynthesis occurs in
plants and microorganisms, but not in animals, and thus
draws continued attention as a target for antibiotics and
herbicides (2, 3), although no potent inhibitor of DHDPS
has yet been found. As the purported rate-determining step
in (S)-lysine biosynthesis, DHDPS is of interest to biotech-
nologists aiming to engineer crops rich in (S)-lysine, often
the limiting nutrient in staple crops (4).

DHDPS catalyzes the condensation of (S)-aspartate-â-
semialdehyde [(S)-ASA] and pyruvate. The product is likely
to be an unstable heterocyclic product, now thought to
be (4S)-4-hydroxy-2,3,4,5-tetrahydro-(2S)-dipicolinic acid
(HTPA). The currently accepted mechanism of DHDPS is

outlined in Figure 1, in which the structure of (S)-ASA is
presumed to be the hydrate (5). In the first step of the mech-
anism, the active site lysine residue (Lys161 inEscherichia
coli) forms a Schiff base with pyruvate, as has been proposed
in several studies (6-8). Subsequent binding of (S)-ASA,
the second substrate in the reaction, is followed by dehydra-
tion and then cyclization to form the product, which is
released into solution. On the basis of the X-ray crystal
structure of theE. coli enzyme (5, 9), sequence homologies
with DHDPS from other sources (10), and our own mu-
tagenic studies (11), it is proposed that a catalytic triad of
three residues, Tyr133 and Thr44 from one subunit and
Tyr107 from the second subunit in the tight dimer, acts as a
proton shuttle to transfer protons to and from the active site.

Arginine 138, which is highly conserved in DHDPS
enzymes, sits at the entrance to the active site and, as such,
has been implicated in the binding of (S)-ASA; Blickling et
al. (5) showed via X-ray crystallography that the guanidine
moiety of Arg138 bound the carboxyl group of succinate
semialdehyde, an analogue of (S)-ASA. Additionally, Joerger
et al. (12) have shown that the introduction of an arginine
into the equivalent position ofN-acetylneuraminate lyase
from E. coli increases DHDPS activity for this enzyme but
only marginally increases the affinity for the substrate (S)-
ASA. They suggest that Arg138 is only partially responsible
for substrate binding and may have a hitherto unknown role
in catalysis. Interestingly, Guille´n Schlippe et al. (13) have
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shown that arginine residues, if solvent accessible and
adjacent to a carboxyl moiety, are capable of exhibiting
unusually low pKa values and thus able to act as a general
base during catalysis. Arg138 satisfies these requirements
when interacting with (S)-ASA.

Catalyzing the branch point reaction in (S)-lysine biosyn-
thesis, DHDPS is a key regulatory point. (S)-Lysine binds
DHDPS to partially attenuate catalytic activity. Blickling et
al. (5) assert that the binding of free (S)-lysine to the allosteric
binding site causes inhibition of enzyme activity by increas-
ing the rigidity of Arg138. Our studies have found, however,
that (S)-lysine binding causes the opposite affect (14). The
mechanisms of (S)-lysine inhibition, and the role of Arg138
in such mechanisms, are not understood.

In an effort to resolve these issues, we embarked upon
mutagenic and subsequent structural studies of DHDPS, here
focusing in particular on Arg138. Two mutations were
studied: Arg138His, which retained some of the steric bulk
and potential general base activity of an arginine, but was
unlikely to interact with the carboxyl of (S)-ASA in the same
way, and Arg138Ala, which potentially removed all side
chain functionality at this position.

MATERIALS AND METHODS

Materials. Unless otherwise stated, all chemicals were
obtained from Sigma Chemical Co. or Amersham Biotech-
nologies. Protein concentration was measured by the method
of Bradford (15). Enzymes were manipulated at 4°C, or on
ice, and were stored in Tris-HCl buffer (20 mM, pH 8) at
-20 °C. (S)-ASA was synthesized using the methods of
Roberts et al. (16) and was of the highest quality (>95%)
as judged by1H NMR and the coupled assay. Stock solutions
of (S)-ASA and NADPH were prepared fresh for each
experiment. Dihydrodipicolinate reductase (DHDPR), re-

quired for the coupled assay, was purified by previously
reported methods (11).

Site-Directed Mutagenesis.Alterations indapA(theE. coli
gene for DHDPS cloned into a pBluescript vector) were
introduced using the Quikchange site-directed mutagenesis
kit (Stratagene). The parent plasmid was pJG001 (2). The
reaction conditions followed the manufacturer’s instructions,
except that the annealing temperature in the PCR reaction
was lowered to 50°C. Successful mutation was judged by
an altered restriction pattern when cut withRsa1, and
confirmation was afforded by sequencing using the T7 and
T3 priming sites, which was performed at the University of
Auckland Sequencing Facility.

OVerexpression and Purification.Mutant forms of the
enzyme were expressed inE. coli AT997r- (11). The
purification methods of Dobson et al. (11) were followed
for each mutant DHDPS form.

Far-UltraViolet Circular Dichroism (CD). CD spectra
(Olis DSM-10) were recorded at 0.5 or 2 nm intervals over
the 185-250 nm wavelength range using a 1 mmpath length
quartz cell. The reported spectra were the average of four
scans that were smoothed and corrected for buffer blanks.
The temperature was maintained at 20°C. The buffer used
for CD measurements was 20 mM Na2HPO4/150 mM NaF
(pH 8), against which the protein solutions (∼8 µM) were
dialyzed. Measured CD traces (CDmeas) were converted to
mean residue ellipticity [Θ] (deg cm2 dmol -1) using the
relationship [Θ] ) CDmeas (mdeg)× 100/[C (mM) l (cm)
NR], where NR is the number of residues per peptide,l the
cell length, andC the protein concentration (determined using
the A280, ε ) 12690 M-1 cm-1).

Kinetics.DHDPS activity was measured using a coupled
assay with DHDPR, as previously described (2), with the
following modifications. The low activity of the mutants

FIGURE 1: Putative roles for the catalytic triad in the mechanism of DHDPS. This mechanism has been adapted from Hutton et al. (3). In
this mechanism, Tyr133 is proposed to act both as a general acid and as a general base. Y107b signifies that tyrosine 107 is supplied to the
active site by subunit B in the tight dimer of DHDPS.
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necessitated the addition of greater quantities of enzyme to
the assay. The reaction was therefore initiated with (S)-ASA
after the cuvette had been preincubated for 10 min. Assays
were performed in HEPES buffer (100 mM, pH 8) at 30°C,
kept constant using a circulating water bath. Care was taken
to ensure that the enzymes and substrates were stable over
the course of the assay (usually 2 min). The stability of the
mutants under the conditions of the assay was examined
using Selwyn’s test (17) and was found to be constant (data
not shown). Care was also taken to ensure an excess of
DHDPR; about 20µg per assay was used. The amount of
enzyme added to each assay depended on the activity of the
individual mutants; however, it was ensured that enzyme
concentration was proportional to initial rate. Initial velocities
were usually reproducible within 10% error.

Initial rate data were analyzed using the Enzfitter program
available from Biosoft (Cambridge, U.K.) and were fitted
to the Michaelis-Menten kinetic model:

HereV is the maximal velocity,A is the substrate concentra-
tion, Km

app is the apparent Michaelis-Menten constant, and
V is the initial velocity (18). Initial kinetic trials for the
mutants indicated theKm

app for (S)-ASA had substantially
increased, necessitating the curmudgeonly use of this sub-
strate. Thus, using pseudo-single substrate kinetics, apparent
kinetic parameters were obtained. For the same reasons, and
because of the lower initial rates, when testing the mutants
versus (S)-lysine inhibition, approximate IC50 values were
obtained.

Crystallization and X-ray Data Collection.The crystal-
lization experiments were undertaken as described by
Mirwaldt et al. (9) using the hanging drop-vapor diffusion
method at 12°C. Each drop contained protein solution
(∼5 mg/mL in Tris-HCl, 20 mM, pH 8, 2.5µL), precipitant
(K2HPO4, 1.8 M, pH 10, 1.2µL), and N-octyl-â-R-gluco-
pyranoside (6% w/v, 0.6µL). Crystals appeared after 3-5
days and grew to dimensions of up to 0.4 mm. For X-ray
data collection, the crystals were soaked in cryoprotectant
solution [K2HPO4, 2.0 M, pH 10, 20% glycerol (v/v)] and
directly flash-frozen in liquid nitrogen. Intensity data were
collected at 110 K using an RAxisIV++ image-plate detector
coupled to a Rigaku Micromax 007 X-ray generator operating
at 40 kV and 20 mA. The crystals belong to space group
P3121 and diffracted to beyond 2.05 Å resolution. Diffraction
data sets were processed and scaled using the package
CrystalClear (19).

Structure Determination and Refinement.The orientation
and location of each DHDPS mutant structure were deter-
mined using molecular replacement [AMoRe (20)], where
the search model was theE. coli DHDPS monomer (PDB
code 1YXC) with position 138 initially annotated as a
glycine. The asymmetric unit contained two monomers,
which together made up the tight dimer. Refinement was
achieved using Refmac5 (21) with manual model corrections
using the program O (22). The final refinement rounds
involved the placement of solvent molecules using the
program Arp (23). Dataman was used to transfer theRfree

flags from the wild-type data set to the mutant data sets.
Procheck (24) was used to examine the quality of the final
structures. In both mutant structures, 94.5% of the residues

(within the asymmetric unit) fell into the most favored
regions of the Ramachandran plot, 5.1% in the generously
allowed region, and 0.4% in the disallowed region. Data
collection and model refinement statistics are summarized
in Table 1. For each structure, the coordinate and structure
factor files were deposited with the RCS Protein Data Bank
(DHDPS-R138A, 2A6N; DHDPS-R138H, 2A6L). Images
in this work were produced with Pymol (25).

RESULTS AND DISCUSSION

Site-Directed Mutagenesis and Purification.For the site-
directed mutagenesis ofdapA, primers were designed such
that successful mutation resulted in a new restriction site,
allowing rapid confirmation of successful mutagenesis by
inspection of the plasmid’s restriction map. Additionally, both
plasmids containing a mutateddapAgene were sequenced,
confirming the presence of the mutation and the integrity of
the gene (data not shown).

Transformation of AT997r- with the mutated plasmids
provided a convenient method for producing pure samples
of the gene product without risk of contamination by wild-
type DHDPS (11). When transformed, the mutant plasmids
rescued AT997r- in the absence of DAP, which suggested
that each showed sufficient DHDPS activity for survival.
After the cells were lysed by sonication, the cell lysates
retained sufficient activity that DHDPS presence could be
detected using theo-aminobenzaldehyde assay, which fa-
cilitated further purification. During purification, all of the
mutant forms showed identical heat stability and chromato-
graphic behavior to that of the wild type. When analyzed
by SDS-PAGE, each enzyme showed a single band corre-
sponding to the expected monomeric mass of approximately
31000 Da. CD spectra were obtained for both mutant
enzymes and compared to the wild-type spectrum in order
to examine whether the solution structure had been altered.
It can be seen from Figure 2 that all spectra overlaid,
confirming structural integrity of both DHDPS-R138A and
DHDPS-R138H.

V ) VA/(Km
app+ A) (1)

Table 1: Data Collection and Refinement Statisticsa

DHDPS-R138A DHDPS-R138H

resolution (data
processing, Å)

1.80 (1.86-1.80) 2.05 (2.12-2.05)

no. of images 318 235
oscillation range (deg) 0.3 0.3
space group P3121 P3121
unit cell [a, b, c (Å)] 120.99, 120.99,

111.30
121.02, 121.02,

111.41
no. of reflections/unique 491142/87227 248925/59240
completeness (%) 100.0 (100.0) 99.7 (99.0)
Rmerge

b (outer shell) 0.063 (0.394) 0.087 (0.353)
I/σ 14.0 (4.0) 10.4 (3.8)
resolution (refinement, Å) 1.949 (1.991-1.949) 2.05 (2.103-2.05)
Rfree

c 0.191 (0.284) 0.212 (0.308)
Rcryst

d 0.163 (0.233) 0.172 (0.248)
meanB value (Å2) 20.6 23.7
estimated coordinate errore 0.067 0.096
residues/solvent molecules 584/596 584/550
rmsd from ideal geometry

bond lengths (Å) 0.011 0.007
bond angles (deg) 1.34 1.11
a Values in parentheses represent the highest resolution shell.b Rmerge

) ∑|I - 〈I〉|/∑I. c Rfree is based on 5% of the total reflections excluded
from refinement.d Rcryst ) ∑||Fo| - |Fc||/∑|Fo|. e Based on maximum
likelihood calculations.
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Crystallization, Refinement, and General Structural Fea-
tures of the Mutants.Both X-ray crystal structures were
determined using the molecular replacement method starting
with the wild-type structure available from the Protein Data
Bank, entry 1YXC. The final models contained 292 amino
acid residues in each chain, with two chains in each
asymmetric unit, from which the tetramer can be generated
by crystallographic symmetry. The currentRcryst and Rfree

values are 16.1% and 19.2% for DHDPS-R138A and 17.2%
and 21.2% for DHDPS-R138H. The structures were checked
with Procheck (24), and all residues, apart from Tyr107 (φ

∼ 80°, ψ ∼ -45°), fell within the allowed regions of the
Ramachandran plot (26). For position 107, each of the mutant
structures showed well-defined electron density, and the
dihedral angles were similar to those of the wild-type
structure. This residue forms the central residue of a classic
γ-turn, as described by Rose et al. (27). Others have proposed
that the conformational strain at position 107 is consistent
with its proposed role in catalysis via the catalytic triad motif
(5). For both structures, the orientation of the active site
residues was the same between both monomers within the
asymmetric units (rmsd for monomers in the asymmetric unit
were 0.19 Å for DHDPS-R138H and 0.18 Å for DHDPS-
R138A).

DHDPS from E. coli is a homotetramer (6), and the
monomer is a (â/R)8-barrel with the active site situated within
the center of theâ-barrel in each monomer (Figure 3). The
quaternary structure reveals a dimer of dimers with strong
connections between monomers A and B but weak connec-
tions between the dimers (9, 11). Neither mutant structure
showed any modification in its tertiary or quaternary
structures from that of the wild type, a result confirming that
gross structural changes were not the cause of the mutated
enzymes’ attenuated function. Intriguingly, electron density
was discovered within the active site of DHDPS-R138H but
not DHDPS-R138A. The density was very similar to that
seen in the DHDPS-Y107F mutation (11) (Figure 4), and
its identity is yet to be confirmed. Preliminary results suggest
that the tetrahedral intermediate, which is prior to Schiff base
formation (as outlined in Figure 1), may fit most of the
observed density. However, its occupancy is likely to be less
than unity. We can exclude molecules that were added to
the crystallization or purification media, suggesting the
adduct endured the purification procedure.

Mutant Properties. (a) Kinetics.When comparing the
properties of DHDPS-R138A and DHDPS-R138H with the
wild type, it was clear that the introduction of an alanine or
histidine at this position had a major impact on the catalytic
function. Comparing the kinetic properties (Table 2) showed
thatkcat was decreased by approximately 100-1000-fold, a
result similar to other mutations in the DHDPS active site
(11) and consistent with the hypothesis that arginine 138 is
important in catalysis. Not surprisingly, the mutations also
altered the ability of the enzyme to bind its substrates. While
theKmPyr

app (0.45( 0.07 mM for DHDPS-R138A and 0.28
( 0.03 mM for DHDPS-R138H) was only marginally altered
compared to the wild type (0.26( 0.03 mM), theKmASA

app

FIGURE 2: UV circular dichroism spectra for the wild-type (]),
DHDPS-R138A (0), and DHDPS-R138H (×).

FIGURE 3: Tertiary and quaternary structures of DHDPS-R138A.
(A) The monomeric (R/â)8-barrel structure of DHDPS-R138A. The
R5′-helix, residues 136-139, is highlighted. (B) Quaternary
structure of DHDPS-R138A showing the tetramer, which is
composed of two tight dimers (a/b and c/d).

FIGURE 4: Unexplained density (Fo - Fc, contoured to 3σ, blue)
at the active site of DHDPS-R138H.
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values were greatly increased (5.1( 0.3 and 37( 5 mM
for DHDPS-R138A and DHDPS-R138H, respectively) com-
pared to the wild type (0.11( 0.01 mM). This is entirely
consistent with the role of Arg138 being able to bind the
carboxyl moiety of (S)-ASA. The unalteredKmPyr

appsuggests
that the guanidinium group of arginine is not involved in
binding pyruvate and that the structure and electrostatics of
the pyruvate binding pocket remain intact.

That both mutations have similarkcat values and that
DHDPS-R138A shows greater affinity for (S)-ASA com-
pared to DHDPS-R138H indicate histidine cannot in any way
substitute for arginine at this position. We conclude that
either Arg138 does not act as a general base or that this is
due to the different positioning of the imidazole of histidine
compared to the guanidinium of arginine at position 138.
The lower KmASA

app for DHDPS-R138A, with respect to
DHDPS-R138H, suggests that interactions between (S)-ASA
and the histidine are unfavorable, perhaps due to steric
interactions.

(b) ActiVe Site Structures.Following kinetic analysis,
protein X-ray crystallography was used to evaluate whether
changes in the orientations of residues in the active site could
account for the observed kinetic changes. Upon inspection
of the initial Fo - Fc difference density map, the alanine
and histidine residues at position 138, initially modeled as
glycine, were clearly visible (Figure 5). Arginine 138 is
situated on the shortR5′-helix [as denoted by Mirwaldt et
al. (9)] at the entrance to the active site (Figure 3). The
refined structures of each mutant DHDPS show that this helix
is not reorganized and that the side chains at position 138
are oriented similarly to Arg138 of the wild type.

In the DHDPS-R138H structure, the histidine is oriented
such that a hydrogen bond links theδ-nitrogen of the
imidazole ring to the backbone oxygen of Tyr107. A similar
link is also formed with arginine in the wild type. This
explains the poor affinity of DHDPS-R138H for the carboxyl
of (S)-ASA, as theε-nitrogen of the histidine is likely to be
unprotonated and unable to bind the carboxyl group. Such
problems would be absent in DHDPS-R138A. Interestingly,
even though no such connection is seen in the DHDPS-
R138A enzyme, Tyr107 is still in a strained conformation
in the Ramachandran plot. Thus, it would seem that the
orientation of Tyr107 is due to the hydrophobic stacking with
Tyr106 and Arg138 and the connections within the proton
relay.

Of more importance were changes in the other active site
residues when compared with the wild-type structure (Figure
6). Lysine 161 and Tyr133 held the same orientation

compared to the wild type; however, as evident from the
high B values for the side chain atoms of Thr44, in the
DHDPS-R138A mutant compared to the wild type, this
residue appeared to occupy a number of conformations
(Figure 7). This is backed up by the presence of extra water
molecules in the DHDPS-R138A structure positioned near
Thr44 (2.9 Å), which is not seen in the wild-type structure.
Different conformations could allow room for water to bind,
forming alternate bonding patterns. The apparent flexibility
was more pronounced with DHDPS-R138A, where Tyr133
and Tyr107 from subunit B also showed increasedB values
compared to the wild type, presumably because histidine
supplies some rigidity that alanine does not. The meanB
value for DHDPS-R138A (20.6 Å2) was similar to that of
the wild type (19.9 Å2). As previously shown, mutation of
Thr44 to valine, with concomitant breakage of the proton
relay, attenuates catalytic activity (11). Also, the distances
within the hydrogen-bonding network for both mutations are
noticeably lengthened (Table 3). Thus, the lower activity of
the DHDPS Arg138 mutants could be attributed to the
disruption of this hydrogen-bonding network. Additionally,
in both mutant structures, Tyr107, which interacts directly

Table 2: Kinetic Parameters for Wild-Type and Mutant DHDPS Enzymes

wild typea DHDPS-R138Ab DHDPS-R138Hc

kcat(s-1) 124( 6.8 kcatPyr
app(s-1) 0.149( 0.004 0.038( 0.001

rel kcat(%) 100 0.1 0.03
kcatASA

app(s-1) 0.92( 0.02 0.17( 0.01
rel kcat(%) 100 0.7 0.1
KmPyr(mM) 0.26( 0.03 KmPyr

app(mM) 0.45( 0.07 0.28( 0.03
KmASA (mM) 0.11( 0.01 KmASA

app(mM) 5.1( 0.3 37( 5
kcat/KmPyr(M-1 s-1) (4.8( 0.6)× 105 kcatPyr

app/KmPyr
app (M-1 s-1) 330( 10 130( 10

kcat/KmASA (M-1 s-1) (1.1( 0.2)× 106 kcatASA
app/KmASA

app(M-1 s-1) 180( 10 4.0( 0.6
a From Dobson et al. (11). b When assaying vs (S)-ASA, pyruvate was held constant at 15 mM; when assaying vs pyruvate, (S)-ASA was held

constant at 3 mM.c When assaying vs (S)-ASA, pyruvate was held constant at 15 mM; when assaying vs pyruvate, (S)-ASA was held constant at
11.3 mM.

FIGURE 5: Difference map (“omit” map; 2Fo - Fc contoured to
1σ, blue; Fo - Fc, contoured to 3σ, green) of the mutations at
position 138. (A) DHDPS-R138A (cyan). (B) DHDPS-R138H
(yellow).
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with Arg138 in the wild-type enzyme, held a quite different
orientation.

Together, this suggests that, apart from binding (S)-ASA,
Arg138 may also be critical in stabilizing the juxtaposition
of Thr44, Tyr133, and Tyr107, perhaps by buttressing these
residues via hydrophobic interactions: in the native structure,
theâ- andδ-carbons of Arg138 are close (∼4 Å) to the ring

carbons of Tyr107. In addition, a water molecule bridges
Arg138_Nε to Tyr133_OH in the wild type (14). This water
is absent in both Arg138 mutants. Taken together, this
implies that the binding of (S)-ASA, and presumably
movement of Arg138, may be a way for the enzyme to
modulate the catalytic triad. That is, the pKa of Tyr133 and
its ability to act as a general acid/base could be altered either
upon the binding of (S)-ASA or, perhaps, during the
cyclization step, where movements in Arg138 are presumed
to occur (5).

(c) (S)-Lysine Inhibition.It is known that (S)-lysine inhibits
the reaction catalyzed by DHDPS, and others have previously
identified the binding site. The precise mechanism by which
(S)-lysine exerts regulatory control over DHDPS is unclear,
although kinetic and structural studies support the proposal
that (S)-lysine is an allosteric inhibitor (1, 5, 7, 14, 28-30).

Others have reported that Arg138 may be important in
(S)-lysine inhibition (5). As such, our mutagenic study was
ideal to test this hypothesis. Both DHDPS-R138A and
DHDPS-R138H showed similar sensitivity to (S)-lysine
inhibition when compared to the wild type: for all enzymes,
including the wild type, we observed 50% inhibition at 0.2
mM (S)-lysine concentration. However, although still a
partial inhibitor, both DHDPS-R138A and DHDPS-R138H
showed a minimum of 35% activity, even at 10 mM (S)-
lysine concentrations, compared to the wild type, which was
8% active at this (S)-lysine concentration. This may be a
result of the changes seen in the flexibility of the triad
mutants. The reasons for this altered inhibition pattern are
difficult to determine, but we may be further enlightened by
the future determination of DHDPS-R138A and DHDPS-
R138H with complexed (S)-lysine.

Structurally, the allosteric (S)-lysine binding site of the
mutants is very similar to that of the wild type. This was
expected as the (S)-lysine binding pocket was not altered
by mutagenesis. However, the orientation of the Tyr107 side
chain is more similar to the wild type with bound (S)-lysine
than to the unbound wild-type structure (Figure 8). The
phenyl ring is twisted in each mutant by approximately 40°
with respect to the wild type. In contrast, for the wild type
with bound (S)-lysine, the ring is twisted by only 20° (14).
This is perhaps due to the loss of the hydrophobic stacking
between the side chains of Arg138, Tyr107, and Tyr106.
That Tyr107 is twisted as in the (S)-lysine bound wild type
draws into question the role of this movement in the
inhibition mechanism.

FIGURE 6: Stereoview showing overlays of the active sites of wild-type (black) and mutant DHDPS structures. The rmsd for each mutant
dimer in the asymmetric unit with respect to the wild-type dimer was 0.18 and 0.19 Å for DHDPS-R138A and DHDPS-R138H, respectively.
Residues from DHDPS-R138A are colored cyan, and those from DHDPS-R138H are colored yellow.

FIGURE 7: Electron density (2Fo - Fc, 1σ, blue; Fo - Fc, -3σ,
red; 3σ, green) surrounding Thr44 in the active site of DHDPS-
R138A (A) and DHDPS-R138H (B). The dashed line connects the
hydroxyl of Thr44 to a water (X) not seen in other structures (2.91
Å).

Table 3: Comparison of Key Atomic Distances within the Active
Site for the Wild-Type and Arginine Mutants of DHDPS

protein distances (Å)

wild
type DHDPS-R138A DHDPS-R138H

OH Y133 Nε K161 2.9 3.5 3.7
OH Y133 OH T44 2.7 3.5 3.1
OH T44 OH Y107 2.7 3.0 3.1
OH Y133 OH Y107 3.7 4.3 4.6
OH Y133 H2O A 2.6
H2O A Nε R138 3.2
Nε K161 dO G186 4.4 5.3 5.3
Nε K161 dO I203 5.2 3.7 4.4
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Taken with our previous structural data (14), which found
no change in the rigidity of Arg138 upon (S)-lysine binding,
it is clear that Arg138 does not play a critical role in (S)-
lysine inhibition. The structural evidence here suggests that
the altered pattern of inhibition may be due to changes in
the proton relay.

CONCLUSION

This work confirms the hypothesis that arginine 138, which
sits on theR5′-helix, is essential for catalysis of (S)-ASA
and pyruvate to form dihydrodipicolinate by DHDPS. Its
likely role is to bind the second substrate, (S)-ASA, but, as
we have suggested here, it appears that Arg138 may also be
important for the stabilization of the proton relay, a motif
previously shown to be required for catalysis. Additionally,
the role of Arg138 in (S)-lysine inhibition was probed, and
it was concluded that this residue is not essential in the
inhibition mechanism.
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FIGURE 8: Overlay of Tyr107 for the wild-type (gray), wild-type
with bound (S)-lysine (orange), and both mutations, DHDPS-R138A
(cyan) and DHDPS-R138H (yellow).
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