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ABSTRACT: The ultimate step in the biosynthesis of the medicinally importantâ-lactamase inhibitor
clavulanic acid is catalyzed by clavulanic acid dehydrogenase (CAD). CAD is responsible for the NAPDH-
dependent reduction of the unstable intermediate clavulanate-9-aldehyde to yield clavulanic acid. Here,
we report biochemical and structural studies on CAD. Biophysical analyses demonstrate that CAD exists
as dimeric and tetrameric species in solution. The reaction performed by CAD was shown to be reversible,
allowing the use of clavulanic acid for activity analyses. The crystal structure of CAD was solved using
single-wavelength anomalous diffraction with a seleno-methionine derivative. The structure reveals that
the individual monomers comprise a single domain possessing the Rossmann fold, characteristic of
dinucleotide-binding enzymes. The monomers are arranged as tetramers, similar to other tetrameric members
of the short-chain dehydrogenase/reductase family. The structure of the unreactive complex of CAD with
clavulanic acid and NADPH suggests how CAD is able to catalyze the reduction of clavulanate-9-aldehyde
without fragmentation of the bicyclicâ-lactam ring structure. The relative positions of NADPH and
clavulanic acid, in the active site, together with the presence of the latter in an eclipsed conformation,
rationalizes previous labeling studies demonstrating that the incorporation of the C5pro-R, but notpro-S,
hydrogen of ornithine/arginine into the C9 position of clavulanic acid occurs with overall inversion of
configuration.

The discovery ofâ-lactam antibiotics such as penicillins
and cephalosporins represents one of the most important
medical breakthroughs, but their continued use is challenged
by bacterial resistance. A prevalent mechanism of resistance
to â-lactam antibiotics involves hydrolysis of theâ-lactam
ring catalyzed byâ-lactamases. In order to combat this
resistance mechanism, two main strategies have been em-
ployed: the identification of antibiotics resistant to hydrolysis
and the development ofâ-lactamase inhibitors.

In mechanistic terms,â-lactamases can be divided into
two categories, those that employ a metal at the active site
and those that utilize a nucleophilic serine. Despite the
growing importance of metallo-â-lactamases, serineâ-lac-

tamases are the most clinically important. Notably, com-
pounds in clinical use as serineâ-lactamase inhibitors are
themselvesâ-lactams. Some possess both antibiotic and
â-lactamase inhibitory activities, for example, carbapenems,
whereas others are potentâ-lactamase inhibitors but lack
sufficient antibacterial activityper se and are, therefore,
administered in combination with more potent antibiotics.
The carbapenems are produced by total synthesis, whereas
two of theâ-lactamase inhibitors in clinical use are synthetic
compounds (sulbactam and tazobactam) produced by semi-
synthesis. However, the most widely usedâ-lactamase
inhibitor is clavulanic acid, isolated from the actinomycete
Streptomyces claVuligerus. The chemical synthesis of cla-
vulanic acid is hampered by its dense functionality and
lability, and therefore, commercial production is achieved
by fermentation.

In S. claVuligerus the genes for the biosynthesis of both
penicillin/cephalosporinâ-lactam antibiotics and clavulanic
acid are arranged in a super-cluster. Approximately 18 genes
(orf2-19) are proposed to encode for proteins involved in
the biosynthesis, transport, and regulation of clavulanic acid
(1-3). The first four enzymes in the biosynthesis pathway
have been characterized.N2-(2-carboxyethyl)arginine syn-
thase (orf2) (4), â-lactam synthetase (orf3) (5, 6), procla-
vaminate amidinohydrolase (orf4) (7), and clavaminic acid
synthase 2 (orf5) (8-11) are responsible for the conversion
of L-arginine andD-glyceraldehyde-3-phosphate into (3S, 5S)-
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clavaminic acid (Figure 1). Crystal structures have also been
reported for these enzymes (12-15) as well as for an
ornithine acetyltransferase (orf6) (16) encoded in the clavam
gene cluster. Recently, it was shown thatorf17 encodes a
N-glycyl-clavaminic acid synthetase, catalyzing the addition
of glycine to clavaminic acid (17). Whether N-glycyl-
clavaminic acid represents an additional step in the synthesis
of clavulanic acid remains unclear at present, as does the
function of the remaining ORFs (orf12-19).

Clavaminic acid serves as a branch point between the
biosynthesis of clavulanic acid and other clavams (18) that
have the 3S,5S stereochemistry. Clavulanic acid possesses
3R,5Rstereochemistry, like the penicillins, which is required
for efficient â-lactamase inhibition. In the remaining steps
of clavulanic acid biosynthesis, clavaminic acid must undergo
a double epimerization and oxidative deamination to yield
(3R,5R)-clavulanate-9-aldehyde (clavaldehyde), which has
been identified as the final intermediate in clavulanic acid
biosynthesis (19, 20).

The enzyme encoded byorf9, clavulanic acid dehydro-
genase (CAD1), is responsible for the final step in clavulanic
acid biosynthesis. It was first isolated by Nicholson et al.
(19) and shown to convert clavaldehyde to clavulanic acid
in an NADPH dependent reaction (Figure 1). Sequence
analysis of CAD revealed homology to enzymes belonging
to the short chain dehydrogenase/reductase (SDR) family
(19). All of the bicyclic intermediates of the clavulanic acid
biosynthesis pathway are labile; however, the electron
withdrawing properties of theR,â-unsaturated aldehyde
renders clavaldehyde especially so, with a half-life of 1 h at

neutral pH (19, 20). An important question in clavulanic acid
biosynthesis is how such highly labile intermediates are
efficiently processed through the pathway. Here, we report
the biochemical and crystallographic characterization of
CAD. We describe the structure of CAD in complex with
NADPH (binary complex) and NADPH and clavulanic acid
(ternary complex). The results confirm that CAD is indeed
a SDR and suggest how the reduction of clavaldehyde to
clavulanic acid is possible without fragmentation of the
bicyclic â-lactam ring framework.

MATERIALS AND METHODS

Cloning, OVerexpression and Purification for Biochemical
Studies. Cad(orf9)was amplified by PCR from the p120KE6.6
plasmid, kindly donated by GlaxoSmithkline PLC, and
directly cloned into the PCR-Script vector (Stratagene). The
primers used were as follows: forward primer, 5′ - GGT
GGT CAT ATGCCA TCC GC- 3′; reverse primer, 5′ -
GGT GGT GGA TCCTCA GAC CTG G - 3′. Cad was
subsequently cloned into pET24a(+) (Novagen) using NdeI/
BamHI restriction sites. Thecad(orf9)/pET24a(+) construct
was transformed intoE. coli BL21 (DE3) cells. Cells were
grown at 37°C in 2YT media containing kanamycin at 30
µg mL-1. When the cells reached an OD600 of 0.5-0.8, the
temperature was reduced to 28°C, and expression was
induced by the addition of 1 mM isopropyl thio-â-D-
galactoside (IPTG). After a further 4 h, cells were harvested
by centrifugation and stored at-80 °C.

A seleno-methionine derivative was prepared by trans-
forming thecad(orf9)/pET24a(+) construct intoE. coli 834
(DE3) cells. Cells were grown at 18°C to an OD600 of 0.6-
0.8 in SeMet medium (Molecular Dimensions Ltd, U.K.)
using L-seleno-methionine. Upon induction with 0.5 mM

1 Abbreviations: CAD, clavulanic acid dehydrogenase; NCS, non-
crystallographic symmetry; ORF, open reading frame; r.m.s., root-mean-
square; SDR, short chain dehydrogenase/reductase.

FIGURE 1: Biosynthesis of clavulanic acid. Abbreviations used areN2-(2-carboxyethyl)arginine synthase, CeaS;â-lactam synthetase, BLS;
proclavaminate amidinohydrolase, PAH; and clavaminic acid synthase, CAS.
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IPTG, the temperature was raised to 32°C. Cells were
harvested after 6 h and stored at-80 °C.

CAD was purified using a three-step protocol. Cells were
resuspended in 50 mM Tris-HCl (pH 7.5) and lysed by
sonication. The lysate was cleared by centrifugation, and the
supernatant was loaded onto a Q-sepharose column and
eluted with a NaCl gradient. The peak fractions were pooled
and loaded onto a Phenyl-Resource column in 50 mM Tris-
HCl (pH 7.5) and 1 M (NH4)2SO4. Protein was eluted using
a reverse (NH4)2SO4 gradient. Size exclusion chromatography
(Superdex S200) was used as a final step to yield CAD of
>90% purity by SDS-PAGE analysis. The purified protein
was desalted and stored at-80 °C in 10 mM Tris-HCl (pH
7.5).

Purification of the seleno-methionine derivative was
performed as described above withâ-mercaptoethanol (5
mM) present in all buffers. The purified CAD protein was
stored in 5 mM HEPES (pH 7.5), 1 mM EDTA, and 5 mM
â-mercaptoethanol.

Crystallization. Crystallization experiments were per-
formed using the hanging-drop vapor diffusion method. The
addition of 2 mM NADPH to the protein solution was
necessary to obtain sufficiently ordered crystals. Crystals
were initially obtained under several different conditions in
Clear Screen I (Molecular Biosciences Ltd., U.K.) with
cacodylate as the buffering agent. In order to avoid con-
taminating anomalous signals from cacodylate at wavelengths
close to the selenium absorption edge, Bis-Tris was used as
a buffering agent for the crystallization of the seleno-
methionine derivative. Diffracting crystals of the seleno-
methionine derivative were obtained by seeding from small
crystals into a drop consisting of 2µL of protein (ca. 3 mg/
mL in 5 mM HEPES (pH 7.5), 1 mM EDTA, 5 mM
â-mercaptoethanol, and 2 mM NADPH) and 2µL of
reservoir solution consisting of 10% PEG 1000, 10% PEG
8000, 0.3 M sodium acetate, and 0.05 M Bis-Tris buffer (pH
6.5). After 1 to 3 days at 22°C, crystals grew to ap-
proximately 100× 40 × 40 µm3. For data collection at
cryogenic temperatures, crystals were transferred to a cryo-
solution consisting of the reservoir solution containing 25%
PEG 400, followed by submersion in liquid nitrogen. Crystals
of the native protein used for substrate soaks were obtained
by mixing equal volumes of protein (ca. 5 mg/mL in 5 mM
HEPES (pH 7.5), 1 mM EDTA, 5 mMâ-mercaptoethanol,
and 2 mM NADPH) and a reservoir solution containing 25%
PEG 2000 monomethyl ether, 0.8 M sodium formate, and
0.1 M cacodylate buffer (pH 6.5). Crystals were transferred
to a mother liquor solution containing 10 mM clavulanic acid
and cryo-protectant for 10 min prior to flash-freezing in
liquid nitrogen.

Data Collection and Structure Determination. Single-
wavelength anomalous diffraction (SAD) data to 1.8 Å were
collected from a crystal of seleno-methionine derivatized
enzyme at ID14-3 (ESRF, Grenoble, France) at 100 K on a
MAR CCD detector (Table 1). The data were processed using
DENZO/SCALEPACK (21), MOSFLM (22, 23), and SCA-
LA (22). The crystals belong to space groupP212121, with
unit cell dimensionsa ) 58 Å, b ) 122 Å, andc ) 126 Å
(Table 1). Assuming the presence of four molecules in the
asymmetric unit gave aVM of 2.2 Å3 Da-1 (24) with 42.7%
solvent. A self Patterson (22) revealed the presence of a
noncrystallographic symmetry (NCS) translation peak.

The selenium sites were located using the SHELX suite
(25), and the sites were refined using AUTO-SHARP (26).
After solvent flattening and density modification in SO-
LOMON (27), the use of ARP-wARP (28) (implemented in
AUTO-SHARP) resulted in tracing of ca. 50% of the main-
chain residues in the tetramer. Using the model of a related
SDR fromMycobacterium tuberculosis, Rv2002 (pdb code
1NFF (29)), a mask was prepared and the NCS operators
determined, allowing electron density averaging using the
RAVE suite of programs (30). Further model building was
performed by additional ARP-wARP cycles and by the
manual building of residues into the averaged maps using
O (31).

The model was initially refined in CNS (32) using
simulated annealing with 4-fold NCS constraints and unbi-
ased HL coefficients from auto-SHARP. Difference maps
clearly showed the presence of the cofactor, NADPH.
Although the puckering of the nicotinamide ring associated
with the reduced state of the cofactor was not discernible in
the maps, parameters for the reduced cofactor were used
during refinement. Refinement was continued with a gradual
relaxation of the NCS restraints. The final stages of refine-
ment were performed in REFMAC5 (33) using TLS refine-
ment (34) with each monomer as a TLS group. Solvent
molecules were added using ARP-wARP (35) and were
manually inspected in O (31). The final model has anRfactor

of 18.2% and anRfree value of 20.9% (Table 2).
Data for the substrate complex were collected on BM14

(ESRF, Grenoble, France) at 100 K on a MAR CCD detector
(Table 1). Diffraction images were processed using MOS-
FLM (22, 23) and SCALA (22). The unit cell dimensions
were isomorphous to those of the seleno-methionine deriva-
tive; therefore, a model was obtained by rigid body refine-
ment followed by simulated annealing in CNS, using 4-fold
NCS constraints. Difference maps clearly showed the pres-
ence of NADPH and clavulanic acid; the latter was omitted
for several rounds of refinement. The structure of clavulanic
acid was obtained from the Cambridge Structural Database
(36) and a torsion restraints library prepared using XPLO2D
(37) for use in O (31). Refinement continued using TLS
refinement with REFMAC5 and resulted in a final model of

Table 1: Statistics for Data Collection and Phasing

SeMet derivative
(binary complex)

substrate complex
(ternary complex)

X-ray source ID14:3 (ESRF) BM14 (ESRF)
wavelength (Å) 0.934 0.979
space group P212121 P212121

cell dimensionsa, b, c (Å) 58.7, 122.6, 126.6 58.1, 123.4, 126.8
resolution range (Å) 29.9-1.8 (1.9-1.8)a 34.9-2.1 (2.2-2.1)
no. of measurements 417,910 (39,798) 264,726 (34,519)
no. of unique reflections 82,024 (9,815) 53,663 (7,610)
completeness 96.2 (80.6) 99.4 (98.3)
anomalous completeness 92.5 (68.4)
meanI/ σ(I) 19.1 (3.7) 14.6 (3.4)
multiplicity 5.1 (4.1)/2.7 (2.3)c 4.9 (4.5)
Rmeas

b 0.069 (0.389) 0.093 (0.397)

no. of Se sites 24
figure of merit
(centric/acentric)

0.1348/0.345

phasing power 1.105 (0.33)
a Values in parentheses indicate the outer resolution shell.b Rmeasis

as defined by Diederichs and Karplus (60). c The second set refers to
anomalous data.
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the substrate complex with anRfactor ) 18.4% andRfree )
21.6%. Solvent-accessible buried surface calculations were
performed using CNS (32). Figures 4-8 were prepared using
PyMOL (38).

CAD ActiVity Assays. CAD was assayed for activity by
UV spectrophotometry at 25°C, measuring the production
of NADPH at 340 nm using a molar extinction coefficient
for NADPH of 6.22 mM-1 cm-1. The reaction mixture
consisted of a 1 mL solution of 100 mM Bis-Tris-HCl (pH
6.5), 1-8 mM NADP+, and 0.5-8 mM clavulanic acid. The
reaction was initiated by the addition of 2µg of enzyme. In
order to determine the pH profile, reactions were performed
as above, with the concentration of NADP+ and clavulanic
acid kept at 5 mM, in 100 mM buffer, covering the pH range
6-9. The buffers used were: Bis-Tris-HCl at pH 6.0-7.5
and Tris-HCl at pH 7.5-9.0.

For 1H NMR (500 MHz) assays, the reagents were made
up in D2O prior to mixing in the NMR tube to final
concentrations of 100 mM Bis-Tris-HCl (pH 6.5), 20 mM
NADP+, and 20 mM clavulanic acid. The1H NMR (500
MHz) spectrum was recorded immediately after the addition
of 20 µg of enzyme.

Molecular Weight Determination (by Gel Filtration). The
native molecular weight of CAD was determined by size
exclusion chromatography (Superdex 200 HR) using cyto-
chrome c (12 kDa), chymotrypsin (25 kDa), ovalbumin (43
kDa), bovine serum albumin (67 kDa), aldolase (158 kDa),
and blue dextran (2000 kDa) (GE Healthcare Life Sciences)
as calibration standards.

Mass Spectrometric Studies of NatiVe CAD. The sample
was supplied at 7 mg/mL (266µM monomer) concentration.
An aliquot of CAD (8µL) was diluted to 30µL with 100
mM ammonium acetate (pH 7.0) and desalted twice using
Biospin-6 microcentrifuge columns prior to use. The final
concentration was 26µM monomer. Data were acquired
using a modified QToF2 mass spectrometer (39) (Waters,
Manchester, U.K.) configured for nanoflow ESI in positive

ion mode. The tetramer was observed using collisional
cooling (through throttling the rotary pump isolation valve)
to give instrument pressures of 3.2× 10-3 mbar source, 2.4
× 10-5 mbar analyzer, and 5.4× 10-7 mbar ToF. Source
conditions were as follows: capillary, 1.8 kV; cone, 200 V;
and extractor 0 V.

RESULTS AND DISCUSSION

Expression, Purification, and Characterization of Recom-
binant CAD.Previous studies on CAD have been performed
on the native enzyme purified fromS. claVuligerus by a
procedure using red-sepharose resin (19). In order to obtain
sufficient quantities of CAD for biochemical and structural
studies, thecadgene was cloned and the recombinant protein
overexpressed inE. coli. The resultant protein was purified
to near homogeneity in a three-step protocol. The enzyme
migrated as a protein of approximately 27 kDa by SDS-
PAGE analysis and gave a mass of 26192 Da by ESI mass
spectrometry, close to the predicted mass of CAD minus the
N-terminal methionine (26194 Da). Edman sequencing of
the recombinant CAD confirmed an N-terminal sequence of
PSALQGKVAL, consistent with the observations of Fulston
et al. (20) and contrary to previous studies with wild-type
CAD, suggesting that the second amino acid (Pro2) was also
absent2 (19, 40).

Native gel electrophoresis indicated that CAD exists as a
tetramer in solution and that the presence of the substrate
and/or cofactor did not affect the oligomeric state. During
gel filtration chromatography, CAD eluted as an asymmetric
peak, corresponding to both a dimeric and tetrameric form,
suggesting that these two states may be in equilibrium.
Further investigation using mass spectrometry (Figure 2)
indicated that the major species observed corresponds to a
tetramer (calculated mass: 104776 Da). Dimeric, monomeric,
and a low level of octameric species were also observed in
the mass spectra. The tetramer was found to be stable over
the range of conditions used, with no significant increase in
the relative intensities of dimeric and monomeric species.

Enzymatic ActiVity Analyses.CAD is responsible for the
reduction of clavaldehyde to clavulanic acid, using NADPH
as a cofactor. With a half-life of approximately 1 h (19), the
preparation and storage of clavaldehyde is difficult and
analysis of the reaction complicated. However, NAD(P)H
dependent SDRs often catalyze reversible reactions. We were
able to observe the oxidation of clavulanic acid to claval-
dehyde by CAD in the presence of NADP+, which is contrary
to previous attempts to oxidize clavulanic acid (20).

Clavaldehyde has an absorption maximum at 262 nm due
to the allylic aldehyde chromophore. However, because of
the strong absorption at 260 nm by the nicotinamide ring of
the oxidized cofactor, it was not possible to directly follow
the production of the aldehyde. Instead, the reaction could
be monitored by UV spectroscopy at 340 nm because of the
additional absorption peak of the reduced cofactor nicoti-
namide ring. In the presence of CAD and clavulanic acid,
NADP+ was reduced to NADPH. Experiments verified the
observation of Fulston et al. (20) that NADH cannot

2 The X-ray diffraction studies revealed electron density for Pro2

only in the “C molecule” in both binary and ternary complex structures,
suggesting that Pro2 is quite motile, although the possibility of
N-terminal degradation cannot be excluded.

Table 2: Refinement Statistics

binary complex ternary complex

Rcryst
a 18.2% 18.4%

Rfree
b 20.9% 21.6%

WilsonB factor (Å2) 19.3 28.5
rmsd from ideal geometry
bond lengths (Å) 0.010 0.009
bond angles (°) 1.295 1.562
Ramachandran outliersc 1.3% 1.3%
no. atoms/averageB factor
molecule A 1840/21.8 1832/32.8
molecule B 1840/32.5 1832/44.8
molecule C 1858/23.6 1850/33.8
molecule D 1832/30.9 1832/41.1
NADPH A-mol 48/21.3 48/30.6
NADPH B-mol 48/29.6 48/41.7
NADPH C-mol 48/20.2 48/30.8
NADPH D-mol 48/30.1 48/40.6
clavulanic acid A-mol 14/33.1
clavulanic acid B-mol 14/39.9
clavulanic acid C-mol 14/37.4
clavulanic acid D-mol 14/38.8
solvent 494/27.4 254/31.6

a Rcryst ) Σhkl|Fo|Fc|/ Σhkl|Fo| whereFo andFc are the observed and
calculated structure factor amplitudes, respectively.b Rfree is calculated
from a randomly chosen 5% sample of all unique reflections.c These
are defined according to Kleywegt and Jones (61).
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substitute for NADPH as a cofactor. The pH profile of CAD
was determined by the UV assay, and maximal enzyme
activity was observed between pH 6.5 and 7.0.

1H NMR spectroscopy was used to confirm that the reverse
reaction product was indeed clavaldehyde and that NADPH
production was not due to uncoupled turnover. Spectra
(Figure 3) of the crude reaction mixture were obtained for
the reverse reaction in D2O. Because of the reactivity and
instability of clavaldehyde, the reaction was not quenched
but instead the reagents prepared in D2O and the reaction
carried out in an NMR tube. Time-course experiments
enabled the observation of a doublet at 9.7 ppm, assigned
as the aldehyde proton of clavaldehyde. A new doublet peak
at 5.5 ppm corresponding to the vinylic hydrogen was also
visible. These values are consistent with literature NMR
assignments for clavaldehyde (20). To validate the assump-
tion that these two new peaks both resulted from the
production of anR,â-unsaturated aldehyde, a homonuclear
decoupling experiment was performed. Irradiation of the
doublet at 9.7 ppm resulted in a collapse of the doublet at
5.5 ppm to a singlet, confirming that these protons are indeed
coupled. (Figure 3). A 2D1H NMR spectrum also supported
the assignment of the product as clavaldehyde.

A noticeable increase in product concentration was
observed between spectra taken atT ) 5 min andT ) 1 h,
but beyond this time, no product formation was apparent.
Further addition of enzyme at this point did result in
additional product formation, but the maximum turnover
observed at this point was approximately 5% of the total.
Fulston et al. (20) reported that the reduction of clavaldehyde
to clavulanic acid in the presence of NADPH was complete
on mixing of the reagents. Together, the results indicate that

the equilibrium of the reaction mixture probably lies on the
side of clavulanic acid and NADP+ and is consistent with
the low levels of clavaldehyde produced in the NMR assay.
Overnight incubation resulted in a reduction of the intensity
of the product peak and the appearance of additional peaks
in the NMR spectra. This observation is consistent with the
instability of clavaldehyde leading to degradation in solution
over longer times.

Sequence and Structural Analysis of CAD.Sequence
analysis of CAD reveals homology to enzymes belonging
to the SDR family (19), which is consistent with the fact
that NADPH was essential for obtaining suitable diffracting
crystals. Approximately 3000 SDR family members have
been identified, with wide ranging and diverse substrate
specificities, including alcohols, sugars, steroids, and aro-
matic compounds. Only a small number of highly conserved
residues characterize the SDR family, which otherwise shows
relatively low sequence identity, in the order of 15-30%.
Despite this, the 3D structures of the SDRs show a similar
fold (41). The structural studies revealed that CAD consists
of a single domain subunit, possessing the characteristic
Rossmann fold (41) (Figure 4) common to dinucleotide-
binding enzymes. The core of the enzyme is formed by seven
â-strands (âA-âG) creating a parallelâ-sheet, which is in
turn surrounded by eightR-helices (RB-RG). Theâ-sheet
is flanked on one side by helicesRC, RB, andRG and on
the other side by helicesRD, RE, andRF. Helix RFG1 lies
above theâ-sheet, with its helical axis pointing toward the
pyrophosphate moiety of the nucleotide cofactor NADPH,
whereas helixRFG2 lies on the top edge of theâ-sheet and
helps to form a protective lid over the active site.

The crystallographic data confirmed the solution and mass
spectrometric studies on the oligomeric state of CAD. The
four molecules within the asymmetric unit are arranged as a
tetramer (Figure 5), similar to the structures of other
tetrameric SDRs. The CAD monomers are arranged with 222
symmetry generating three 2-fold axes, labeledP, Q, andR
following the assignment of Rossmann (42). The interface
around theP axis (A and B monomers) has a solvent-
accessible buried surface of 1390 Å2 per monomer (ca. 13%)
and is formed through both hydrogen-bonding and hydro-
phobic interactions involving helixRG and the extension of
â-strandâG. TheQ interface (monomers A and C) is formed
by the hydrophobic interactions of helicesRE andRF from
each monomer, forming a four-helix bundle with an average
surface interaction area of 1631 Å2 per monomer (ca. 16%).
Interactions along theRaxis (monomers A and D) contribute
little to the tetramer interactions, with an average surface
interaction area of only 80 Å2 per monomer. This is
considerably less than that observed in tetrameric SDRs from
other species, for example, 3R,20â-hydroxysteroid dehydro-
genase (43), â-acyl carrier protein reductase (44), meso-2,3-
butanediol dehydrogenase (45), or Rv2002 (29), and is due
to the short C-terminus of CAD (Figure 6).

In addition to the differences observed in the C-terminal
region, the largest variation in the SDR structures are found
in the region around helicesRFG1 andRFG2, which form
part of the substrate binding site (46, 47). Despite low
sequence homology among SDR family members, motifs that
define classical SDRs are apparent. A conserved Asn90-Asn91-
Ala92-Gly93 sequence is important for the stabilization of the
centralâ-sheet (48), as is the conserved glycine rich Thr13-

FIGURE 2: Nanoflow electrospray ionization mass spectrum of CAD
showing the different oligomeric forms observed.
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Gly14-X3-Gly18-X-Gly20 motif, which is involved in the
binding of the dinucleotide cofactor (49). The residues
forming the catalytic triad (Ser142, Tyr155, and Lys159), which
define reductase activity (49), have been extended to include
Asn115 (48, 50), which is also conserved in CAD. The
conserved water molecule associated with Asn115 is also
present (e.g., water Z25 in the A molecule of the ternary
complex) and may have functional importance (see below).
Another conserved water is linking the glycine rich nucle-
otide binding motif to the dinucleotide pyrophosphate and
the C-terminal residue (Asn91) of âD (51) (e.g., water Z50
in the A molecule of the binary complex).

Cofactor Binding.The absolute dependence of CAD on
NADP(H) in favor of NAD(H) demonstrated here and earlier
by Fulston et al. (20) is consistent with its structure. Classical
SDRs that bind NAD(H) have an acidic residue at the end
of strandâB, where as in CAD, this position is occupied by
the nonpolar residue Ala38. NADP(H) binding enzymes
typically possess two characteristic basic residues: the first
immediately preceding the second glycine of the cofactor-

binding motif and the second positioned directly after the
crucial acidic residue of NAD(H)-preferring enzymes (47,
52). In CAD, this corresponds to residues Ser17 and Arg39

and demonstrates that the requirements for basic residues
are not absolute. Thus, CAD can be classified as belonging
to the cP2 subfamily as defined by Kallberg et al. (52).

NADPH was clearly observed in the electron density of
both the binary and ternary CAD complex structures. The
cofactor is bound in an extended conformation in the binding
pocket (Figure 7). The degree of extension in other SDRs
has been measured by using the distance between the C6
carbon of the adenine ring and the C2 carbon of the
nicotinamide group of NADPH in the syn conformation (53).
In CAD, this distance is 13.8 Å, which is similar to that of

FIGURE 3: Homonuclear decoupling1H NMR spectrum of the CAD-catalyzed reaction showing the collapse of the doublet corresponding
to the vinylic proton (5.5 ppm) upon irradiation of the adjacent aldehyde proton (9.7 ppm).

FIGURE 4: Secondary structure of CAD. The parallelâ-sheet
consisting of sevenâ-strands (blue) is surrounded by eightR-helices
(orange) with loops shown in gray. The NADPH cosubstrate
(yellow) and clavulanic acid (green) are shown as sticks.

FIGURE 5: Tetrameric arrangement of molecules A (orange), B
(blue), C (green), and D (gray) in the asymmetric unit of the crystal.
The P, Q, andR axes (41) are indicated, where axisR is parallel
to the point of view, i.e., perpendicular to the plane of the page.
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other SDRs. The cofactor binding pocket has a solvent-
accessible buried surface of ca. 1325 Å2 and is located at
the C-terminal end of the centralâ-sheet (comprising strands
âB, âA, âD, andâE) (Figures 3 and 7). StrandsâC andâF
form two sides of the cofactor binding pocket, binding the
adenine and nicotinamide moieties, respectively. The adenine
binding pocket is lined with hydrophobic residues (Gly14,
Ala38, Val65, Ala92, and Ile94) and is isolated from the external
solvent by Arg39. A hydrophobic floor in the nicotinamide
ring-binding pocket is created by residues Ile19, Met140, Pro185,
and Thr188, whereas polar residues on the opposite side direct
and facilitate substrate binding and catalysis of the aldehyde
reduction. Lys159 forms bifurcated hydrogen bonds to both
2′ and 3′ hydroxyl groups of the cofactor nicotinamide ribose,
coordinating the cofactor as well as helping to lower the pKa
of the catalytic base Tyr155 (54) (see below). The glycine
rich nucleotide binding motif (see above) in the loop between
âA to RB interacts with the pyrophosphate moiety of
NADPH, forming hydrogen bonds to the phosphate oxygens.

The dipole charge of helixRB may assist in the stabilization
of the pyrophosphate group, and likewise, helixRFG1 may
stabilize in a similar way, albeit to a lesser degree.

Substrate Binding and Reaction Mechanism.In S. cla-
Vuligerus, CAD catalyzes the reduction of clavaldehyde to
clavulanic acid. Because of the inherent instability of the
R,â-unsaturated aldehyde of clavaldehyde, a crystal complex
was instead prepared using clavulanic acid. The cocrystal-
lization of CAD and NADPH and the subsequent soaking
of clavulanic acid into the crystal ensured that a nonproduc-
tive complex was formed, that is, clavulanic acid cannot be
oxidized to clavaldehyde in the presence of NADPH.

Unlike some of the other SDR enzymes, for example, 7R-
hydroxysteroid dehydrogenase reductase (55), crystalline
CAD does not appear to undergo a significant conformational
change upon binding of the substrate. Alignment of the
binary NADPH complex and the ternary substrate complex
reveals that there is no significant movement within the
subunit upon binding of the substrate (rms deviation 0.189
Å for 981 CR atoms). Indeed, the only residue within the
substrate-binding site to change conformation is Arg208. The
Arg208 side chain appears to be quite motile in both the binary
and ternary complex structures, with average RSCC values
(31) of 0.823 and 0.877, respectively. In the binary complex
with NADPH, the side chain of Arg208 lies predominantly
to one side, leaving a small tunnel open to the substrate.
Upon substrate binding, Arg208 moves to a position so as to
lie directly over the binding pocket (Figure 8), closing the
entrance to the binding site to the external solvent. Arg208

also interacts with the C3 carboxyl moiety through solvent-
mediated hydrogen bonding.

The solvent-accessible buried surface of the substrate-
binding cleft is ca. 480 Å2 and is located on the periphery
of the molecule between helicesRFG1 andRFG2 (Figure
3). The residues that form the catalytic triad/tetrad are located
toward the hydrophobic core of the protein in the loop
betweenâE and RF (Ser142) and in helix RF (Tyr155 and
Lys159). This results in the reactiveC9-aldehyde of the
substrate being sequestered away from the aqueous environ-
ment of the surface, preventing adventitious hydrolysis.
Several hydrogen bonds are responsible for coordinating the
binding of clavulanic acid within the active site (Figure 8).
Ser142 forms a hydrogen bond to theC9-hydroxyl of
clavulanic acid, which is further stabilized by the additional

FIGURE 6: Conservation of tertiary structure in CAD and selected
SDR enzymes. The SDRs represented (color and pdb code) are
CAD (red, 2JAP), 3R,20â-hydroxysteroid dehydrogenase (gray
2HSD (43)) â-keto acyl carrier protein reductase, (green, 1EDO
(44)), meso-2,3-butanediol dehydrogenase (blue, 1GEG (45)), and
Rv2002 (orange, 1NFF (29)). The cofactor NADPH (yellow) and
clavulanic acid (green) are depicted as sticks. Rms deviation on
CR atoms, calculated using O (31) and sequence identities (SI) to
CAD, are as follows. 2HSD: rmsd) 1.213 Å for 207 atoms; SI
) 33%. 1EDO: rmsd) 1.267 Å for 217 atoms; SI) 28%.
1GEG: rmsd) 1.246 Å for 215 atoms; SI) 31%. 1NFF: rmsd
) 1.316 Å for 212 atoms; SI) 38%.

FIGURE 7: Cofactor binding in CAD. Proposed hydrogen bond interactions between the protein (gray) and NADPH (yellow) are shown as
red dashes. Water molecules are depicted as red spheres. The 2mFobs - DFcalc electron density at the NADPH molecule is contoured at 1σ
and is shown in blue. HelixRFG1 has been represented as a loop for clarity.
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interaction of theC9-hydroxyl with the catalytic base Tyr155.
This positions the C9 carbon of clavulanic acid ca. 2.5 Å
above thepro-Shydrogen of the nicotinamide ring, with an
angle of 123° formed between the C4 hydrogen of NADPH
and carbon C9 of clavulanic acid. Additional coordination
of clavulanic acid in the binding pocket is achieved by the
hydrogen bonding of the C3 carboxyl moiety to Thr187 and
Tyr205 as well as via solvent interactions to Gln246 and Arg208

(e.g., Z58 and Z68 in the A molecule of the ternary complex).
It is interesting to note that theâ-lactam C7 carbonyl points
toward a hydrophobic pocket and does not participate in
hydrogen bonding. A similar situation is observed in the
binding of the monocyclic clavulanic acid biosynthesis
intermediate proclavaminic acid to clavaminic acid synthase
(CAS) (pdb code 1DRT (14)). In the case ofâ-lactam
synthetase (BLS), theâ-lactam carbonyl of deoxy-

guanidinoproclavaminic acid does form a hydrogen bond to
Lys443 (pdb code 1MC1 (56)). However, BLS differs from
CAS and CAD in that it actually catalyzes formation of the
â-lactam ring via an ATP activatedâ-amino acid. It is
possible that hydrogen bonding to theâ-lactam carbonyl
groups of either clavaminic acid (CAS) or clavaldehyde
(CAD) would facilitate hydrolysis and is consequent-
lyavoided in substrate binding. Indeed, the mechanism by
which clavulanic acid inhibitsâ-lactamases involvesâ-lactam
ring opening mediated by a nucleophilic serine residue
attacking the C7 carbonyl.

The position of clavulanic acid and NADPH within the
active site is consistent with the common proposed mecha-
nism for SDR oxidoreductases (47, 49) in which the 4-pro-S
hydrogen of NADPH is transferred to the carbonyl group of
the substrate (Figure 9). The hydrogen bonding of theC9-

FIGURE 8: Binding of clavulanic acid in the active site and the movement of Arg208 upon substrate binding. Proposed hydrogen bonding
interactions between the protein (gray) and clavulanic acid (green) are shown as red dashes. The bifurcated hydrogen bond formed between
Lys159 and the ribose oxygens of NADPH (yellow) is also shown. The conformation of Arg208 from the binary complex is shown (salmon)
pointing away from the active site. Water molecules are depicted as red spheres. The 2mFobs - DFcalc electron density for the clavulanic
acid molecule is contoured at 1σ and is shown in blue. Note the lack of hydrogen bonding to theâ-lactam carbonyl.

FIGURE 9: Proposed reaction mechanism for the CAD catalyzed reaction and possible proton relay. The numbering of waters refers to the
water molecules in the A molecule of the ternary complex. ARPP is the adenosine ribose pyrophosphate moiety of NADP(H). For the
numbering of clavaldehyde/clavulanic acid, see Figure 1.
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aldehyde to Ser142 and Tyr155 probably promotes nucleophilic
attack by the hydride. The resulting positive charge on the
oxidized nicotinamide ring may help reduce the pKa of
Tyr155, allowing proton transfer from the tyrosine hydroxyl
group to the alkoxide formed during the reduction step.
Subsequently, Tyr155could be re-protonated via a proton relay
system, where protons are extracted and transferred from
surrounding water molecules located in a small hydrophilic
pocket (48, 50). This is likely to occur after NADP+ has
been displaced from the active site and is replaced by
NADPH. Residues Thr13, Asn90, Ala92, Thr114, and Asn115

may play a role in stabilizing the water molecules to allow
proton transfer in an otherwise hydrophobic environment.
The proton relay proposed for CAD is similar to that
proposed for the 3â/17â-hydroxysteroid dehydrogenase (48),
with the exception of Ser114 in the 3â/17â-hydroxysteroid
dehydrogenase because the corresponding residue in CAD
is a glycine residue (Gly118).

The observed conformation of clavulanic acid is such that
the C9-OH bond adopts an eclipsed conformation in which
it projects toward the clavam oxygen and is almost coplanar
with the O1-C2 and exocyclic alkene bonds (Figure 9). This
conformation contrasts with that observed in small molecule
crystal structures of clavulanate (57, 58) in which the C9-
OH bond points away from the clavam ring nucleus (e.g.,
as shown for clavulanic acid in Figure 1). The observed
eclipsed conformation in the active site enables hydride
transfer to occur to there-face of the aldehyde, resulting in
the transferred hydrogen occupying thepro-R methylene
position of clavulanic acid.

The proposed stereochemical course of the CAD-catalyzed
clavaldehyde reduction rationalizes labeling studies on the
origin of the hydrogens at the C9 position of clavulanic acid.
Work using ornithine (a precursor of arginine, which is
required for the first committed step of the pathway) labeled
at its pro-R andpro-S positions demonstrated that thepro-
R, but not thepro-S hydrogen, was incorporated at the C9
position of clavulanic acid (59). Furthermore, these studies
demonstrated that the incorporation of the ornithine C5pro-R
hydrogen occurs with overall inversion such that it is
observed at the C9pro-Sposition of clavulanic acid and thus
implies that the C5pro-Shydrogen of ornithine/arginine must
be lost from glycyl-clavaminic/clavaminic acid in the forma-
tion of clavaldehyde (Figure 10). The addition of the hydride
ion to there-face of the observed eclipsed conformation in
the CAD active site rationalizes the overall inversion of the

configuration from the C5 position of ornithine to the C9
position of clavulanic acid.
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