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ABSTRACT: Three structures of saccharopine dehydrogenase (L-lysine-forming) (SDH) have been determined
in the presence of sulfate, adenosine monophosphate (AMP), and oxalylglycine (OxGly). In the sulfate-
bound structure, a sulfate ion binds in a cleft between the two domains of SDH, occupies one of the
substrate carboxylate binding sites, and results in partial closure of the active site of the enzyme due to
a domain rotation of almost 12° in comparison to the apoenzyme structure. In the second structure, AMP
binds to the active site in an area where the NAD+ cofactor is expected to bind. All of the AMP moieties
(adenine ring, ribose, and phosphate) interact with specific residues of the enzyme. In the OxGly-bound
structure, carboxylates of OxGly interact with arginine residues representative of the manner in which
substrate (R-ketoglutarate and saccharopine) may bind. TheR-keto group of OxGly interacts with Lys77
and His96, which are candidates for acid-base catalysis. Analysis of ligand-enzyme interactions,
comparative structural analysis, corroboration with kinetic data, and discussion of a ternary complex model
are presented in this study.

Saccharopine dehydrogenase (SDH)1 [N6-(glutaryl-2)-L-
lysine:nicotinamide adenine dinucleotide (NAD+) oxidoreduc-
tase (L-lysine-forming) (EC 1.5.1.7)] is the last enzyme in
theR-aminoadipate pathway forL-lysine biosynthesis in the
nonpathogenic yeastSaccharomyces cereVisiae, some human
pathogenic fungi such asCandida albicans, Cryptococcus
neoformans, andAspergillus fumigatus, and plant pathogens
such asMagnaporthe grisea(1-3). Immunocompromised
patients (transplant, cancer, and AIDS patients) are the
primary target for these opportunistic pathogenic fungi. In
addition,M. griseais one of the most destructive pathogens
in crop plants (rice blast) (4). Since theR-aminoadipate

pathway is unique to fungal organisms, the enzymes in this
pathway represent potential targets for the design of new
antimycotic agents (5).

Saccharopine dehydrogenase catalyzes the reversible oxi-
dative deamination of saccharopine to produceR-keto-
glutarate (R-Kg) and lysine using NAD+ as the oxidant. On
the basis of detailed kinetic studies of SDH, an ordered
sequential kinetic mechanism was proposed (6) with NAD+

as the first substrate to bind to form an E‚NAD+ binary
complex in the physiologic reaction direction. Upon bind-
ing of saccharopine to the binary complex, the reaction
proceeds through a series of intermediates to give products.
In the reverse reaction direction, NADH adds to the enzyme
first, followed by random addition ofR-Kg and lysine.
Detailed inhibition studies suggest that oxaloacetate, glut-
arate, and lysine can bind to the free enzyme form in dead-
end fashion (6).

A proton shuttle chemical mechanism was proposed for
SDH on the basis of the pH dependence of kinetic param-
eters, dissociation constants for inhibitors, and isotope effects
(7). These studies suggest that hydride transfer and hydrolysis
of the resulting imine contribute to rate limitation. In the
proposed chemical mechanism (Scheme 1), a group with a
pKa of 6.2 accepts a proton from the secondary amine of
saccharopine as it is oxidized. The resulting imine of
saccharopine is then hydrolyzed via a general-base-catalyzed
activation of water. The general base in the hydrolysis
reaction has a pKa of about 7.2 and serves to shuttle a proton
between itself and the reactant to give lysine andR-keto-
glutarate. The side chain amine of the lysine is then
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protonated by the acid conjugate of the group with a pKa of
6.2, and products are released.

A detailed survey of SDH substrate analogues was
undertaken to define substrate specificity and to identify the
functional groups on all substrates important for binding (8).
According to this study, a number of NAD+ analogues,
including NADP+, 3-acetylpyridine adenine dinucleotide (3-
APAD+), 3-pyridinealdehyde adenine dinucleotide (3-
PAAD+), and thionicotinamide adenine dinucleotide (thio-
NAD+), can serve as substrates. A number ofR-keto
analogues, including glyoxylate, pyruvate,R-ketobutyrate,
R-ketovalerate,R-ketomalonate, andR-ketoadipate, can also
serve as substrates for SDH. On the basis of a study of
inhibitory analogues (8), the majority of the binding energy
of the dinucleotide comes from the AMP portion and the
R-oxo groups ofR-keto acids contribute a factor of 10 to
their affinity. Among the inhibitory analogues studied,
oxalylglycine showed the highest affinity for SDH with an
inhibition constant of 100µM. Data suggest that the keto
acid binding pocket is relatively large and flexible and can
accommodate the bulky aromatic ring of a pyridinedicar-
boxylate. However, a side chain with three carbons (from
the R-keto group up to and including the side chain
carboxylate) is optimal for binding to the keto acid site. The
amino acid binding site is relatively hydrophobic, and the
optimal binding length of the hydrophobic portion of the
amino acid carbon side chain is three to four carbons (8).

The saccharopine dehydrogenase fromS. cereVisiaecon-
sists of 373 amino acids with a calculated molecular weight
of 41 464 (Saccharomyces Genome Database (SGD), ww-

w.yeastgenome.org). An apparent molecular weight of 39 000
has been reported using gel filtration chromatography,
sedimentation equilibrium, and SDS-PAGE, suggesting that
SDH from S. cereVisiae functions as a monomer (9).

The sequence identities between theS. cereVisiae SDH
and that of pathogenicC. albicans, C. neoformans, andA.
fumigatusare 64%, 55%, and 53%, respectively (SGD).
Therefore, elucidation of the three-dimensional structure of
theS. cereVisiaeenzyme (in apo and ligand-bound form) is
critical for rational design of inhibitors for SDH and the
possibility of subsequent antifungal drug therapy for patients
infected with pathogenic fungi. Recently, the structure of
SDH in the apo form was determined (10). The polypeptide
chain of saccharopine dehydrogenase fromS. cereVisiaefolds
into two similarly sized domains. One of the domains
(domain II) is the dinucleotide binding domain known as a
Rossmann fold (11) that binds NAD+ and NADH. The other
domain (domain I) consists of anR/â fold, which is similar
to the dinucleotide binding domain in terms of general
topology (despite the lack of sequence homology). The active
site is located inside a deep cleft at the interface between
the two domains (10).

In this study, we report ligand-bound (sulfate-, AMP-, and
oxalylglycine-bound) crystal structures of saccharopine de-
hydrogenase fromS. cereVisiae. A comprehensive analysis
with an emphasis on ligand-enzyme interactions, corrobora-
tion with previously obtained kinetic data, comparative
structural analysis, and a discussion of a semiempirical model
of a ternary complex are presented. All three ligand-bound
structures presented in this paper are of significant interest

Scheme 1: Proposed Chemical Mechanism for Saccharopine Dehydrogenasea

a Key: I , central complex E‚NAD+‚saccharopine upon NAD+ and saccharopine binding;II , Schiff base intermediate;III , carbinolamine
intermediate;IV , protonated carbinolamine;V, generated central complex E‚NADH‚R-Kg‚Lys; VI , protonated lysine.
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for rational drug design due to the inhibitory effects of the
ligands studied and their similarity to the natural substrates.

MATERIALS AND METHODS

Materials. All chemicals were of the highest grade
commercially available. Tris-HCl, Bis-Tris, Hepes, and
imidazole were purchased from Research Organics. Ampi-
cillin, isopropylâ-D-1-thiogalactopyranoside (IPTG), (NH4)2-
SO4, KCl, and Coomassie Brilliant Blue G-250 were
purchased from Amresco, Gold BioTechnology, EMD,
Fisher, and Bio-Rad, respectively. Phenylmethanesulfonyl
fluoride (PMSF), chloramphenicol, saccharopine, AMP, and
NAD+ were obtained from Sigma. Sodium acetate was from
EM Science. DTT was from Boehringer Mannheim Bio-
chemicals. Oxalylglycine was from Frontier Scientific. PEG
4000 and PEG-MME 2000 were purchased from Fluka and
Hampton Research, respectively.

Expression and Purification of the Saccharopine Dehy-
drogenase.The purification of SDH overexpressed inEs-
cherichia colicells was carried out as reported previously
(6) with slight modifications. The BL21 (DE3)-RILE. coli
cells containing the pSDHHX1 plasmid (a pET-16b deriva-
tive) (6) with the LYS1gene as an insert were grown at

37 °C in 1.5 L of LB medium containing 125µg/mL
ampicillin and 25µg/mL chloramphenicol. The expression
of N-terminal (His)10-tagged recombinant SDH was induced
by adding 1 mM IPTG at an OD600nm of 0.7-1.0, and
incubation was continued for an additional 4.5 h with
shaking. The harvested cells were then suspended in 100
mM Tris-HCl, pH 8.0, containing 300 mM KCl and
disrupted by sonication using a Misonix model XL2020
sonicator (four alternating 15 s pulse-on and 30 s pulse-off
intervals). To prevent proteolysis of SDH, 1 mM PMSF was
added to the suspended cells prior to cell lysis. After removal
of cell debris by centrifugation at 31000g for 10 min, the
supernatant was applied to a Ni-NTA column (Qiagen) and
eluted using a linear imidazole gradient of 30-300 mM
dissolved in the sonication buffer. The purity of the SDH
was assessed using SDS-PAGE with the gel stained with
Coomassie Brilliant Blue G-250.

Protein Crystallization.The original Crystal Screen kit and
Crystal Screen 2 kit from Hampton Research were used to
identify initial crystallization conditions using the hanging-
drop vapor diffusion method (13). Additional homemade
screening kits including polyethylene glycols (PEGs) of
various molecular weights vs pH and salt additives were also
used to explore a range of precipitants and buffer pH.
Crystallization trials were performed by mixing 2µL of the
enzyme solution (6-9 mg/mL in 100 mM Tris-HCl, pH
7.0) with the same amount of reservoir (precipitant) solution
equilibrated over 0.5 mL of reservoir solution at 4 and
25 °C using 24-well VDX plates (Hampton Research). In
addition, purified SDH was shipped to the Hauptman-
Woodward Institute (HWI), Buffalo, NY, for screening of
their 1536 conditions using the microbatch method under
paraffin oil.

Data Collection and Processing.For data collection,
crystals were flash-frozen in a stream of nitrogen gas at a
temperature of 100 K (Oxford Series 700 cryosystem) in
mother liquor containing 15-20% glycerol as a cryopro-
tectant using MicroMounts from MiTeGen (www.mitegen-
.com). X-ray diffraction data were collected using Cu KR
radiation (λ ) 1.5418 Å) produced from a Rigaku/MSC RU-
H3R rotating anode X-ray generator operated at 50 kV/100
mA and R-Axis IV++ image plate detectors. The crystal to

Table 1: Summary of Data Collection Statisticsa

sulfate-
bound
crystal

AMP-
bound
crystal

OxGly-
bound
crystal

space group C2 (â ) 116.2°) P212121 P212121

a (Å) 112.63 45.97 64.76
b (Å) 55.21 69.11 74.30
c (Å) 75.04 127.83 74.62
Matthews coeff (Å3/Da) 2.38 2.31 2.04
solvent content (%) 48.3 46.7 39.7
resolution (Å) 1.60 1.75 1.60
no. of observations 356 114 240 560 295 832
no. of unique reflns 53 059 41 009 46 497
completeness (%) 97.1 (92.9) 97.8 (91.9) 96.5 (87.6)
meanI/σ(I) 11.3 (3.0) 25.9 (8.8) 15.8 (3.5)
Rsym

b (%) 6.0 (47.7) 3.4 (15.4) 5.6 (35.8)
a Values in parentheses correspond to the highest resolution shell.

b Rsym ) ∑(Ij - Ihj)/∑(Ihj), whereIj is the intensity measurement for a
given reflection andIhj is the average intensity for multiple measurements
of this reflection.

Table 2: Summary of the Refinement Statistics for the SDH Structures

sulfate-bound
structure

AMP-bound
structure

OxGly-bound
structure

resolution range (Å) 30.0-1.60 30.0-1.75 30.0-1.60
no. of protein atoms 2864 2864 2916
no. of solvent molecules 329 H2O 358 H2O 336 H2O
no. of ligand molecules 3 SO42- + 1 Cl- 1 AMP 1 OxGly
avB factor (all) (Å2) 28.8 17.0 18.8
avB factor (main) (Å2) 27.8 16.1 17.9
avB factor (side) (Å2) 29.8 17.9 19.7
Rcryst (Rfree

a) (%) 22.1 (25.9) 19.8 (23.3) 20.7 (24.1)
rms deviation

bond length (Å) 0.016 0.015 0.013
bond angle (deg) 1.47 1.41 1.33

Ramachandran plot (% residues in)
most favored regions 90.8 90.1 91.2
additional allowed regions 8.9 9.9 8.8
generously allowed regions 0.3 0.0 0.0
disallowed regions 0.0 0.0 0.0

a Rfree was calculated using 5% of the diffraction data.
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detector distance was set at 100 or 120 mm, and data were
collected using an oscillation angle of 1°. The exposure time
was set to 5 min per image. All data were processed with
the d*TREK data processing package (version 9.6D) (14).

Molecular Replacement, Model Building, Structure Refine-
ment, and Validation.Structures were solved by molecular
replacement using maximum-likelihood techniques (15-17)
as implemented in the program Phaser (version 1.3.1). The
candidate model for molecular replacement was the apo-
saccharopine dehydrogenase (l-Lys forming) fromS. cer-
eVisiae (backbone only) (10) (PDB code 2Q99). One copy
of the candidate model was searched as a single component
of the asymmetric unit for theC2 andP212121 space groups.
A medium-range resolution dataset of 8.0-3.0 Å was used
for both rotation and translation searches.

Automated model building was carried out using ARP/
wARP (18, 20) (version 6.1.1) starting from the model
obtained from molecular replacement. The initial model was
refined by 10 cycles of autobuilding along with five
refinement subcycles (total 50 cycles) of REFMAC (20)
(version 5.2) using the CCP4 program suite (version 6.0.0)
(21). Manual model building was performed for missing
residues using XtalView/Xfit software (version 4.1) (22),
followed by 10 cycles of maximum-likelihood refinement
using REFMAC. The ARP/wARP program was used to add
solvent atoms. The quality of the structure factor data and
stereochemical properties of the final model were checked
using the SFCHECK (23) and PROCHECK (24) programs
implemented in the CCP4 program suite (21).

Molecular Graphics. All of the figures in this paper were
prepared using PyMOL version 0.99 (25).

RESULTS

Expression and Purification of the Saccharopine Dehy-
drogenase.Expression of SDH in the BL21 (DE3)-RILE.
coli cells was very high. The elution profile of the SDH from
the Ni-NTA column showed that the enzyme begins to elute
at an imidazole concentration of 120 mM, with the highest
concentration in fractions eluting at 150 and 180 mM
imidazole (data not shown). Eluted SDH fractions estimated

to beg98% pure, on the basis of Coomassie-stained SDS-
PAGE gels, were pooled. The amount of purified enzyme
obtained typically was 20-27 mg from 1 L ofcell culture.

Protein Crystallization.Diffraction-quality single crystals
(both in apo and ligand-bound forms) were obtained using
homemade screening kits at 4°C. Apo-SDH crystals usually
appeared within 5-7 days with average dimensions of 0.30
× 0.15× 0.10 mm (rectangular prism). Optimization of the
screening solutions resulted in diffraction-quality crystals of
apo-SDH in 100 mM Tris (pH 7.0) containing 22% (w/v)
PEG 8000 with a final SDH concentration of 3.8 mg/mL in
the drop.

A number of (NH4)2SO4-containing conditions also gave
good-quality crystals for SDH at 4°C. The highest diffrac-
tion-quality crystals grew in 26% (w/v) PEG-MME 2000 in
100 mM Tris, pH 7.0, containing 200 mM (NH4)2SO4 (0.29
× 0.35× 0.05 mm, diamond-like morphology) with a final
SDH concentration of 4.5 mg/mL. These crystals were used
for data collection and structure determination of the sulfate-
bound SDH molecules.

Diffraction-quality AMP-bound crystals were grown using
24% (w/v) PEG-MME 2000 in 100 mM Bis-Tris, pH 6.5,
as the precipitant at 4°C. The final enzyme and AMP
concentrations in the crystallization drop were 4.2 mg/mL

FIGURE 1: Sulfate-bound saccharopine dehydrogenase fromS.
cereVisiae. A ribbon representation of the enzyme monomer shows
the positions of bound sulfate molecules. Domain II contains a
Rossmann fold (magenta) that binds dinucleotide substrates. The
disulfide bond between Cys205 and Cys249 connects the N-terminal
end of a helix to a loop that originates from the six-strandedâ-sheet
core.

FIGURE 2: Interaction of the AMP molecule with SDH. (A) The
phosphate moiety of the AMP interacts solely with the main chain
of the enzyme. It interacts directly with N atoms of Arg204 and
Cys205 and indirectly through water molecules with O atoms of
Gly200 and Cys249. (B) The ribose moiety interacts directly with
Asp227 and the main chain N atom of Gly203. The surrounding
Fo - Fc electron density for AMP is also shown. (C) Adenine
interaction is mainly hydrophobic via Ile199, Ile228, and Ile250.
However, Thr231 makes one hydrogen bond to N1 of adenine.
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and 2.5 mM, respectively. Crystals grew very slowly (40
days) in rod-shaped morphology with a hexagonal cross-
section and average dimensions of 0.9× 0.1 × 0.1 mm.

Oxalylglycine-bound SDH crystals were grown in the
presence of 24% (w/v) PEG-MME 2000 in 100 mM Tris,
pH 8.0, at 4°C. The final enzyme and OxGly concentrations
in the crystallization drop were 2.4 mg/mL and 10 mM,
respectively. The crystallization drop also contained AMP
and DTT at final concentrations of 3.0 and 2.5 mM,
respectively. The crystals grew as square plates with average
dimensions of 0.2× 0.2 × 0.06 mm.

Data Collection and Processing.Processing of the datasets
revealed the space groups to be eitherP212121 (for AMP-
bound and OxGly-bound) orC2 (for sulfate-bound). Mo-
lecular replacement using the recently determined apo-SDH
structure (10) and model refinement were successful in these
space groups with the asymmetric unit as a monomer of
SDH. A summary of the data collection statistics for all the
datasets is shown in Table 1. The space group of the apo-
SDH as described by the Berghuis research group isP212121

with a ) 64.68 Å,b ) 74.93 Å, andc ) 74.95 Å (10).
Molecular Replacement, Model Building, Structure Refine-

ment, and Validation.Using the molecular replacement
model from Phaser, residues were built using XtalView and
ARP/wARP and ligands were added to positions with proper
electron density shape and geometry. The first two residues
of the protein (Met and Ala) as well as the 21-residue
decahistidine tag could not be built due to lack of electron
density. The final models were refined using REFMAC. The
refinement statistics and features of the final models are
summarized in Table 2.

OVerall Apo and Ligand-Bound Structures.The overall
structure of the apo-SDH enzyme is as described (10). It
contains two domains of almost the same size. One domain
is a Rossmann fold that binds NAD+/NADH, and the other
domain is similar in terms of general topology. Both domains
contain a six-stranded parallelâ-sheet as a core which is
surrounded byR-helices and loops (R/â fold). The two six-
strandedâ-sheet structures are arranged at almost a 60° angle
relative to each other. Cys205 and Cys249 form a disulfide
bond in the apo-SDH structure (10).

For the sulfate-bound structure, as shown in Figure 1, three
sulfate groups bind to one SDH molecule. One sulfate
molecule binds to Arg131, which is located in the active
site cleft (Arg131 binds to theγ-carboxylate group of
oxalylglycine). The other two sulfate molecules bind to
arginine and lysine residues in solvent-exposed areas of
domains I and II.

For the crystal grown in the presence of 2.5 mM AMP,
clear electron density was observed for an AMP molecule
in the vicinity of Asp227 (Figure 2B). In addition to the
dipole moment of anR-helix perpendicular to the phosphate
group, other residues in domain II of the enzyme also play
a key role in phosphate binding. As shown in Figure 2A,
the phosphate group directly interacts with main chain
nitrogen atoms of Arg204 and Cys205. Main chain oxygen
atoms of Gly200 and Cys249 are also involved in positioning
the phosphate group mediated via two water molecules.
Asp227 plays a key role in binding the ribose moiety of the
AMP molecule. Both oxygens of the carboxylate of Asp227
are directly involved in hydrogen bonding to the hydroxyl

groups of the ribose (Figure 2B). The main chain nitrogen
atom of Gly203 also forms a hydrogen bond to the 3′-OH
of the ribose moiety of the AMP. The adenine ring is located
deep inside a hydrophobic cleft formed by Ile199, Ile228,
and Ile250 (Figure 2C). The adenine ring is also held in place
by a hydrogen bond between the Thr231 hydroxyl group and
the N1 atom of the adenine ring.

There is a disulfide bond that forms between Cys205 and
Cys249 in SDH. Both apo-SDH and the sulfate-bound SDH
structures contain a disulfide bond between these two
cysteines (Figure 3A). The S-S distances in the apo and
sulfate-bound structures are 2.04 and 2.10 Å, respectively.
However, no disulfide bond was observed in the AMP-bound
SDH molecule, and the S-S distance is 3.64 Å, which
exceeds the van der Waals contact distance of 2.2 Å for two
sulfur atoms (Figure 3B).

Figure 4 shows the interaction of oxalylglycine (anR-keto
acid inhibitory analogue ofR-ketoglutarate) with residues
in domain I of the enzyme. Arg18 and Arg131 form ionic
bonds with the two carboxylate groups of the OxGly. Lys77
interacts with theR-carboxylate andR-keto groups, while
His96 interacts mainly with theR-keto group. The inhibitor
also interacts indirectly with Phe135 (main chain) and Ser323
(side chain) through a network of water molecules. The N
atom of oxalyglycine has no interaction with any residue on
the enzyme. It is predicted thatR-ketoglutarate may bind
with the same geometry as OxGly to the enzyme active site.

The OxGly-bound crystals were grown in the presence of
3 mM AMP and 2.5 mM DTT. Surprisingly, no AMP
molecule was bound to enzyme. Despite using DTT for the
crystallization trials, the OxGly-bound structure contained
a disulfide bond between Cys205 and Cys249.

FIGURE 3: View of Cys205 and Cys249, which are involved in
disulfide bond formation. (A) Disulfide bond in the sulfate-bound
SDH molecule and surrounding 2Fo - Fc density. The S-S distance
is 2.10 Å. The apo-SDH (10) also contained a disulfide bond in a
conformation similar to that shown in (A) with a S-S distance of
2.04 Å. (B) Reduced cysteines and their surrounding 2Fo - Fc
density in the AMP-bound structure.
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FIGURE 4: Stereoview of the binding of oxalylglycine to the SDH active site. Arg18 and Arg131 are involved in binding the two carboxylate
groups of OxGly. Lys77 and His96 interact with theR-keto group, and Lys77 also interacts withR-carboxylate. Phe135 and Ser323 interact
indirectly through a water network.

FIGURE 5: Comparative analysis of the apo (yellow) (10) and sulfate-bound (magenta) SDH molecules. (A) Surface representation of the
apo form of SDH. (B) Binding of a sulfate molecule to Arg131 induces an 11.8° rotation parallel to the plane in one of the domains, leading
to 65% closure of the active site. (C) Magnification of the active site area of the superimposed structures of apo (yellow) and sulfate-bound
(magenta) SDH shows that conformational changes upon sulfate binding may be triggered by the movement of the Arg18, Lys77, and
His96 side chains toward the negatively charged sulfate molecule.

Structures of Ligand-Bound Saccharopine Dehydrogenase Biochemistry, Vol. 46, No. 44, 200712517



DISCUSSION

Structural Analysis of the Sulfate-Bound SDH.As shown
in Figure 1, sulfate molecules bind to three positions on the
SDH enzyme. Binding of sulfate to Arg131 suggests that
the sulfate mimics the carboxylate group of theR-keto acid
substrate (see the OxGly structure below). Furthermore,
binding of sulfate molecules to SDH results in a significant
conformational change as shown in Figure 5 and induces
the enzyme to crystallize in theC2 space group rather than
theP212121 space group (Table 1). According to calculations
carried out using the DynDom program for protein domain
motion analysis (http://www.sys.uea.ac.uk/dyndom/) (26-
28), there is a rotation of 11.8° between the two domains
which leads to 65% active site closure. The hinge residues
are predicted to be Ala133-Ala134-Phe135-Gly136 and
Leu325-Pro326, with Gly136 and Pro326 being most likely
on the basis of superposition of the apo and sulfate-bound
structures. Also, both the apo and sulfate-bound structures
contain a disulfide bond (Cys205-Cys249) with the same
conformational geometry.

The mechanism responsible for active site closure (Figure
5A,B) upon sulfate binding is not known at this time.
However, analysis of the structure suggests that electrostatic
interactions play a key role. As shown in Figure 5C, the

interior surface of the domain that binds sulfate is highly
positively charged. Upon binding of a sulfate molecule to
Arg131, which functions as an anchor in this interaction,
the remaining positively charged residues (Arg18, Lys77,
and His96) which are located in a flexible loop area move
toward the sulfate molecule (Figure 5C). We suggest that in
the case of bound substrates such as saccharopine or substrate
analogues such as OxGly, these residues may electrostatically
interact with the substrate. The sum of these conformational
changes (Figure 5C) results in an 11.8° rotation of the sulfate-
bound domain (parallel to the plane) relative to the Rossmann
fold, giving rise to 65% active site closure. Although the
crystal structure of a ternary complex (SDH‚NAD+‚
saccharopine) that takes all of the enzyme and substrate
conformational changes into account is required to observe
the conformational changes relevant to catalysis, the structure
of the sulfate complex presented here may provide some
preliminary information about the conformational changes
relevant to catalysis. This will be discussed further together
with the semiempirical model of the ternary complex.

Structural Analysis of the AMP-Bound SDH.The mode
of AMP binding to the SDH molecule is consistent with the
experimentally determined lowKi value (55( 6 µM) (8).
As shown in Figure 2, eight hydrogen bonds and three
hydrophobic residues are involved in AMP binding to SDH.
Such a network of hydrogen bonds to the AMP molecule is
responsible for the majority of the binding energy of the
dinucleotide as previously suggested (8). A Ki value of 7.2
( 0.6 mM is obtained for the NMN+ molecule (8),
suggesting that this portion of NAD+ does not bind with
significant affinity to SDH. Despite efforts to cocrystallize
SDH in the presence of NMN+, NAD+, and NADH, no
promising crystals were obtained, likely due to their weak
binding or inappropriate crystallization conditions. According
to the kinetic data (8), the AMP portion of NAD+ may bind
first to the SDH active site. However, it is not clear at this
time whether the AMP portion may organize the active site
for optimum binding of the NMN+ portion of the NAD+ or
simply provide the initial interaction.

Hydrogen bonding of the ribose moiety of the AMP
molecule to Asp227 contributes to the tight binding and is
consistent with the kinetic studies (8). It can be concluded
from Figure 2B that Asp227 can still form two hydrogen
bonds to the ribose moiety of NADP+ with the 2′-phosphate
rotated away from the binding site. Structurally, there is no
steric hindrance for binding of 2′-phosphate. In agreement,
theKi values for both NAD+ and NADP+ are about the same
(8). Asp227, which is involved in hydrogen bonding to the
ribose moiety of AMP, is 20 residues C-terminal to the
conserved GXXGXXG motif, suggesting that the Rossmann
fold of SDH shows the characteristics of a classical NAD-
(P)+ binding domain (29-30).

On the basis of the pH dependence of theKi for AMP
(8), two functional groups on the enzyme (one protonated
and one unprotonated) are important for AMP binding.
According to the crystal structure of the AMP-bound SDH,
the unprotonated group is Asp227. The nature of the
protonated group is not known, and its identity will require
further study.

Apo (10) and AMP-bound forms of the enzymes crystal-
lized in the same space group but with different cell
dimensions (Table 1). As shown in Figure 6, there are slight

FIGURE 6: Comparative analysis of apo (yellow) (10) and AMP-
bound (cyan) SDH molecules. A 3.9° rotation of domain I (right)
perpendicular to the plane originates from molecular packing in a
different unit cell of space groupP212121.

FIGURE 7: Comparative analysis of OxGly-bound (green) and
AMP-bound (cyan) SDH molecules. The Rossmann fold (domain
II) is specific for binding to dinucleotide substrates, and the other
domain (I) is specific for binding to carboxylate-containing
substrates or substrate analogues such asR-ketoglutarate, saccha-
ropine, or OxGly.
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conformational differences in both domains. In the AMP-
bound structure, there is a 3.9° rotation of domain I
(calculated using the DynDom program) which is perpen-
dicular to the plane (Figure 6).

Structural Analysis of the OxGly-Bound SDH.Oxalylg-
lycine is an analogue ofR-ketoglutarate that binds to SDH
with aKi of 100µM (8). The crystal structure of the OxGly-
bound SDH (Figure 4) shows that theR- andγ-carboxylates
of OxGly interact with Arg18 and Arg131, respectively.
Although two to six carbons containing substrates can be
accommodated, the optimum number of carbon atoms that
can be accommodated between Arg18 and Arg131 is five,
as predicted by kinetic data (8). However, theR-keto group
contributes a factor of 10 in binding ofR-ketoglutarate or
OxGly to the enzyme when compared to theKi of glutarate
(1.0( 0.1 mM) (8). In the crystal structure, theR-keto group
of OxGly accepts hydrogen bonds from Lys77 and His96
with bond lengths of 2.81 and 3.03 Å, respectively (Figure
4). Lys77 and His96 are candidates for the general-base
catalyst in the SDH chemical mechanism (7).

As shown in the Figure 7, the Rossmann domain is specific
for binding to dinucleotide substrates and the other domain
is specific for binding to carboxylate-containing substrates
and substrate analogues such asR-ketoglutarate, saccha-
ropine, and OxGly. As predicted by kinetic data (8), theR-Kg
(or OxGly) binding site can easily accommodate the bulky
aromatic ring of pyridine-2,4-dicarboxylate (Ki ) 1.10 (
0.01 mM). The side chain of Phe135 may establish hydro-
phobic interactions with the pyridine ring. However, on the
basis of the OxGly binding site as shown in Figure 4, one
of the carboxylate groups of pyridine-2,3-dicarboxylate may
not be in an optimum position to interact with Arg131 or
may sterically clash with the Phe135 side chain, consistent
with its higherKi value (18.3( 0.4 mM) relative to that of
pyridine-2,4-dicarboxylate. The backbone of Phe135 and side
chain hydroxyl of Ser323 also interact indirectly with OxGly
through water molecules. The nitrogen atom of OxGly does
not make an interaction with any residue on the enzyme and
does not contribute to binding. However, the presence of
the amide of OxGly limits conformational degrees of freedom
for the OxGly molecule, which may explain the better
binding of OxGly to SDH than the natural substrateR-ke-
toglutarate (Ki ) 0.6 ( 0.1 mM for the E‚NADH·R-Kg
complex (8)).

Both apo-SDH and OxGly-bound SDH crystallize in the
same space group (P212121) with the same cell dimensions
(apo,a ) 64.68 Å, b ) 74.92 Å, andc ) 74.95 Å (10);
OxGly-bound,a ) 64.76 Å,b ) 74.30 Å, andc ) 74.62
Å). Structural analysis shows that there is no significant
domain movement between the two structures (not shown).
In the apo-SDH structure (10), the OxGly binding pocket is
occupied by a network of water molecules connecting Arg18
to Arg131.

Disulfide Bond.Cys205 and Cys249 are located on the
surface of the nucleotide binding domain. The structure of
the AMP-bound SDH shows that these two cysteines are very
close to the phosphate moiety of AMP. On the basis of the
crystal structures of the apo-SDH (10) and sulfate-bound
SDH, Cys205 and Cys249 are involved in disulfide bond
formation. The location of Cys205 and Cys249 on the surface
of SDH and their juxtaposition presumably make them
vulnerable to oxidation during the process of protein
purification. It would be expected that, in vivo, disulfide bond
formation in SDH would be inhibited due to the highly
reducing environment of the cytoplasm. In addition, thiore-
doxin reductase is a cytoplasmic enzyme that actively
prevents the formation of disulfide bonds among cytoplasmic
proteins (31). Although it is unlikely that the disulfide bond
has physiologic importance, this aspect is currently being
studied using site-directed mutagenesis.

Semiempirical Model for Substrate Binding and Chemical
Mechanism.On the basis of the superposition of the
experimentally determined crystal structures of the ligand-
bound SDH (AMP- and OxGly-bound), a model of the SDH‚
NAD+‚saccharopine ternary complex is presented in Figure
8. The model is semiempirical because the lysine moiety of
saccharopine and NMN+ moiety of NAD+ are modeled.
Also, it does not take into account any conformational
changes that may arise when both substrates bind to the
enzyme (including the closure of the active site) as well as
any synergistic interactions. However, the presented model
is compatible with the detailed kinetic studies that have been
previously carried out for SDH (6-8). As shown in the
model, the carboxylates of the glutamate moiety of the
saccharopine make electrostatic and hydrogen-bonding in-
teractions with Arg18 and Arg131. Lys77 and His96 directly
interact with the secondary amine of saccharopine. Lys99,
Glu122, and the lysine moiety of the saccharopine make a

FIGURE 8: Semiempirical model for the SDH‚NAD+‚saccharopine ternary complex. All of the interactions between enzyme residues and
saccharopine are shown in gray dotted lines (average distance is 2.96( 0.18 Å). It is proposed that Glu78 or Glu122 (:B1 in Scheme 1)
and Lys77 or His96 (:B2 in Scheme 1) are involved in SDH enzymatic catalysis. In the model, saccharopine may form an intramolecular
electrostatic bond, which folds the saccharopine onto itself to accommodate the substrate in the highly hydrophilic SDH active site and to
minimize the binding energy by intramolecular hydrophobic interaction between the aliphatic segments of lysine and the glutamate moiety
of the saccharopine. The nicotinamide ring of NAD+ presents itspro-R face for hydride transfer. The distance between C4 of nicotinamide
and C4 of saccharopine is 4.7 Å, suggesting the necessity of a hingelike conformational change for active site closure and catalysis.
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network of electrostatic and hydrogen bonds. We also
propose that there is an intramolecular electrostatic interac-
tion within the saccharopine molecule. The nicotinamide ring
of the NAD+ molecule is in a position to accept a hydride
on thepro-R face (8). In the proposed model, the distance
between the C4 of the nicotinamide ring of NAD+ and the
C4 of saccharopine is 4.7 Å, which is longer than the
optimum distance of 2.6-3 Å for hydride transfer. Therefore,
a hingelike conformational change, as observed in the sulfate-
bound structure, may be required to close the active site for
catalysis to occur.

A proton shuttle chemical mechanism has previously been
proposed for the enzymatic reaction of SDH (7). As shown
in Scheme 1, in the direction of lysine formation two groups
serve as general-base catalysts in the reaction. A general base
(:B1) accepts a proton from the secondary amine of saccha-
ropine as it is oxidized and remains protonated until lysine
is formed at the completion of the reaction. A second general
base (:B2), which shuttles a proton between itself and the
reactants, accepts a proton from water as it attacks the Schiff
base carbon (II ) to form the carbinolamine intermediate (III ).
The same residue (H:B2) serves as a general acid and donates
a proton to the carbinolamine nitrogen to give protonated
carbinolamine (IV ), and (:B2) then serves as a general base
to accept a proton from the carbinolamine hydroxyl to
generateR-Kg and lysine (V). Theε-amine of lysine is then
protonated by the group (H:B1) that originally accepted a
proton from the secondary amine of saccharopine in the
oxidation step (VI ).

On the basis of the semiempirical model presented in
Figure 8, the identity of the group that accepts a proton from
the secondary amine of saccharopine (:B1) is either Glu78
or Glu122. The identity of the general-acid-base catalyst
(:B2) that catalyzes most of the enzymatic reaction of SDH
is either Lys77 or His96. However, the identity of the
catalytic groups will have to await further studies.

Elucidation of the crystal structures of the apo (10) and
ligand-bound forms of saccharopine dehydrogense fromS.
cereVisiae presented in this paper as well as the detailed
kinetic studies described (6-8) is a promising step toward
the rational design of antimycotic agents. The final goal is
the inhibition of SDH and the lysine biosynthetic pathway
in opportunistic pathogenic fungi. Efficient inhibitors can
be designed on the basis of the AMP and OxGly binding
modes observed in the crystal structures presented here.
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