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ABSTRACT. Aspartates-semialdehyde dehydrogenase (ASADH) lies at the first branch point in the

biosynthetic pathway through which bacteria, fungi,

and the higher plants synthesize amino acids, including

lysine and methionine and the cell wall component diaminopimelate from aspartate. Blocks in this
biosynthetic pathway, which is absent in mammals, are lethal, and inhibitors of ASADH may therefore
serve as useful antibacterial, fungicidal, or herbicidal agents. We have determined the structure of ASADH
from Escherichia coliby crystallography in the presence of its coenzyme and a substrate analogue that
acts as a covalent inhibitor. This structure is comparable to that of the covalent intermediate that forms
during the reaction catalyzed by ASADH. The key catalytic residues are confirmed as cysteine 135, which
is covalently linked to the intermediate during the reaction, and histidine 274, which acts as an acid/base
catalyst. The substrate and coenzyme binding residues are also identified, and these active site residues
are conserved throughout all of the ASADH sequences. Comparison of the previously determined apo-
enzyme structure [Hadfield et al. Mol. Biol. (1999)289 991-1002] and the complex presented here
reveals a conformational change that occurs on binding of NADP that creates a binding site for the amino
acid substrate. These results provide a structural explanation for the preferred order of substrate binding

that is observed kinetically.

Aspartatef-semialdehyde dehydrogenase (ASADH, EC
1.2.1.11) is an essential enzyme found in bacteria, fungi,
and higher plants1). This NADP-dependent enzyme ca-
talyses the reductive dephosphorylation of aspgttghos-
phate to aspartajg-semialdehyde as the second step in the

common biosynthetic pathway. From here the pathway

branches, and the aspartgiesemialdehyde can either be

further reduced to homoserine, which leads to methionine,
threonine, or isoleucine, or it can be condensed with pyruvate

and cyclized into dihydrodipicolinate, and then converted
into diaminopimelate (DAP), a component of bacterial cell
walls, and finally decarboxylated to produce lysine (Figure

1). Inhibition of the biosynthesis of these essential products

is a possible strategy for the development of novel antibiotic,
fungicidal, or herbicidal compounds. Blocks in this biosyn-
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Ficure 1: The biosynthetic pathway leading from aspartate to the
essential amino acids lysine, threonine, isoleucine, and methionine,
and also the bacterial cell wall cross-linking agent diaminopimelate.
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production of vaccines foBalmonella typhimuriuni?) and
Streptococcus mutarg8) using strains with mutations in the
asdgene that encodes for ASADH. This is largely because
of the role that this pathway plays in the production of DAP,
a crucial component for the cross-linking of bacterial cell
walls. On the other hand, mammals are deficient in lysine
biosynthesis and therefore require a dietary source of this
amino acid. Thus, there is interest in enhancing lysine yields
in crop plants through an improved understanding of the
regulation of the biosynthetic pathway leading to its produc-
tion.
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Ficure 2: The chemical mechanism of catalysis of the conversion of asgaqilosphate to aspartate semialdehyde by ASADH.

Over 70 gene sequences encoding aspartate semialdehydgable 1: Crystallographic Structure Solution and Refinement

dehydrogenase from different organisms have now been .. colection

deposited in the protein database SWISSPROT, and sequencenit cell dimensionsR64)

alignmentg indicate a wide range of overall sequence identity. Via (ASD-1), solvent content

Early stqdles on the enzymé, §) |_nd|cated that the ca_talytlc ur“fique refiections (redundancy)
mechanism was likely to be similar to that of the ubiquitous Ry, (outer shell, 2.6:2.74 A) %
enzyme glyceraldehyde-3-phosphate dehydrogenase (GAP-completeness (outer shell, 28.74 A) %
DH). In the biosynthetic direction, ASADH formsaspar- refinement

. , . d Il data with > 0.0
tatef3-semialdehyde by the reductive dephosphorylation of nﬁfigﬁf‘ﬁﬁéﬁrk :;?(ﬁﬁst set) )

L-p-aspartyl phosphate utilizing NADPH. A chemical mech- Rfactor Rre)
anism has been propose@),(based on pH and chemical EE? dfvﬁjffom ideality: bonds (A), angles
-facto

a=b=121.0c=94.0 A,
a=4=90,y=12C¢
2.75, 55%
22099 (1.9)
10.3 (30.7)
96.3 (61.6)

28.0-2.6 A
21181 (918)
20 (26.2)
0.006, 1.32
28.3

modification studies, and the catalytic base subsequently
identified in the crystal structure of the apo-enzyn®@ ( S ) )
(Figure 2). of the t_)lndlng mteractlons_ of the_ SL_lbstrz_ate analogue will be

The proximity of an active site base generates the cysteineUSeful in design of potential antimicrobial compounds.
thiolate nucleophile that attacks the carbonyl carbon of
[B-aspartyl phosphate to form a tetrahedral intermediate (B). MATERIALS AND METHODS
Collapse of this intermediate with expulsion of phosphate Crystallization, Data Collection, and Processinghe
results in the formation of a stable thioacyl-enzyme inter- enzyme was overexpressed and purified as repofigf, (
mediate (C). Hydride transfer to this intermediate from 10). The enzyme stock used for crystallization was concen-
NADPH forms a second tetrahedral intermediate (D), with trated to 10 mg/mL using centricons (Amicon) and dialyzed
subsequent collapse via expulsion of the cysteine thiolate toagainst a buffer with 10 mM HEPES, 1 mM DTT, 1 mM
produce aspartafsemialdehyde (E). Kinetic analysis shows EDTA, and 1 mM NaNat pH 7.0. Crystals of ASADH were
that the mechanism has a preferred but not obligatory bindinggrown at 4°C by the hanging drop method, adding equal
order, with aspartyl phosphate binding to the E-NADPH volumes of the enzyme stock solution and a reservoir solution
complex, and ordered release of the products ASA and comprising 19% PEG 4 K, 0.35 M Mg&l10.2 M ammonium
NADP. A similar mechanism has been proposed for GAPDH acetate in a 0.1 M acetate buffer at pH 4.6. 5 mM NADP
(8) with an equivalent role for a cysteine thiolate, and a and 2 mM SMCS were present in the enzyme stock solution.
histidine residue acting as a general base catalyst for hydrideCrystals grew in space grougb,, with unit cell dimensions
transfer. a=Db=121.0,c =94.0 A and one dimer in the asymmetric

In E. coli, ASADH is active as a homodimer with a subunit unit. Data were collected at 100 K on a rotating anode
molecular mass of 39 kDa. We have recently solved the generator, recording 0.3 degrees of data per image using
structure of ASADH fronE. coli (7), in the apo form. Here  MAR image plates and was reduced using the XDS package.
we report the structure in the presence of NADP and a The CCP4 suitel(1) was used for scaling and all subsequent
substrate analoguesmethyl cysteine sulfoxide (SMCS), processing (Table 1).
which binds covalently to the enzyme. Examination of this ~ Structure Solution and Refinemerfthe structure was
ternary complex has allowed the identification of the key solved by molecular replacement using the program AMORE.
catalytic and binding groups of ASADH. This knowledge A dimer of the apo enzyme was taken as the search model,
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and this approach located a dimer in the asymmetric unit hydrogen bond with the side chain of Arg 240. The side
using data from 10a 4 A resolution and a sphere of chain of Asn 134 forms hydrogen bonds with the side chains
integration of 30 A. of Glu 241 and possibly Lys 244. The repositioning of Asn
A set of reflections (5%) was set aside from the beginning 134 is stabilized by a water-mediated hydrogen bond between
for validation of the model building and refinement process Asn 134 and Arg 102. There is also a water-mediated
using Rree (12). Model building was performed using the hydrogen bond between Lys 244 and thédroxyl of the
program O 13). The model was refined using the program hicotinamide sugar moiety. These hydrogen bonds are all
XPLOR (14) (Table 1), using iterative cycles of simulated Possible as a result of the domain shift, and these new
annealing refinement, model building, and, for the first few interactions stabilize the protein structure in the vicinity of
iterations, electron density averaging using the Uppsala suitethe active site loop that has become ordered. These inter-
of averaging programﬂ@_ Strict noncrysta”ographic sym- actions are observed in both SubunitS, so neither the domain
metry was used for refinement until no further improvement rotation nor the loop closure appears to be dependent on the
could be made. The constraints were then relaxed toPresence of the amino acid substrate.
restraints, which reduced tH&c. value. Omit maps were Active Site and Catalysis. Inhibitor Modifies Catalytic
calculated (15 residues at a time) along the length of both CysteineThe location of the active site has previously been
protein chains to guide the release of restraints in some partddentified through the presence of the catalytic cysteine, Cys
of the structure. The final model was refined using all data 135, which was assigned by site-directed mutagenesis studies
from 28.0 to 2.6 A and contains 734 amino acid residues (18). The covalent attachment of the inhibitor to Cys 135 in
(5620 protein atoms), one covalent ||gand (7 atoms), two subunit A further confirms this residue as the catalytic
NADP molecules (96 atoms), and 171 water molecules. In cysteine. The inhibitorSmethyl cysteine sulfoxide, an
the final model, 87.3% of the residuessj lie in the most ~ analogue of aspartafesemialdehyde, was present at all
favored regions of a Ramachandran pm_ﬂ)( while no times during Crystallization, and the observed density is
residues lie outside the additionally allowed regions. How- consistent with disulfide bond formation between the inhibi-
ever residue 355, a conserved alanine that lies between thdor, which is therefore an inactivator for this enzyme, and
domains (the putative hinge region), lies right on the the active site cysteine (Figure 4). However, there is no
boundary between the additiona”y and generous|y allowed electron density for either a methyl or a sulfoxide substituent
regions for a right-handed-helix. The refined coordinates  on the sulfur, which is therefore modeled as cystine. The
have been deposited with the PDB and assigned the entrymechanism of the attack and subsequent reaction between

code 1gI3.pdb. the active site cysteine and SMCS has not been established.
Omit maps calculated by omitting the active site cysteine
RESULTS and other residues with any atom within 3.5 A confirms the

presence of SMCS in the A site and only solvent in this

Structure DescriptionThe N-terminal domain of ASADH  position in the B site (Figure 4C,D). Mass spectrometry also
is an approximate Rossmann fold that provides the binding confirms the presence of a covalent adduct, with an approxi-
site for NADP, while the C-terminal domain is responsible mate mass of 120 Da corresponding to the weight of cysteine,
for dimerization, for binding of ASA, and for providing the  in roughly 50% of the active sites (unpublished data).
catalytic residues. The structure reported here is a dimer, Conseped Residues Identified in Binding of Substrate
which has NADP and a covalent Ilgand bound in one subunit Ana|ogue_ Figure 4 shows a schematic of the residues
and NADP alone in the other subunit (Figure 3) The overall interacting with the substrate anaiogue_ hramino group
structure of the two subunits is very similar, and the s within hydrogen bonding distance of both Gln 162 and
following discussion will refer to both subunits unless Gu 241. GIn 162 is conserved throughout the sequences
otherwise stated. currently available, while Glu 241 lies on the active site loop

There are two major structural differences between the that is disordered in the apo structure. Arg 267, which is
apo structure previously published)(and the substrate  also fully conserved, forms an electrostatic interaction with
complex reported here. There is a change in the relative the substrate carboxyl group. The substrate analogue differs
position of the two domains, which can be described as afrom the substrate only at the gamma position in the side
domain closure with rotation of the NADP binding (N- chain, so these interactions would presumably also be
terminal) domain toward the dimerization (C-terminal) observed with the natural substrate, aspartate semialdehyde.
domain of approximately 6about X (Figure 3B). This Comparison of A and B Subunits: with and without
rotation results in the cleft between the two domains closing Inhibitor. Most of the protein was refined subject to strict
up around the NADP. Thedpositions of residues close to  crystallographic constraints to maintain the ratio of data to
the active site are displaced by around 1.5 A relative to their refined parameters as high as possible. However, these
position in the apo enzyme, whereas the displacement is asconstraints were relaxed to restraints in the final rounds of
much & 5 A at the far end of thRossmann fold where the  refinement and restraints were removed in parts of the
3 phosphate of the NADP binds. Second, a loop from Asp structure where the electron density clearly showed differ-
231 to Glu 242 that is disordered in the apo structure ences between the subunits. These differences are generally
becomes ordered in the ternary complex (Figure 3C). The on the surface of the protein where crystal contacts are not
driving force for this loop ordering is the formation of new the same for both subunits. Restraints were also removed
hydrogen bonds that are observed in the holo structureon the ASA binding residues since SMCS was only found
between residues that are too far apart to form hydrogenin subunit A. Despite this, there was no measurable difference
bonds in the “open” conformation observed in the apo in conformation of the substrate binding residues. The
structure. The side chain hydroxyl of Ser 99 forms a new position of NADP is slightly different in the two subunits,
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A

Ficure 3: (A) Ribbon diagram of the ASADH dimer, with the ligands NADP (blue) and SMCS (green) shown by ball-and-stick representation.
Subunit A is colored magenta. (B) Cartoon of domain closure. The two domains of subunit A of the holo enzyme are represented in
magenta, in the same orientation as panel A. The two domains of subunit A of the apo enzyme are represented in yellow. X marks the
position of the point about which the N-terminal domain of subunit rotates. (C) Superpositiontcddes of the apo (yellow) and holo
(magenta) monomers in the same orientation as panel A. NADP (shown in ball-and-stick representation) and the loop that becomes ordered
upon binding of NADP are shown in blue. The SMCS is shown in space-filling representation and is colored green.

with NADP being displaced a bit more than 0.5 A toward B234-B237 of a symmetry related molecule, and loop
the catalytic cysteine in the unoccupied active site. Non- B235—-B237 packs against loop A103-A105 of the same
crystallographic symmetry operators or restraints were ap- symmetry related molecule. The other two areas of contact
plied separately for the two domains from early in the are more revealing since they reflect the observed asymmetry
refinement, which resulted in better improvement in the free of the dimer. One symmetry related molecule is arranged so
R-factor. This lends validity to the small systematic displace- that helix F, the first helix in the “arm” subdomain, slots
ment observed between the N-terminal domain in subunits into the top of the active site cleft in the A subunit (the helical
A and B, which corresponds to the B subunit being slightly axis would be perpendicular to the page in Figure 3). There
more “open”, with a displacement oioQresidues at the most  is a crystal contact between Arg 10 in the A subunit at the
extreme point around residue B4D1A (as comparedto a  top of the active site cleft, where the adenine moiety binds,
maximum displacement' & A in the apo‘open” structure). and Asp 188 in the A subunit of the symmetry related

There are four areas of crystal contacts. Two are acrossmolecule. There is no equivalent interaction with the top of
crystallographic 2-fold axes. At the N-terminus, residues the active site cleft in subunit B. A separate symmetry
A1—A2 packs against residues BB2 of a symmetry related  molecule lies along the top edge of domain 1 in subunit B,
molecule and vice versa. Along the bottom of the molecule with the backbone of Ala 43 making a hydrogen bond with
as shown in Figure 3, loop A163A105 packs against loop ~ Gly 211 in the A subunit of the symmetry molecule.
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Ficure 4: (A) Schematic drawing of residues interacting with the visible portion of SMCS (cysteine) in the active site. (B) Stereo diagram
showing Fo—Fc density contoured at 1.3 sigma in the A subunit active site. (C and D) Electron density in the A subunit and B subunit
active sites calculated after omitting from the model the catalytic cysteine 135 and residues with any atom within 3.5 A.

NADP Binding.The dinucleotide NADP binds similarly  However, at the resolution limits in the current structure these
in subunit A and subunit B, and its binding appears to be differences are too small to be meaningfully interpreted.
responsible for the conformational change between the The nitrogen of the nicotinamide amide is within hydrogen
“open” apo form and the “closed” holo form of the enzyme. bonding distance of the mainchain carbonyl oxygen of
Once the NADP has bound, the altered conformation of the residues Ser 165 and Gly 166 and its own phosphate group
protein at the active site is ready to accept substrate with (Figure 5). The carbonyl oxygen of the nicotinamide amide
very little change required even in side chain positions. is within hydrogen bonding distance of GIn 350, and a
Despite the slight differences in the refined positions of the glutamine or asparagine is seen in all of the ASADH
NADP in each monomer mentioned above, NADP makes sequences in this position. These interactions with the
the same interactions with the enzyme in both subunits. Therenicotinamide amide group give ASADH its stereospecificity
are also slight differences in conformation at the end of the as a class B (pro-R) dehydrogenase. On the nicotinamide
“arm” subdomain where one subunit interacts with the sugar moiety OH1 hydrogen bonds with the mainchain amide
adenine base of the NADP bound in the opposite subunit. from Gly 75, while OH2 makes the water mediated hydrogen
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pocket for the substrate, aspartyl phosphate, or ASA that is
not present in the apo structure. These observations are
consistent with kinetic analysis that shows that the mecha-
nism has a preferred binding order, with NADPH binding
before aspartyl phosphate and with NADP and phosphate
binding before the substrate aspartate semialdehyde in the
reverse reaction. In subunit A, whef@methyl cysteine
sulfoxide binds covalently to the catalytic cysteine, the active
site structure resembles a complex with the hemiacetal or
thioester intermediate (Figure 2, structure C) in the chemical
mechanism.

Catalysis. The sulfur & of SMCS corresponds to the
carbonyl carbon of the substrate which accepts/donates a
hydride from/to NADP(H) during catalysis. The spatial
arrangement of SMCS relative to the NADP is consistent
with it binding to the enzyme as an intermediate analogue.
Although the distance between this sulfur and carbon-4 of
NADP is somewhat long at 3.5 A, it is expected to be shorter
during hydride transfer to the true substrate. The mechanism
proposes that an enzymic base facilitates nucleophilic attack
FiGURE 5: The interactions made between enzyme residues andby the cysteine thiolate anion on the carbonyl carbon. The
NADP. Protein is shown in cartoon representation, with interacting proposed role of His 274 as this acid/base catalyptig
residues shown in ball-and-stick representation. strongly supported by the current structuree WNf the

. _ , imidazole lies 3.6 A from $ of SMCS. In the substrate, an
bond Wlth' Lys 244 already mentioned in the context of oxygen would be positioned betweem Gepresented by;8
conformational change. _ _ _in SMCS and the histidine. It is this oxygen that would be

The nicotinamide phosphate lies at the N terminus of helix ,qtonated by the histidine or have a proton removed. His
A and forms hydrogen bonds with the mainchain nitrogen 374 therefore lies in an appropriate position for this role.
of Met 12, Val 13, and Gly 168. The adenine phosphate lies the average I, of a histidine residue is also suited to the
within hydrogen bonding distance with the mainchain (qje as an acid/base catalyst. During the reaction, a positive
nitrogens o_f _Met 12_ and_ Ala 169. It is positioned be_tween charge develops on the histidine at two stages. There are
the N termini of helix C in the Rossmann fold domain and g residues that are located just beyond hydrogen bonding
helix F in the dimerization domain. The loop from 163 10 gistance in the current structure that, with small changes in
168 is highly conserved among the ASADHSs, with & conformation, could stabilize the developing positive charge,
consensus sequenceA( S G S/A/G G, where xis asmall g 350 on one side and GIn 162 on other side. GIn 162 is
hydrophobic residue (A,V,L). This loop with small side completely conserved in ASADH, and a glutamine or
chains allows mainchain hydrogen bonding with both the 55naragine is always observed in the other position. Muta-
nicotinamide and the bridging pyrophosphate in NADP and 4| studies were performed prior to the structure deter-
provides one S|dg of a well-fitting cleft for the NADP. It ination (L9) where GIn 162 was replaced by an asparagine
therefore has a similar role to the loop on the Rossmann g 4 histidine. Théy, for ASA was not changed signifi-
fold bearing thg traditional hallmark of NAD(P) binding, the cantly in either of these mutants, whereaskhevas reduced
sequence mdtiG x G xx G. _ 13-fold by the Asn substitution and 3-fold by the histidine
~ The adenine-half of the dinucleotide makes a number of gpstitution. These structural studies suggest two possible
interactions with both domains of one subunit. The 3 jnterpretations of the mutational results. Gln 162 could
phosphate on the adenine sugar moiety lies within hydrogenperform a role in the positioning and stabilization of His
bonding distance of the side chains of Arg 10, Ser 36, Thr 574 Replacement of this group with Asn would increase
37, Ser 38, and GIn 73. Arg 10 also stacks against the adeninge istance between the amide functional group and the
base, which in turn is hydrogen bonded to the carbonyl jmigazole ring of histidine and allow this active site catalytic
oxygen of Pro 193 from the tip of the “arm” subdomain of 4,4y to occupy additional nonproductive conformations. It
the opposite subunit. has been suggested that asparagine performs a similar role
DISCUSSION ir_l the_catalysis performed by cystein_e proteagés, (/_vhere

site-directed mutation of the asparagine to glutamine results

Mechanistic ImplicationsThe structures presented here in a 3-fold reduction irks (21). Alternatively, the glutamine
shed light on a number of features of the catalytic reaction could play a role in the orientation of the substrate, as the
cycle (Figure 2). The previously determined structurg ( crystal structure implies by the proximity of the substrate
represents the apo enzyme. Subunit B of the present structur@amide group to the amine oxygen of the glutamine. Modeling
represents the E-NADP product complex (structure E) in the of the GIn—Asn mutation shows that small adjustments to
chemical mechanism (Figure 2) and suggests that uponthe position of the substrate analogue allow it to maintain
binding of NADP a domain closure takes place, which in hydrogen bonds with Arg 267 and Glu 241 as observed in
turn promotes the stabilization of the protein mainchain the crystal structure as well as a bond with Asn in the place
between residues 231 and 242. The binding of NADP (and of GIn in position 162. These adjustments would leave the
also presumably the binding of NADPH) creates a binding carbon of the substrate less well positioned for catalysis,
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which could reduce thé, with little effect on theKy as bond between the side chain hydroxyl of Tyr 161 (adjacent
observed experimentally. In either case, the glutamine playsto Gln 162 whose side chain is within hydrogen bonding
an indirect role in catalysis. distance of the substrate and Thr 160) and the mainchain of
Substrate BindingThe central atoms of the SMCS are Thr 160 in the opposite subunit, and vice versa. The other
identical to the substrate/product, aspartyl phosphate orinvolves the “arms” that cross from one subunit to the other
aspartate semialdehyde. The structure therefore indicates thaat the opposite end of the active site. Arg A173 at one end
the substratei-amino nitrogen interacts with Glu 241 and of helix F is in close contact with the adenine moiety of
GIn 162, although mutational results could suggest that the NADP in subunit A, and residues including Pro A193 and
role of GIn 162 in substrate binding is not crucial, as Ser A194 at the other end of helix F are in close contact
discussed abovd ). The substrate carboxylate interacts with with the adenine moiety of NADP in subunit B. However, a
arginine 267. This arginine corresponds in sequence andnumber of ASADHSs including the yeast enzyme have
spatially with a conserved arginine (Arg 231 coli) in substantial deletions in their sequence which would result
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), whichin truncation or removal of these arms. If these “arm”
is proposed to interact with the phosphate in glyceraldehyde-subdomains do play a significant role in communication
3-phosphate 22). All of these residues that have been between the subunits of the dimer then the ASADHSs that
identified as having a role in substrate binding are conservedhave this domain truncated would be less likely to function
in ASADH across a wide spectrum of species. by an alternating-site mechanism. Assuming that the mech-
Half-of-the-Sites Reaclity. Earlier affinity labeling studies  anism of the enzyme is the same in all cases, this suggests
with 2-amino-4-oxo-5-chloropentanoic acie, a substrate  that the arms are not solely responsible for transmission of
analogue, and an alkylating coenzyme analod# éach conformation change from one subunit to the other. A
showed a stoichiometry of one molecule of inhibitor complete structural explanation of this apparent “half of the
incorporated per ASADH dimer. These results were inter- sites” reactivity phenomenon will have to await a higher
preted as supporting a half-of-sites reactivity model for resolution structure of an appropriate asymmetric dimer.
catalysis by ASADH. The absence of electron density for  Phosphate Binding Sit&xamination of the active site also
SMCS in subunit B in this complex structure despite its reveals a possible location for the phosphate that is necessary
inclusion in the crystallization liquor at a concentration an for conversion of aspartate semialdehyde to aspartyl phos-
order of magnitude greater than its inhibition constant with phate in the nonphysiological direction (Figure 6). Water
respect to the substrate ASA (0.18 mM) (s consistent molecules are observed in both subunits within hydrogen
with this interpretation. Since this is a covalent modification bonding distance of Arg 102 and Asn 134. Both of these
there is even a greater likelihood that both sites would be residues are conserved in all of the sequences that are
modified over the extended incubation time during crystal currently available. The site also lies at the N-terminal end
growth (3 weeks) if they were equally accessible. It therefore of the active site helix. Delphi surface charge calculations
seems likely that structural changes associated with thereveal that this site is positively charged, while construction
binding of substrate/inhibitor in one site on the dimer are of a van der Waals molecular surface reveals a cavity that
transmitted to the other site and preclude binding of substratewill accommodate a phosphate group (Figure 6). The positive
in the second until the first has turned over, with the enzyme charge in this binding site is consistent with the observation
proceeding with an “alternating-sites” mechanism rather than that high negative charges on the peripheral oxygens of
both halves of the dimer working independently. phosphate are essential for binding. Oxyanions with lower
The asymmetric dimers crystallize with the A and B charge density on oxygens are either weaker competitive
subunits always in the same orientation with respect to theinhibitors or are noninhibitors of ASADHE). This site puts
asymmetric unit, resulting in 100% occupancy of the A site a phosphate oxygen in an appropriate position for attack on
and no occupancy of the B site. This implies that the the Cy of the substrate in the reaction in the reverse direction.
asymmetry observed in the crystal contacts is due to The equivalent location has also been proposed for the
asymmetry induced by the presence of the SMCS in one of binding site of the attacking phosphate in the mechanism of
the active sites, since a dimer that was symmetrical (apartconversion of glyceraldehyde-3-phosphate to 1,3-bisphos-
from the presence of substrate buried in one active site awayphoglycerate by glyceraldehyde-3-phosphate dehydrogenase
from crystal contacts) would presumably be able to pack in (26). In this case, the liganding side chains are proposed to
either orientation resulting in 50% occupancy of both sites. be a conserved serine and threonine. A recent structure of
The visible differences in conformation between the two the hemiacetal intermediate of GAPDH frdencolirevealed
subunits are the slight increase in the angle between the Nthe 3-phosphate bound in this cavity rather than the
and C terminal domains in the B subunit and the displace- 1-phosphate27). However, this structure was obtained in
ment of NADP toward the substrate binding site also in the the absence of the cofactor, NAD, and the proposed binding
B (unoccupied) subunit. It is not obvious why these slight site for the 3-phosphate, which includes an interaction with
changes would result in abrogation of substrate binding in the nicotinamide ribose’ Ziydroxyl, was therefore not fully
the B subunit. The resolution limit of the current structure formed. The conformation observed does not allow for acid/
makes use of noncrystallographic symmetry restraints in base catalysis by His 176, the functional equivalent of His
refinement desirable, making subtle differences in conforma- 274 in ASADH. Both the results of kinetics studies on site-
tion of the two subunits difficult to detect. There are two directed mutants and the conserved nature of this residue
obvious potential routes for transmission of a signal from among GAPDH sequences suggest that the histidine plays
the active site of one monomer to the other. One is acrossan important part of the catalysis by GAPDH. It is therefore
the dimerization interface. Most of the interactions at this likely that this hemiacetal intermediate is bound in a
interface are hydrophobic, but there is a buried hydrogen nonproductive conformation.
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Ficure 6: (A) Schematic drawing of the thioester intermediate,

and phosphate positioned ready for attack, based on the substrate

analogue structure. (B) van der Waals surface of ASADH in the
vicinity of the active site, colored by electrostatic potential
(GRASP). The thioester intermediate, phosphate, and NADP are
shown in the active site cleft in bonds representation.

NADP Binding.Experiments conducted before the struc-
ture was solved identified Arg 31 and GIn 39 as residues
which might be involved in binding the phosphate moiety
of NADP, after sequence comparison with GAPDHB)
Substitution of GIn 39 for aspartate resulted in a 10-fold
reduction inKy, for NADP. This glutamine is located on the
“phosphate binding loop” immediately after residues-36
38 which are polar residues that all appear to be involved in
hydrogen bonding interactions with thé Zhosphate. The
end of the side chain lies approximat& A away from the

nearest phosphate oxygens. The side chain amine oxygen 2q.

forms a hydrogen bond with Arg 10. The structure suggests
two possible explanations for a decrease Ky upon
substitution of glutamine for the shorter aspartate. This
substitution changes the electrostatic environment of the
phosphate binding site, introducing a negative charge into
the vicinity of the phosphate, which is itself electronegative.
The substitution is also likely to affect the conformation of
Arg 10. Formation of a salt bridge between this arginine and
the shorter aspartate would disrupt the stacking between Arg
10 and the NADP adenine base and probably move the
arginine beyond hydrogen bonding distance with the 2

Hadfield et al.

phosphate. Either or both of these effects would lead to a
reduction inKy for NADP.

Recent alignments of 70 ASADH sequences suggest that
Arg 31 is not conserved. NAD binding folds typically have
an aspartate at this position in the nucleotide binding domain
sequence 48), which corresponds structurally to the C-
terminal end of the secongtstrand. The observed location
of this arginine in the ASADH structure is at the opposite,
N-terminal, end of the secorftistrand in the cofactor binding
domain, extending into solvent. The distance between the
tip of the arginine side chain and thé Zhosphate in the
bound NADP is approximately 20 A. This is consistent with
the observation that the kinetic parameters for a mutant
enzyme with leucine in this position are unchanged from
wildtype, although the substitution of a hydrophobic residue
in the highly solvent accessible position is likely to lead to
some conformational instability.
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