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Abstract

L-Aspartate-3-semialdehyde dehydrogenase (ASADH) catalyzes the reductive dephosphorylation of (3-as-
partyl phosphate to L-aspartate-3-semialdehyde in the aspartate biosynthetic pathway of plants and micro-
organisms. The aspartate pathway produces fully one-quarter of the naturally occurring amino acids, but is
not found in humans or other eukaryotic organisms, making ASADH an attractive target for the development
of new antibacterial, fungicidal, or herbicidal compounds. We have determined the structure of ASADH
from Vibrio cholerae in two states; the apoenzyme and a complex with NADP, and a covalently bound
active site inhibitor, S-methyl-L-cysteine sulfoxide. Upon binding the inhibitor undergoes an enzyme-
catalyzed reductive demethylation leading to a covalently bound cysteine that is observed in the complex
structure. The enzyme is a functional homodimer, with extensive intersubunit contacts and a symmetrical
4-amino acid bridge linking the active site residues in adjacent subunits that could serve as a communication
channel. The active site is essentially preformed, with minimal differences in active site conformation in the
apoenzyme relative to the ternary inhibitor complex. The conformational changes that do occur result
primarily from NADP binding, and are localized to the repositioning of two surface loops located on the rim
at opposite sides of the NADP cleft.
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L-Aspartate-3-semialdehyde dehydrogenase (ASADH, EC
1.2.1.11) catalyzes the reductive dephosphorylation of 3-as-
partyl phosphate (BAP) to L-aspartate-B3-semialdehyde
(ASA) as the second step in the aspartate biosynthetic path-
way (Cohen 1983; Viola 2001). ASA is either further re-
duced to homoserine, a precursor of threonine, isoleucine,
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and methionine, or it is condensed with pyruvate to produce
lysine after seven enzyme-catalyzed reactions. Lysine is de-
rived from the decarboxylation of diaminopimelic acid, a
cross-linking component for bacterial cell walls (Patte
1983). The aspartate pathway is not found in humans or
other eukaryotic organisms, making consumption of these
amino acids essential to survival. Thus, the preceding en-
zymes in the pathway are potentially attractive targets for
the development of new antimicrobial compounds. Alterna-
tively, manipulation of the flux through the aspartate path-
way could result in plants that produce superior yields of
these nutritionally important amino acids. Because the prod-
uct of the ASADH-catalyzed reaction occupies the first
metabolic branch point, an understanding of the reaction
mechanism for this enzyme is of central interest for either
upregulation or inhibition of the entire aspartate pathway.
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Studies on Salmonella typhimurium (Galan et al. 1990)
and Legionella pneumophila (Harb and Kwaik 1998) dem-
onstrated that perturbations of the asd gene encoding for
ASADH can be lethal to a micro-organism. An experimen-
tal S. typhimurium vaccine, using a balanced-lethal host-
vector system based upon a deletion mutation of the asd
gene, has given encouraging results in mice (Kang et al.
2002). There is continued interest in the development of
effective microbial ASADH inhibitors (Cox et al. 2001,
2002), and the first purification of a plant ASADH has now
been reported (Paris et al. 2002). The structure of Esche-
richia coli ASADH has been solved, both as the apoenzyme
(Hadfield et al. 1999) and as an inhibitor—coenzyme com-
plex (Hadfield et al. 2001). As a continuation of this work,
we have expressed and purified ASADH from a number of
infectious micro-organisms and have begun their character-
ization (Moore et al. 2002).

In this article, we focus on ASADH from Vibrio chol-
erae, the causative agent of cholera, a severe diarrhoeal
disease known for its explosive outbreaks, rapid onset, and
high morbidity (Wachsmuth et al. 1994; Faruque et al.
1998). Contaminated waters in various regions of the world
have allowed pathogenic strains of V. cholerae to thrive,
resulting in sporadic outbreaks and seven pandemics in the
last two centuries (Wachsmuth et al. 1994). The prevailing
model of bacterial cells containing only one chromosome,
based primarily on studies of E. coli, is rapidly changing
with the discovery of numerous micro-organisms containing
multiple chromosomes. One such organism is V. cholerae
El Tor, maintaining both a large and a small chromosome
(~3 million and 1 million bp, respectively). Both chromo-
somes have been sequenced by whole-genome random se-
quencing (Heidelberg et al. 2000). Chromosome 1 contains
most genes involved in DNA replication, pathogenicity,
biosynthetic pathways, and cell-wall biosynthesis. How-
ever, some genes thought to be essential to normal cellular
function (e.g., certain genes encoding ribosomal proteins)
are found only on chromosome 2. A significant number of
ORFs are duplicated on both chromosomes suggesting a
high level of crossover between the two chromosomes. In-
terestingly, there are two asd genes in chromosome 1 and
none in chromosome 2. We have purified both enzymes
encoded by theses genes, and each displays significant
ASADH activity (Moore et al. 2002). We now report the
structure of a V. cholerae ASADH (vcASADH) in two
states, the apoenzyme and an NADP—inhibitor complex, and
an analysis and comparison of the E. coli and V. cholerae
enzyme structures.

Results and Discussion

Structural overview of ASADH from V. cholerae

The structure of ASADH from V. cholerae has been solved
to 2.8 A and that of the ternary complex with NADP and an
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active site-directed inactivator, S-methyl-L-cysteine sulfox-
ide (SMCS) refined at 1.84 A. As shown in Figure 1,
vcASADH presents as a functional dimer. The N-terminal
domain of each monomer provides the binding site for
NADP and the C-terminal region forms the substrate-bind-
ing pocket. The V. cholerae enzyme shares 66% sequence
identity and 80% similarity with the previously determined
E. coli ASADH (Hadfield et al. 1999, 2001). Both proteins
display remarkably similar folds (Fig. 2), with the most
notable differences observed in the positioning of two sur-
face loops (Fig. 3), each of which appears to play a role in
binding and catalysis. There is well-defined electron density
for the complete dimer in each structure except for the C-
terminal Lys370, which was not modeled due to lack of
convincing density.

Reaction of ASADH with S-methyl-L-cysteine sulfoxide

Incubation of veASADH with NADP and SMCS [CH;—
S(=0)—CH,—CH(NH;")—COO™] prior to crystallization
was expected to yield a covalently-inactivated enzyme com-
plex. Indeed, the refined model of the vcASADH complex
shows that each active site in the dimer contains NADP and
is covalently modified by the inhibitor, displaying continu-
ous density extending from Cys134. (The amino acid se-
quence numbers used are for V. cholerae ASADH, and are
typically one lower than that of E. coli. For example,
Cys134 in the V. cholerae sequence corresponds to Cys135
in the E. coli sequence.) However, no density is observed
for either the methyl group or the oxygen atom originally
attached to the SMCS sulfur atom (Fig. 4B). The electron
density of the active site is consistent with that of L-cysteine
covalently attached in a disulfide linkage. This observation
is supported by electrospray mass spectrometry, which con-
firms that treatment of veASADH with S-methyl-L-cysteine
sulfoxide results in a modified enzyme with an increased
mass of only 120, consistent with a covalently bound cys-
teine with no oxygen or methyl group attached to sulfur,

Figure 1. Ribbon diagram of V. cholerae ASADH dimer with NADP and
SMCS bound. The N-terminal domains are shown in darker blue and
orange. The central C-terminal domains are shown in red and light blue.
Drawings were rendered with Molscript and Raster3D.
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Figure 2. Overlay of the backbone drawings of V. cholerae (light) and E.
coli (dark) ASADH ternary complex structures. Drawing was created with
XtalView.

instead of the expected increase of 151 for SMCS. Inacti-
vation of ASADH by SMCS (K, = 0.18 mM; Karsten and
Viola 1991a) is reversible by addition of excess DTT or
B-mercaptoethanol. Incubation of ASADH with either S-
methyl-L-cysteine or L-cystine also results in the inactiva-
tion of the enzyme. These observations are each consistent
with the formation of a disulfide linkage at Cys134.

The E. coli ASADH ternary complex showed that only
one subunit was modified by SMCS (Hadfield et al. 2001),
suggesting that when one active site is bound, the confor-
mation of the second subunit changes making it less accom-
modating to inhibitor (or substrate) binding. In contrast, the
corresponding vcASADH structure clearly shows that
SMCS is bound at both active sites. The efficacy of SMCS
as an inhibitor is related to the precise orientation of the
carboxyl and amino group in the active site, as well as to the
susceptibility of the sulfoxide to nucleophilic attack. How-
ever, an electrophilic sulfoxide moiety itself is not enough
to cause ASADH inhibition, as demonstrated by the inabil-
ity of dimethyl sulfoxide to inhibit ASADH at concentra-
tions well above that used for SMCS. After SMCS binds to
the preformed catalytic pocket the sulfoxide moiety is likely
attacked by the active site Cys134. There is precedent for
this in the mechanism of methionine sulfoxide reductase, in
which an active site thiol attacks the sulfoxide moiety of
methionine sulfoxide to form a sulfoxyanion (Lowther et al.
2000). The sulfoxide oxygen of SMCS is likely lost as
water, thus leaving a methyl sulfonium species. Nucleo-
philic attack of the methyl group by the excess DTT that is
necessary to keep the enzyme stabilized and in a reducing
environment would convert the sulfonium to the uncharged
disulfide bond that is observed.

NADP binding

The binding and orientation of NADP to ASADH is char-
acterized by a number of interactions. There is hydrogen

bonding of the GIn350 amide nitrogen to the amide car-
bonyl of NADP, stabilized by Serl64, which hydrogen
bonds to both GIn350 via its side-chain hydroxyl and the
NADP amide group via its main-chain carbonyl group. The
hydrogen bonding between the Asn133 amide nitrogen and
Glu240 is present in both the NADP-bound and unbound
state, therefore not forming as a consequence of NADP
binding as previously proposed. The side-chain hydroxyls
of Ser37 and Thr36 form new hydrogen bonds with the
2'-phosphate of NADP, while the Ser35 hydroxyl forms a
water-mediated hydrogen bond with phosphate. The main-
chain amide nitrogens of Vall2 and Metl1 bind to pyro-
phosphate moiety of NADP, as does the main-chain nitro-
gen of Alal68 via a water molecule. The side-chain car-
bonyl group of GIn72 interacts with the 3’ hydroxyl of the
adenine ribose. Another notable difference between the
binding of NADP in E. coli and V. cholerae is that in the
veASADH Lys243 is at least 7 A away from either ribose
hydroxyl group and does not form hydrogen bonds with
them. It is more likely that this lysine plays a direct role in
stabilizing the phosphate of BAP.

Examination of the E. coli ASADH structure resulted in
the identification of an internal loop from Asp230 to

SerdT — AgndS Leni89 - Seriys /
T — ASN4>

3

Figure 3. Overlay of subunit A (dark) and subunit B (light) shows that the
major conformational change between the open and closed conformation is
the repositioning of surface loops Leul89—-Ser195 and Ser37-Asn45 at the
rim of the NADP cleft.
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Figure 4. (A) Stereoview of the active site of V. cholerae ASADH with bound NADP and inhibitor. Pictures rendered with Molscript
and Raster3D. (B) Stereoview of the F,—F, map at 1.84 A resolution, using phases calculated from the final refined model omitting
the covalent inactivator SMCS and contoured at 2.0 o. No density is observed for an oxygen or methyl group attached to the inhibitor
sulfur atom. Figure created with Spock.

Glu240, located near the active site, which is disordered in
the apoenzyme. The driving force for ordering this loop was
proposed to be the formation of new hydrogen bonds during
NADP binding. While the loop does cross the active site, it
is already ordered in the V. cholerae apoenzyme, and retains
essentially the same conformation in the ternary complex.
The active site appears to be preformed to accommodate the
substrate, and it is only when NADP binds that the cleft
closes around it. Previously identified hydrogen bonds be-
tween Ser98 and Arg240 (E. coli numbering) that formed
upon complex formation are not seen in the new structures.
In fact, the corresponding arginine is replaced by Lys239 in
vcASADH. When NADP is enveloped by veASADH there
is a conformational change, primarily in the repositioning of
a surface loop (Leul89-Ser195) with respect to NADP.
This is best observed as the main-chain Pro192 carbonyl of
one subunit moves roughly 3 A closer to the NADP adenine
ring in the opposing subunit, forming a new hydrogen bond
with the amino group (Fig. 5A). On the opposite side of the
cleft, Arg9 is repositioned to form a new hydrogen bond
with the 2'-phosphate of NADP while also forming a
w-charge interaction with the adenine ring of NADP. The
distance between C, of Arg9 and the main-chain carbonyl
of Pro192 is particularly diagnostic of this domain closure.
In both the E. coli and V. cholerae apoenzymes that distance
is approximately 13.5 A.In the E. coli ternary complex this
proline carbonyl to arginine C,, distance shortens to 10.7 A
in both subunits, each containing NADP, but only one of
which is SMCS modified. Interestingly, the V. cholerae
ternary complex, having NADP and SMCS bound in both
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active sites, displays an open conformation in one subunit
and a closed conformation in the other. In the closed sub-
unit, the Pro192 carbonyl to Arg9 C,distance is 10.3 A,
indicative of domain closure, while this distance is 13.1 Ain
the open subunit, causing asymmetry between the two
monomers. This can be observed by the differing positions
of the critical loops (Leul89-Ser195, Ser37-Asn45) in the
closed versus open conformations (Fig. 3).

Active site analysis of conserved binding residues

The well-established assignment of Cys134 as the active
site nucleophile is confirmed by the veASADH complex
structure. In this complex with SMCS the inactivator car-
boxyl group is engaged in a bidentate interaction with the
terminal nitrogens of Arg267 and Ne of His274 (Fig. 4).
The inhibitor amino group interacts directly with Glu240.
The side-chain amide nitrogen of Asnl33 and Water116
also interact with Glu240 to stabilize the inhibitor-bound
active site. The active site hydrogen-bonding network is ex-
tended through Water237, which bridges between Argl02
and Lys243, occupying the position that we propose phos-
phate occupies during catalysis. It is likely that active site
differences that have been noted between the V. cholerae
ternary complex and the E. coli complex are not the result
of a difference in mechanism between the two enzymes, but
rather a more precise modeling of the higher resolution data
that is available for the V. cholerae complex. All of these
active site groups identified thus far are highly conserved
among the currently known ASADH enzymes.
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Catalysis

The proposed role of His274 as the acid/base catalyst that
facilitates deprotonation of Cys134 is well supported by this
structure. The Ne atom is 3.1 A from the sulfur atom of
Cys134 in both subunits, perfectly placed for proton ab-
straction (Fig. 4). Attack of the thiolate at the carbonyl of
BAP (or Sy of SMCS) yields a tetrahedral intermediate,
stabilized by hydrogen bonding to active site water mol-
ecules. Collapse of the initial tetrahedral intermediate and
the concomitant expulsion of phosphate, stabilized by
Argl02 and Lys243, gives a relatively stable thioester in-
termediate. Hydride transfer from bound NADPH leads to
the formation of a second tetrahedral intermediate, the col-
lapse of which produces ASA and the free thiol of Cys134.
GIn161 is not likely to play a role in positioning His274
(Ouyang and Viola 1995) because it is too far away in both
V. cholerae structures. In the current model, Gln161 has no
interaction with the substrate amino group, mainly due to
differences in the way that the inhibitor amino group was fit
into the electron density for this enzyme relative to E. coli
ASADH (Hadfield et al. 2001). Mutations of GIln161 to Asn
and His, conducted with E. coli ASADH before structural
data were available (Ouyang and Viola 1995), show a 13-
fold and threefold reduction in k., for the Asn and His
mutants, respectively. The K, values for both variants were
unaffected. We postulate that GIn161 plays a more supple-
mental role in catalysis by forming a hydrogen bond be-
tween its amide nitrogen and the strategically located
Glu240 carboxyl group that hydrogen bonds to the SMCS
amino group.

Communication between the active sites

The current mechanism proposed for ASADH favors a
model of alternating site reactivity orchestrated by commu-
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nication between the active sites. It has been proposed
(Biellmann et al. 1980), based upon affinity labeling studies
with covalent inactivators, that the mechanism for ASADH
was an “alternating” or ‘“half-of-sites” reactivity in which
the binding order is NADPH followed by the substrate BAP
and the order of release is ASA before NADP. Kinetic
experiments further demonstrated that E. coli ASADH has
a preferred, but not obligatory, binding order with NADP
binding before the substrate ASA (Karsten and Viola 1991b).

There are a number of electrostatic interactions between
the subunits that serve to maintain the conformational in-
tegrity of the dimer. The Glu241 adjacent to active site
Glu240 is engaged in a bidentate interaction with Arg330 of
the opposite subunit. In a similar manner, Asp261 is en-
gaged with Arg332 of the opposing subunit. From this en-
semble of interactions, we have identified a plausible route
by which one active site could relay information to the
other. There are m-stacking interactions between Tyr160 of
opposite subunits in the center of the dimer. Both Tyr160
aromatic rings are slightly offset relative to each other, each
flanked by Phe345 of the same subunit in a perpendicular
w-stacking interaction (Fig. 5B). The hydroxyl group of
Tyr160 from one subunit is hydrogen bonded to the main-
chain Thr159 carbonyl of the opposing subunit, which in
turn, is hydrogen bonded through its side-chain hydroxyl
group to the amide carbonyl oxygen of active site residue
GInl161. This results in a symmetrical 4-amino acid bridge
linking the active site glutamines in adjacent subunits (Fig.
5B). Catalytic and binding events between the active sites
are likely synchronized by perturbations along this route.
Thus, interaction between the subunits is maintained not
only by the previously observed (Hadfield et al. 2001) hy-
drophobic core at the center of the enzyme, but also by a
conduit of hydrogen bonding interactions spanning the en-
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Figure 5. (A) The active sites in the dimer are interconnected through a m-stacking interactions and hydrogen bonds. One active site
is in the open conformation and the other is closed as shown by the different Pro192 to NADP distances. NADP is shown as a
spacefilling model. (B) Diagram of residues involved in the pathway that is proposed to allow communication between the active sites,

with the bound inhibitor SMCS shown in lighter shading.
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tire length of the dimer interface as well as significant elec-
trostatic interactions between the subunits.

Materials and methods

Crystallization of the apoenzyme

Recombinant V. cholerae El Tor N16961 (TIGR locus VC2036,
Swiss-Pro Q9KQG2) ASADH was purified as described (Moore et
al. 2002), concentrated by ultrafiltration (Millipore) to 12 mg/mL,
and dialyzed against 10 mM HEPES, 1 mM EDTA, | mM DTT at
pH 7.0. Initial crystallization conditions were tested by hanging-
drop vapor-diffusion using the PEG/Ion™ Screen (Hampton Re-
search). After further optimization, crystals of the apoenzyme were
grown at 20°C in 1:1 mixtures of enzyme and precipitant solution
(18% PEG 3350, 0.2 M sodium acetate and 0.1 M Tris at pH 8.5).
The best crystals, often reaching 0.4 mm in the largest dimension,
were produced in about 7 d, and were indexed in the P4,32 space
group with unit cell dimensions a = b = ¢ = 141.8 A and one
monomer in the asymmetric unit. Harvesting solutions for freezing
the crystals were 18% PEG 3350, 0.2 M sodium acetate, and 20%
glycerol in 0.1 M sodium citrate, pH 5.6.

Crystallization of the ternary complex

The ASADH inhibitor S-methyl-L-cysteinesulfoxide (SMCS) was
purchased from Karlan Research Products, and was found to be at
least 99% pure by 'H and '>*C NMR analysis. DTNB titration of
the SMCS showed no (<0.1%) free thiol in the sample. Crystals of
the enzyme in the presence of 5 mM NADP and 5 mM SMCS were
grown at 20°C from 1:1 mixtures of enzyme solution (12 mg/mL)
and precipitant (22% PEG 3350, 0.2 M sodium acetate and 0.1 M
sodium citrate, pH 5.6). Tetragonal crystals belonging to the
P4,2,2 space group with unit cell dimensions a = b = 107.1 A
and ¢ = 153.1 A and one dimer in the asymmetric unit formed
after 10 d. Prior to freezing, crystals were soaked without DTT for
1 hin 22% PEG 3350, 0.2 M sodium acetate, 5 mM SMCS, 5 mM
NADP, 20% glycerol and 0.1 M sodium citrate, pH 5.6.

Data collection and processing

A data set was collected from a single frozen crystal of apoenzyme
on a Quantum-IV imaging plate (detector distance 200 mm; 0.75°
oscillation per image) at Argonne National Laboratory (APS) Bio-
CARS beamline (14-D). For the ternary ASADH/NADP/SMCS
complex, a complete data set up to 1.8 A was collected at SSRL
Stanford synchrotron beamline 5A (detector distance 150 mm; 1°
oscillation per image). The images were processed and scaled
using the program HKL2000 (Otwinowski and Minor 1997). The
data collection statistics for each of these data sets are summarized
in Table 1.

Structure solution and refinement

The structure of the NADP/SMCS ternary complex was solved by
molecular replacement using a subunit of E. coli apo-ASADH
(PDB-1brm) as the search model. The V. cholerae apoenzyme
structure was subsequently solved by molecular replacement using
the V. cholerae ternary ASADH complex as the search model. The
CNS package was used for the rotation and translation searches
(Brunger et al. 1998). Optimal solutions for the rotation matrix
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Table 1. Data collection statistics

Data set Native enzyme NADP/SMCS complex
Wavelength (A) 1.0 1.0
Temperature (K) 90 90
Resolution range A 50-2.77 50-1.84
No. of observations

Measured 785,297 1,811,452

Unique 24,543 149,813
Completeness

Overall 99.1 99.5

Last shell 99.5 95.4
Ryymm (%) 54 8.4
Average (l/a) 335 19.1

* Ryymm = 100 CoiZilliagi = T e (i) Where I, is the intensity of
an individual measurement of the reflection with Miller indices 4, k, and [
and (I,,,) is the mean intensity of that reflection.

corresponding to two subunits of ASADH per asymmetric unit
were obtained for the ternary complex. The first translation search
was conducted subsequent to rotation of the search model coordi-
nates according to one of the two rotation matrices. The translation
function clearly identified a solution that was well above the next
highest peak. The second translation search, performed after non-
crystallographic symmetry had been applied to the coordinates of
the first subunit, yielded a solution corresponding to the position of
the second subunit. After the relative translation between the first
and second subunit had been determined, the model containing
both subunits was subjected to rigid body refinement considering
the two subunits as independent rigid structures. The rigid body
refinement led to an R factor of 46% at a resolution between 20.0
and 3.0 A. Simulated annealing refinement at 2.0 A was applied to
the coordinates file obtained from the rigid body refinement that
improved the R factor to 29%. The nonconserved amino acids in
the search model were then replaced based on the sequence of the
V. cholerae enzyme. Model building was applied using XtalView
(McRee 1999). Several iterations of refinement and model build-
ing improved the ternary complex structure. The cofactor NADP
was then fit to the corresponding difference electron density cal-
culated by using coefficients F—F..

The final refinement statistics for the structures are listed in
Table 2. The refined coordinates have been deposited with the
PDB and assigned the entry code 1MC4 for apoenzyme and 1MB4
for the NADP/SMCS complex.

Mass spectrometry

Mass spectrometry on the enzyme samples were conducted at the
Ohio State University CCIC facility. Samples were prepared in a
solution containing 50% acetonitrile/50% water, 0.1% formic acid
at a concentration of ~1 pmole/wL and infused into the nanospray
source at a rate of 1 wL/min. Optimal ESI conditions were: cap-
illary voltage 3000 V, source temperature 110°C and a cone volt-
age of 60 V. All ions were scanned over m/z 500 to 3000 with a 1
-sec integration time, and data was acquired in continuum mode
until acceptable averaged data was obtained (10-15 min). ESI data
was deconvoluted using MaxEnt I software that was provided by
Micromass.
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Table 2. Refinement statistics

NADP/SMCS
Native enzyme complex

Refinement

Resolution range (A) 40-2.77 50-1.84
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No. of protein atoms 2828 5656

No. of nonprotein atoms — 206

No. of water molecules 44 457
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msd for bond lengths (A) 0.01 0.007

rmsd for bond angles (deg) 1.6 1.4
Residues in the Ramachandran plot

Most favored region (%) 85.2 90.7

Additional allowed regions (%) 13.9 8.7

Generously allowed regions (%) 0.9 0.6

YR = 100QX4IF oy = FI/2Z4IF o))
®Ryee = R for a randomly selected 5% of the data excluded from the
refinement.
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