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ABSTRACT: Dihydrodipicolinate reductase catalyzes the NAD(P)H-dependent reduction of theR,â-
unsaturated cyclic imine dihydrodipicolinate to form the cyclic imine tetrahydrodipicolinate. The enzyme
is a component of the biosynthetic pathway that leads to diaminopimelate and lysine in bacteria and
higher plants. Because these pathways are unique to microorganisms and plants, they may represent
attractive targets for new antimicrobial or herbicidal compounds. The three-dimensional structure of the
ternary complex ofEscherichia colidihydrodipicolinate reductase with NADH and the inhibitor 2,6-
pyridinedicarboxylate has been solved using a combination of molecular replacement and noncrystallo-
graphic symmetry averaging procedures and refined against 2.6 Å resolution data to a crystallographic
R-factor of 21.4% (Rfree is 29.7%). The native enzyme is a 120 000 molecular weight tetramer of identical
subunits. The refined crystallographic model contains a tetramer, three molecules of NADH, three
molecules of inhibitor, one phosphate ion, and 186 water molecules per asymmetric unit. Each subunit
consists of two domains connected by two flexible hinge regions. While three of the four subunits of the
tetramer have a closed conformation, in which the nicotinamide ring of the cofactor bound to the N-terminal
domain and the reducible carbon of the substrate bound to the substrate binding domain are about 3.5 Å
away, the fourth subunit is unliganded and shows an open conformation, suggesting that the enzyme
undergoes a major conformational change upon binding of both substrates. The residues involved in
binding of the inhibitor and the residues involved in catalysis have been identified on the basis of the
three-dimensional structure. Site-directed mutants have been used to further characterize the role of these
residues in binding and catalysis. A chemical mechanism for the enzyme, based on these and previously
reported data, is proposed.

The biosynthesis ofL-lysine and its immediate biosynthetic
precursor,meso-diaminopimelate, by bacteria is critical for
both protein and cell wall biosynthesis.L-Aspartate is the
precursor toL-lysine, as well asL-threonine,L-isoleucine,
andL-methionine. The conversion of aspartate to aspartate
semialdehyde is a common step to all four pathways, and
the first unique step inL-lysine biosynthesis is the aldol
condensation of aspartate semialdehyde with pyruvate cata-
lyzed by dihydrodipicolinate synthase (1). This enzyme has
recently been mechanistically and structurally characterized
(2-4) and generates theR,â-unsaturated cyclic imine,
dihydrodipicolinate. The reduction of this compound to
tetrahydrodipicolinate is catalyzed by thedapB-encoded
pyridine nucleotide-dependent dihydrodipicolinate reductase.
The enzyme was initially identified inEscherichia coliby
Farkas and Gilvarg (5). To date, the gene encoding the
reductase has been sequenced from a wide variety of bacteria,
including Gram-positive, Gram-negative, and mycobacterial
species (6). The most studied reductase by far is theE. coli
enzyme. The protein has been overexpressed and mecha-
nistically characterized (7), crystallized and structurally

characterized (8), and subjected to mass spectrometric studies
to determine inhibitor binding sites and conformational
changes associated with inhibitor binding (9). The enzyme
is a two-domain protein, with unusual pyridine nucleotide
specificity that has been studied using microcalorimetry and
X-ray diffraction techniques (10).
On the basis of the structure of the binary DHPR‚NADPH1

complex (8) and hydrogen exchange kinetics (9), the amino-
terminal domain has been shown to be the dinucleotide
binding domain, and the carboxyl-terminal domain has been
proposed to be the substrate binding domain. The alignment
of the translated sequences of eight reductase genes (6) shows
a region of highly conserved residues [157E(L/A)HHXX-
KXDAPSGTA171; numbers refer to theE. coli sequence] in
this domain that has been proposed to represent the dihy-
drodipicolinate binding site. In the structure of the binary
complex, the distance between this region and the nicotin-
amide ring of the bound dinucleotide is about 12 Å, too long
for catalysis to occur. On the basis of the structural and
mass spectrometry data, a substantial movement of the two
domains has been proposed to occur upon binding of the
substrates.
In the present report, we describe the crystallization of

the ternaryE. coliDHPR‚NADH‚2,6-pyridinedicarboxylate
complex and the determination of its three-dimensional
structure. The structure of the ternary complex confirms that
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residues in the conserved carboxyl-terminal region are
involved in inhibitor binding; comparison of this structure
with the previously reported binary DHPR‚NADPH complex
provides details of the relative movement of the two domains.
The catalytic and inhibitor binding functions of two of the
residues observed to make important contacts with the
inhibitor have been assessed by site-directed mutagenesis,
and a chemical mechanism, consistent with the structural and
kinetic data, is proposed for the enzyme. This information
may provide a basis for the design of structure-based
inhibitors against this enzyme of critical biosynthetic im-
portance.

EXPERIMENTAL PROCEDURES

Crystallization and Data Collection.RecombinantE. coli
DHPR was purified as described earlier (7). Crystals of the
ternary complex DHPR‚NADH‚PDC were obtained using
the hanging drop vapor diffusion method, with 23-26% PEG
8000 as precipitant, in 160-180 mM potassium phosphate
and 100 mM sodium cacodylate, pH) 6.5. Crystals were
grown at room temperature, from 6µL drops, which
contained 3µL of protein solution (20 mg/mL protein, 2
mM NADH, and 30 mM PDC) and 3µL of precipitant
solution. Crystals in the shape of thin platres appeared
between three and five days, and reached their maximum
dimensions in about a week.
A typical crystal measured approximately 0.4× 0.4 ×

0.03 mm and diffracted to about 2.5 Å. An initial diffraction
data set to 3.0 Å was collected at 16°C using a Rigaku RU-
200 rotating anode X-ray source operating at 55 kV and 85
mA and a Siemens multiwire area detector. The unit cell
parameters werea ) 137.6 Å,b ) 123.8 Å,c ) 66.6 Å,R
) â ) γ ) 90.0°. Data were integrated in a low symmetry
space group (i.e., assumingP1 symmetry) so as not to remove
any reflections in the reduction step. Data processing,
scaling, and merging were done using XENGEN software
(11). Analysis of the integrated data set showed that the
pattern of systematically absent reflections was consistent
with orthorhombic crystals, space groupP212121. The
calculated unit cell volume was 1 113 850 Å3. The mono-
meric molecular weight forE. coli DHPR is 28 758, and
assuming four molecules per asymmetric unit, we obtained
a Vm ratio (volume/protein molecular weight) of 2.42 Å3,
corresponding to a solvent content of about 50%. These
values fall within the range expected for globular proteins
(12). The enzyme has been shown to be tetrameric in its
native state, and a tetramer generated by a 222 symmetry
has been described earlier (8). Although these crystals
presumably contained one tetramer per asymmetric unit, a
self-rotation function, calculated using GLRF (13), did not
give any clear solution. A second data set, 90.0% complete
to 2.6 Å, with anRsym of 8.1 was collected under the same
conditions and used for the subsequent structure determina-
tion and refinement. Table 1 summarizes the statistics for
data collection.
Structure Solution. The three-dimensional structure of the

ternary complex ofE. coli DHPR‚NADH‚PDC was solved
using molecular replacement techniques, using as search
model the structure of the DHPR‚NADPH complex refined
to 2.2 Å (8) without bound nucleotide or water molecules.
DHPR is a two-domain protein: the amino-terminal domain
comprises the dinucleotide binding domain, and the C-

terminal domain has been suggested to be the substrate
binding domain in addition to its involvement in tetramer-
ization (8). The two domains are linked by two flexible
hinge regions. Initial cross-rotation functions, calculated with
either AMORE (14) or X-PLOR (15) in a variety of
resolution ranges, using either a whole monomer (N-terminal
and C-terminal domains), a dimer, or a tetramer as search
model, did not give any clear solution. The rotation function
was then calculated using as search model only the core of
the tetramer, a 16-strandedâ-barrel, surrounded by eight
R-helices (8), corresponding to approximately one-third of
the asymmetric unit content. The rotation function was
calculated with AMORE, using 12.0-4.5 Å data, and gave
a single solution with a correlation coefficient (cc) of 16.3
(the next best solution had a cc of 12.0). The translation
function was calculated using this rotation function solution
and 9.0-4.5 Å data and gave a single solution with a cc of
32.1 and anR-factor of 47.8. The resulting matrix was
applied to the entire tetramer, but the crystal packing revealed
the presence of regions of very bad contacts involving
residues of the dinucleotide binding domain, suggesting that
the relative positions of the N-terminal and C-terminal
domains in the new crystal form were different from the
model used to solve the structure. In order to locate the
four N-terminal domains, a new strategy was devised. The
core structure was subjected to 50 cycles of rigid body
refinement as implemented in X-PLOR, using data between
8.0 and 3.5 Å resolution (13 302 reflections, 97.7% of
possible; 5% of the reflections were set aside forRfree
calculation) (16, 17). The crystallographicR-factor went
from 45.2% to 40.3% (Rfree went from 45.7 to 43.6). The
resulting model was subjected to a 3000° simulated annealing
refinement as implemented in X-PLOR, using all available
data to 3.0 Å (22 406 reflections, 95.0% of possible). A
bulk solvent correction was applied as suggested in the
X-PLOR manual, using SOLRAD) 0.20 Å, SOLDEN)
0.34 e/Å3, Ksol ) 0.90, andBsol ) 200.0. A noncrystallo-
graphic symmetry (NCS) matrix was calculated from the
model and applied throughout the refinement. The finalR
andRfreewere 38.6% and 44.9%, respectively. The resulting
Fo, Fc, and phases were input to DM (18) and subjected to
30 cycles of solvent flattening procedures (19). The progress
of the refinement was again monitored using cross-validation
methods. The newFc and phases were then input to
SIGMAA (20) and used to calculated (Fo - Fc) coefficients
and a difference Fourier (Fo - Fc) electron density map. The
map was displayed in O (21) and visually analyzed but was
not of good enough quality to allow for location of the
N-terminal domains. The (Fo - Fc) coefficients were then
input in AMORE, and a new cross-rotation function was
calculated between 12.0 and 8.0 Å against these coefficients,

Table 1: Statistics for the Data Set Used in the Three-Dimensional
Structure Determination of the Ternary Complex ofE. coli DHPR
with NADH and the Inhibitor 2,6-PDC

data collection
statistics

entire range resolution
(25.0-2.6 Å)

last shell resolution
(2.76-2.6 Å)

no. of reflections 32245 4365
% of possible 90.0 74.0
no. of reflections 119624 8022
redundancy 3.7 1.8
I/σI 15.9 2.0
Rsym 8.1 26.9
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using the N-terminal domain (residues 5-129 and 241-273)
as searching model. The first five solutions were used to
carry on a translation search between 9.0 and 4.5 Å, using
the originalFo as coefficients and the N-terminal domain as
search model and keeping the solution originally found for
the core (cc) 35.4 andR) 45.7) fixed. A unique solution
was found (cc) 36.7,R ) 46.6). Both sets of solution
(one for the core region and one for the N-terminal domain)
were subjected together to 10 cycles of rigid body refinement,
as implemented in AMORE, and the resulting model
(inclusive of core and one N-terminal domain) had a cc)
44.3 and R) 43.9. An initial comparison of the position
of the N-terminal subunit with respect to the core in the
binary and ternary complexes revealed that, in the DHPR‚
NADH‚PDC complex, the N-terminal domain is in a
different, closed conformation. The remaining three N-
terminal domains were generated by applying the NCS
matrix as calculated from the core structure. The resulting
complete tetramer was checked for bad contacts. The crystal
packing was acceptable, with only minor contacts between
the N-terminal domains of two subunits. The crystal-
lographicR-factor was 43.1 (Rfree ) 43.9). The model was
subjected to 50 cycles of rigid body refinement and a 3000°
simulated annealing procedure, using all available data to
3.0 Å, which lowered the crystallographicR-factor to 32.5%
but increased theRfree to 46.5%. Inspections of (Fo - Fc)
difference fourier maps calculated with the current model
also did not show any evidence for electron density corre-
sponding to either NADH or 2,6-PDC bound to the protein.
A superimposition of the CR-trace for the model before and
after refinement showed that while three of the N-terminal
subunits did not move from their original closed position,
the fourth rotated away from the closed conformation by as
much as 10°. This fourth N-terminal domain was removed
from the model, and the remaining atoms were subjected
again to 50 cycles of rigid body refinement and a 3000°
simulated annealing. The crystallographicR-factor went
from 41.3% to 28.2%, and theRfree went from 42.5% to
40.6%. SIGMAA was used to calculate a (Fo - Fc)
difference Fourier map, in which it was possible to locate
and fit the fourth N-terminal domain. The resulting model
(three subunits, MOL2, MOL3, and MOL4, in a closed
conformation, and the fourth, MOL1, in an open conforma-
tion) was subjected to the same scheme of refinement as
above, using all available data to 3.0 Å. A bulk solvent
correction was applied as described before, and the NCS
matrix was applied to MOL2, MOL3, and MOL4 and to the
C-terminal portion of MOL1. The resulting crystallographic
R-factor was 26.8%, and theRfree was 36.4%. (2Fo - Fc)
and (Fo - Fc) electron density maps were calculated with
SIGMAA, and inspections of the difference Fourier electron
density maps clearly revealed electron density corresponding
to NADH and 2,6-PDC in the three closed subunits. In the
fourth, open subunit, there was no evidence for bound
cofactor or substrate.
Structure Refinement.The E. coli DHPR‚NADH‚PDC

ternary complex structure was refined using alternate cycles
of manual rebuilding of the model and computer-based
refinement. The simulated annealing and least squares
minimizations implemented in the X-PLOR suite of programs
were used throughout the refinement. “Shake omit” electron
density maps (maps calculated by omitting portions of the
chain from the model and applying to the remaining atoms

a random error to thex,y,zcoordinates before calculating
the maps) were extensively used to check and rebuild several
regions of the model, including residues 40-60, 75-95,
190-210, and the C-terminal 10 residues in all four subunits.
NCS was initially applied to all residues in MOL2, MOL3,
and MOL4 and to residues 130-240 of MOL1 and then
gradually released for portions of the molecules to take into
account their different environments. The resolution was
gradually increased to include all available data in the range
20.0-2.6 Å (32 222 reflections, 89.9% of possible). A bulk
solvent correction, as described before, was applied through-
out the whole process. Grouped temperature factor refine-
ment was initially used, replaced in the later rounds by
individual temperature factor refinement. The progress of
the refinement was always monitored using cross-validation
methods, and only those procedures that resulted in a lower
Rfreewere used in the refinement. All electron density maps
[(2Fo - Fc) Fourier maps, (Fo - Fc) difference Fourier maps,
and shake omit electron density maps] were calculated using
SIGMAA. Several rounds of refinements were necessary to
lower the crystallographicR-factor to 23.6 (Rfree was 32.0).
At this point, three molecules of NADH and three molecules
of 2,6-PDC were built into the electron density available in
MOL2, MOL3, and MOL4. In the next rounds of refine-
ment, several solvent molecules and a phosphate ion were
also built into the model. In the last steps of the refinement,
extensive geometry checks were run using WHAT_IF, and
the model was manually corrected accordingly. The final
model contains one tetramer, three NADH molecules, three
2,6-PDC molecules, 184 solvent molecules, and one phos-
phate ion per asymmetric unit. The crystallographicR-factor
for 32 222 reflections between 20.0 and 2.6 Å is 21.4% (Rfree
is 29.7%), with root mean square deviations in bond lengths
and bond angles of 0.015 Å and 2.0°, respectively. Table 2
summarizes statistics on the final model.
Preparation, Purification, and Kinetic Characterization

of the Mutants.Site-directed mutagenesis was performed
by overlap extension using the polymerase chain reaction
as previously described (22). Mutant genes were cloned into
theNdeI/BamHI cloning sites of the pETlla vector, and the
plasmids were transformed intoE. coli BL21(DE3). Mu-
tagenesis was confirmed by dideoxy sequencing of the
mutated genes (23). The expression and purification of the
enzymes were performed as previously described (7). In
addition, electrospray ionization/mass spectrometry was
performed on the homogeneous mutant enzymes to both

Table 2: E. coli DHPR‚NADH‚2,6-PDC Complex: Statistics on the
Refined Model

resolution range (å) 20.0-2.6
no. of reflections 32222
protein atoms 7878
ligand atoms 178
solvent atoms 184
crystallographicR-factor (%) 21.4
freeR-factor (%) 29.7
RMS bond lengths (Å) 0.015

av temp factor (Å2)

MOL1 MOL2 MOL3 MOL4

entire molecule 33.0 35.7 32.8 33.4
N-terminal domain 37.1 41.4 37.5 38.1
C-terminal domain 25.5 27.6 26.0 26.6
ligands (NADH and PDC) 19.2 14.5 22.7
solvent 33.7 31.7 35.8 30.6
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confirm the mutagenic substitution and to ensure that no
unexpected mutation has been introduced. In all cases, the
subunit molecular masses were those predicted. The kinetic
assays were performed as previously described (7), and fits
of the data were obtained using the programs and procedures
described by Cleland (24).

RESULTS AND DISCUSSION

Quality of the Structure.Figure 1A shows the ribbon
diagram of theE. coliDHPRmonomer, Figure 1B is a ribbon
diagram of the ternary complex tetramer, and Figure 1C and
Figure 1D are overlays of the CR trace for the open
(magenta) and one of the closed (yellow) monomers. The
current model of theE. coli DHPR‚NADH‚PDC complex
contains 7878 protein atoms (a tetramer composed of four

monomers labeled in Figure 1B as MOL1-4), three mol-
ecules of NADH, three molecules of 2,6-PDC, 184 solvent
molecules, and one phosphate ion. MOL1 contains residues
4-273, MOL2 contains residues 5-273, and MOL3 and
MOL4 contain residues 3-273. A Ramachandran plot
[calculated with PROCHECK (25)] for theφ,ψ angles shows
that all residues fall within the allowed region of low
conformational energy. Of the two residues located in the
generously allowed region, Ala1004 belongs to the N-
terminal polypeptide of MOL3, and Ser547 is located in a
surface loop in MOL2: both regions are very flexible and
exhibit weak electron density.

The E. coli DHPR Tetramer. The structure of theE. coli
DHPR monomer has been extensively described in previous
papers (8, 10), and it is shown in Figure 1A. Briefly, the

FIGURE 1: (A) Ribbon diagram of theE. coli DHPR monomer. The bound dinucleotide and inhibitor are also displayed. (B) Ribbon
diagram of theE. coli DHPR tetramer. Of the four subunits, MOL1 was in an open conformation, and no NADH or PDC was visible in
this monomer. (C and D) Overlay of the CR traces for MOL1 (magenta) and MOL2 (yellow) of the tetramer, using the N-terminal and
C-terminal domains, respectively, showing the rigid body movement observed for the N-terminal domain upon binding of both cofactor
and inhibitor. The two hinge regions are indicated with their respective residue names. This figure and Figures 2 and 5 were prepared with
SETOR (32).
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enzyme is composed of two domains, connected by two short
hinge regions. The N-terminal domain is formed by the first
130 and last 36 residues of the polypeptide chain and contains
sevenâ-strands (B1-B6 and B11 in Figure 1A) and four
R-helices (A1-A3 and A6 in Figure 1A) that form a classical
dinucleotide binding fold (26). The bound dinucleotide is
found in an extended conformation at the C-terminal end of
the centralâ-sheet. The second domain is formed by
residues 130-240 and contains twoR-helices (A4 and A5
in Figure 1A) and four longâ-strands (B7-B10 in Figure
1A) that form an open mixedâ-sandwich (27). It also
contains a long loop that extends from the body of the
C-terminal domain forming an angle of about 60° with the
â-sheet. On the basis of the structure of the binary DHPR‚
NADPH complex (8), alignment of the sequences of DHPR
from a variety of bacterial sources (6), and deuterium
exchange/mass spectrometry experiments (9), this second
domain has been proposed to be the substrate binding
domain. The crystal form originally used to solve the
structure ofE. coliDHPR contained one 273 residue enzyme
monomer per asymmetric unit (8), although the native
molecular weight had been reported to be about 120,000 Da,
consistent with a native tetrameric form of the enzyme (7,27).
A potential tetramer, generated by a crystallographic 222
axis, was proposed on the basis of the analysis of the crystal
packing. The crystal form used to solve the structure of the
ternary complex ofE. coliDHPR with the substrate, NADH,

and the inhibitor, 2,6-PDC, bound confirms these previous
suggestions, since it contains the tetramer in the asymmetric
unit, shown in Figure 1B, whose structure is almost identical
to the tetrameric structure proposed earlier (8). The interac-
tions between the four subunits occur exclusively between
residues of the C-terminal domain. The four monomers
interact by pairing the fourâ-strands on the C-terminal
domain to form a 16-stranded, mixed, flattenedâ-barrel. This
central barrel is anchored by the four loops that extend from
the body of each monomer and wrap around the mixed
â-sheet of the neighboring monomer providing favorable
interactions. The four dinucleotide binding domains of the
tetramer extend from the core region. The mean temperature
factors for the main-chain atoms of the N-terminal and

FIGURE 2: (Fo - Fc) difference Fourier electron density maps for
the bound cofactor and inhibitor calculated with the refined protein
model after extending the resolution to 2.6 Å.

Table 3: RMS Differences

RMS Differences for CR Positions (in Å) between the N-Terminal
and C-Terminal Domains for the Four Monomers of theE. coli

DHPR‚NADH‚PDC Complex

MOL2
Nter/Cter

MOL3
Nter/Cter

MOL4
Nter/Cter

MOL1 0.78/0.25 0.71/0.24 0.75/0.25
MOL2 0.43/0.16 0.34/0.16
MOL3 0.39/0.16

RMS Differences for CR Positions (in Å) between the
Three Closed Monomers

MOL2
whole

MOL3
whole

MOL4
whole

MOL4 0.33 0.36

FIGURE 3: Schematic diagrams of the binding sites for (A) NADH
and (B) 2,6-PDC in the three closed molecules (MOL2, MOL3,
and MOL4) in the three-dimensional structure of theE. coli
reductase. Hydrogen bond interactions are indicated as dotted lines,
residues making van der Waals contacts with the bound cofactor
and substrate are shown as brown semicircles. The figures were
generated with LIGPLOT (33).
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C-terminal domains are quite different: 35.7, 37.8, 34.7, and
35.6 Å2 for the dinucleotide binding domains of MOL1-4,
respectively, and 24.1, 25.8, 24.4, and 24.8 Å2 for the
substrate binding domains of these same four monomers.
These values are comparable with those calculated for the
monomeric structure ofE. coli DHPR previously reported
(8, 10) and may be indicative of the different flexibility of
the two domains. The most striking difference between the
crystallographic tetramer observed in theE. coli DHPR‚
NADPH complex (8) and the tetramer observed in the ternary
DHPR‚ NADH‚PDC complex is that the ternary complex is
not symmetric but contains one subunit (MOL1 in Figure
1A) in which the relative position of the N- and C-terminal
domains is different from that observed in the other subunits.
Panels C and D of Figure 1 show the CR trace overlay of
the MOL1 and MOL2 monomers, using the N-terminal and
C-terminal domains, respectively. Table 3 shows the RMS
differences for the CR positions (in angstroms) between the
four subunits of the tetramer. The differences are generally
larger for the N-terminal domain than for the C-terminal
domain, in agreement with the higher flexibility found for
the dinucleotide binding domain. The RMS deviation is also
larger when MOL1 is compared to any of the other
molecules, as may be expected since it represents the
unliganded state of the protein (see below). Both the
overlays and the calculated deviations clearly show that there
is a rigid body movement of the two domains that can be
described as a 16° rotation of one region with respect to the
other around an ideal axis that connects two interdomain
linkages (Phe129-Ser130 and Ser239-Arg240 in Figure
1C,D). These two hinges move through several large torsion
angle changes:∆ø/∆ψ (Phe129)) 26°/5°, ∆ø/∆ψ (Ser130)
) 15°/29°, ∆ø/∆ψ (Ser239)) 6°/24°, and∆ø/∆ψ (Arg240)
) 18°/25°. Of the four tetramer subunits, three exist in a
“closed” conformation, containing both NADH and inhibitor;
and the fourth subunit is in an “open” conformation. No
electron density for either NADH or 2,6-PDC could be
detected in this monomer, and there is no obvious kinetic
reason why this asymmetry exists for the “empty” monomer.
The three closed monomers are structurally very similar,

with the exception of residues Ser41 through Val60. This
loop has been previously characterized by high flexibility
and relatively poor electron density in all theE. coliDHPR
crystal structures reported to date (8, 10). As previously
reported, the loop is solvent exposed and does not appear to
play a role in either oligomerization or substrate binding.
This portion of the enzyme is poorly conserved among the
DHPR sequences of various bacterial species and is largely
absent from the DHPR sequences of Gram-positive bacteria
and mycobacteria (6), suggesting that it represents a nones-
sential part of the protein.

Substrate Binding Sites. In the three closed monomers
(MOL2-4 in Figure 1B), analysis of ((|Fo| - |Fc|)Φc))
difference Fourier electron density maps showed the presence
of positive electron density both across the C-terminal portion
of theâ-sheet of the dinucleotide binding domain and in the
area that was postulated to be the substrate binding region
(Figure 2). NADH and 2,6-PDC were built into this electron
density and refined along with the rest of the molecule.
Panels A and B of Figure 3 show a schematic representation
for the NADH and 2,6-PDC binding sites, respectively. Both
binding sites include several ordered solvent molecules. In
the PDC binding site, the inhibitor is replaced by a phosphate
ion (from the crystallization buffer) that makes hydrogen
bond interactions with the side chains of His160 (3.0 Å) and
Lys163 (2.9 Å).
Dinucleotide Binding Site.The dinucleotide is bound in

all three monomers in an extended conformation across the
C-terminal portion of the N-terminal domainâ-sheet, in a
manner very similar to that previously described (8, 10). The
adenine portion of the bound dinucleotide is located in a
solvent-exposed area, and it is much more flexible that the
rest of the nucleotide. The adenine ring makes several
hydrophobic interactions with the main-chain and side-chain
atoms of Arg39, Gly84, and His88 and one hydrogen bond
with an ordered solvent molecule. The two hydroxyls of
the adenine ribose interact with the side chain of Glu38 and
the backbone atoms of the conserved12GXXGXXG18motif,
residues that are part of the dinucleotide binding fingerprint
(10, 29), characteristic of many dinucleotide binding proteins.
The NADH pyrophosphate moiety is located overR-helix
A1 [the “dinucleotide binding helix” (30)] and interacts with
main-chain and side-chain atoms of residues of the loop
connectingâ-strand B1 toR-helix A1 and with the side chain
of Arg81. In all three monomers, ordered solvent molecules
have been located within the pyrophosphate binding site. The
nicotinamide ribose forms four hydrogen bond interactions
with protein atoms; in addition, in two monomers, two
ordered solvent molecules have been found to interact with
the two hydroxyls. The nicotinamide carboxamido group
forms three hydrogen bond interactions with protein atoms
in all three monomers, and it is oriented such that itspro-R
hydrogen is facing the bound inhibitor.
Inhibitor Binding Site. The 2,6-PDC is bound in the

C-terminal domain of DHPR, in a roughly spherical cavity
bordered by residues from both the N-terminal (Gly102-
Phe106 and Ala126-Ser130) and C-terminal domains
(Ile155-Gly175 and Val217-His220). While the impor-
tance of the peptide spanning residues Ile155-Gly175 in PDC
binding had been proposed earlier on the basis of structural
and sequence data (6, 8), the role of the Ala126-Ser130
peptide in substrate binding was first demonstrated using

FIGURE 4: Chemical mechanism for the reaction catalyzed byE. coli dihydrodipicolinate reductase proposed on the basis of the structural
and site-directed mutagenesis data described in the text.
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hydrogen exchange/electrospray ionization mass spectrom-
etry studies, which showed inhibition of hydrogen exchange
upon binding of the substrate (9). The bound 2,6-PDCmakes
several hydrogen bond interactions (schematically depicted
in Figure 3B) with atoms of the conserved157E(L/A)-
HHXXKX DAPSGTA171motif and with two ordered solvent
molecules. One of the waters (SOL1352 in Figure 3B)
bridges one of the PDC carboxylates to the pyrophosphate
group of NADH; the second is part of an hydrogen bond
network involving the side chains of His160 and Arg240.
In addition to His159, His160, and Lys163 of the conserved
motif, two more basic residues (His220 and Arg240) are
located nearby, potentially to help stabilize the inhibitor’s
negative charge.
Chemical Mechanism.A proposed chemical mechanism

for the reaction catalyzed byE. coli dihydrodipicolinate
reductase is shown in Figure 4. Previous studies have
demonstrated that hydride transfer occurs from the C4(R)
hydrogen of NADPH to the C4 position of bound dihydrodi-
picolinate and that solvent-derived protons are incorporated
at the C3 position (7). The structural data presented here
now allow us to unambiguously define thetrans stereo-
chemistry of the reduction. The C4(R) hydride of NADH
is transferred to thesi face of the unsaturated C4 position of
bound dihydrodipicolinate, and the proton is transferred to
the re face of the unsaturated C3 position of dihydrodipi-
colinate (both hydrogens are shown emboldened in Figure
4). Kinetic isotope effects on the maximum velocity are not
observed using [(4R)-4-2H]NADPH (DV) 1.03( 0.03), but
a large solvent kinetic isotope effect on the maximum
velocity is observed (D2OV ) 2.6( 0.2) for the reduction of
dihydrodipicolinate (Reddy, unpublished observations). These
data suggest a stepwise mechanism involving a rapid hydride
transfer step, followed by a slower, kinetically significant
proton transfer step. Thus the enzyme must be able to
stabilize the intermediate formed after hydride transfer but
before proton transfer, either the C3 carbanion or its
resonance tautomer, the enamine. There is substantial
enzymatic precedent for the stabilization of such intermedi-
ates, especially in the analogous reactions ofR,â-unsaturated
ketones catalyzed by the∆5-ketosteroid isomerase (31). On
the basis of our structural results of the ternary DHPR‚
NADH‚2,6-PDC complex, it appears that Lys163 interacts
strongly with the ring imine nitrogen and may both polarize
the R,â-unsaturated imine and stabilize the enemine inter-
mediate (Figure 5). Lys163 and both His159 and His160
are completely conserved among all bacterial dihydrodipi-
colinate reductase sequences reported to date (6) and are
located on a peptide whose hydrogen exchange kinetics are
dramatically affected by inhibitor binding (9). The imidazole
side chain of His160 interacts directly with the carboxyl
group of the inhibitor, while the side chain of His159
interacts with a water molecule adjacent to the position
analogous to the C3 position of dihydrodipicolinate (Figure
5). In order to assess the functional properties of Lys163
and His159, we prepared mutants in which these residues
are substituted. Inhibition constants for 2,6-pyridine dicar-
boxylate are rather uniformly affected by replacement of
either K163 or H159 with uncharged residues (Table 4),
increasing from ca. 50µM for the wild-type enzyme to 400-
700 µM. These rather modest effects on inhibitor binding
are clearly distinguished from the much larger effects on
catalysis. Replacement of the histidine with either alanine

or glutamine results in a reduction of the maximum velocity
of up to 200-fold, presumably reflecting the inability of these
residues to assist in the activation of the water molecule
which we suggest acts as the proton donor. RelativeV/K

FIGURE 5: (A) Overlay of the 2,6-PDC binding sites in the three
closed molecules (MOL2, yellow; MOL3, blue; MOL4, green).
Only the catalytically important residues (His159, Lys163, and the
water molecule) are displayed together with NADH and PDC. (B)
Average distances between the NADH C4 and the PDC C4
positions and between the side chain NE of His159, the C3 position
of PDC, and the active site solvent molecule.

Table 4: Comparison of Kinetic Parameters ofE. coli
Dihydrodipicolinate Reductase Wild Type and Mutants

DHPRa Km (µM) Vmax Vrel V/Krel

Kis
b

(µM 2,6-PDC)

WT 31.4( 3.7 41.8( 1.9 100 100 55( 5
H159A 201( 30 0.31( 0.03 0.74 0.11 420( 42
H159Q 178( 43 0.21( 0.03 0.49 0.09 710( 81
K163A 61( 1 0.059( 0.006 0.14 0.07 660( 71
K163Q 118( 14 0.049( 0.003 0.12 0.03 470( 43
K163C 97( 14 0.068( 0.006 0.16 0.05 520( 50

a Assay conditions: 100 mM Hepes, pH 7.8; 100µM NADH; 2
mM pyruvate; 25-100 µM L-aspartate semialdehyde; 15µg of
dihydrodipicolinate synthase; 25°C. b Inhibitor concentrations used
were 0.0, 200.0, and 400.0µM; 25 °C.

Structure ofE. coli DHPR-NADH-Inhibitor Complex Biochemistry, Vol. 36, No. 49, 199715087



values are even more significantly reduced because of the
6-7-fold higherKm value for the substrate dihydrodipicoli-
nate. Replacement of the Lys163 residue with either alanine,
glutamine, or cysteine has even more pronounced effects on
the maximum velocity of the reaction, reducing this param-
eter by 600-800-fold. Again, because of increasedKm

values for the substrate exhibited by these mutants, relative
V/K values are reduced even further, being 1400-3000-fold
lower than wild type. Together with the three-dimensional
data discussed previously, we suggest that these conserved
residues function not only in substrate and inhibitor binding
but more importantly in catalysis. On the basis of the studies
presented here and enzymatic precedents, we view Lys163
as a likely candidate for substrate polarization and enemine
stabilization, while we view His159 as the most likely
candidate for the general acid involved in protonation of the
C3 position of the substrate via an appropriately positioned
water molecule.
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SUPPORTING INFORMATION AVAILABLE

Two tables showing interactions of NADH and 2,6-PDC
with protein atoms in the three closed monomers of theE.
coli DHPR‚NADH‚PDC complex (3 pages). Ordering in-
formation is given on any current masthead page.
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