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A class A p-lactamase from Staphylococcus aureus PCI complexed with 3R,5R~clavulanate is studied. The starting geo
metry for the computations is the crystal structure of the P-lactamase. Docking of the clavulanate to the enzyme 
is done exploit；% the requirements of electrostatic and shape complementarity between the enzyme and clavulanate. 
This structure is then hydrated by water molecules and refined by energy minimization and short molecular dynamics 
simulation. In the energy refined structure of this complex, the carboxyl group of the clavulanate is hydrogen bonded 
to Lys-234, and the carbonyl carbon atom of the clavulanate is adjacent to the Oy of Ser-70. It is found that a 
crystallographic water molec나e initially located at the oxyanion hole, which is formed by the two -NH group of 
Ser-70 and Gln-237, is replaced by the carbonyl oxygen atom of the 3R,5R-clavulanate after docking and energy 
refinement. The crystallographic water molecules are proved to be important in ligand binding. Glu-166 residue is 
found to be repulsive to the binding of clavulanate, which is in agreement with experimental observation. Arg-244 
residue is found to be important to the binding of clavulanate as well as to interaction with C2 side chain of the 
clavulanate. The electron density redistribution of the clavulanate on binding to the p-lactamase is studied by an 
ab initio quantum-mechanical calculation. A significant redistribution of electron density of the clavulanate is induced 
by the enzyme, toward the enzyme, toward the transition state of the enzymatic reaction.

Introduction

P-Lactam antibiotics are used as effective, substrate-analo
gue-based drugs targeted against the bacterial cell-wall syn
thetic enzymes, peptidoglycan transpeptidases and D-alanyl- 
D-alanine carboxypeptidases1. p-Lactamases constitute a 
group of bacterial enzymes that destroy these clinically use
ful antibiotics by cleaving and hydrolyzing the sensitive four
membered p-lactam ring. Their growing incidence in the cli
nical environment and the need to design p-lactamase-resis- 
tant penicillins have made necessary the study of their struc
ture and function at the molecular level. Most P-lactamases 
characterized to date contain a reactive serine at the catalytic 
site. The serine enzymes are grouped into classes A, C, and 
D, depending on their amino acid sequences and specificity 
for penicillins or cephalosporins2. The class A P-lactamases 
are serine hydrolase옹 produced by both Gram-positive and 
Gram-negative bacteria. Crystal structures of the Gram-posi
tive P-lactamases from Staphylococcus aureus3,4, and from Ba
cillus licheniformi^& are known at 2.0 A resolution. Recently, 
a report on the 2.5 A resolution crystal structure of the 
Gram-negative p-lactamase, RTEM-1 from Escherichia coli 
has been published7. A wealth of kinetic data is available 
for many of the class A p-lactamases and their site-directed 
mutants8-20. Despite all of this information there seems to 
be no consensus regarding the nature of the general base 
involved in the acylation step of the reaction21.

The system studied here is a class A |3-lactamaes from 
Staphylococcus aureus PCI complexed with clavulanate. Cla
vulanate, first is야ated from Streptomyces clavuligerus, is a 
naturally occurring p-lactam that inactivates p-lactamases 
from a vari은ty of Gram-negative and Gram-positive bacteria 
in vitro and in vivo22. Clavulanate possesses weak, though 
broad-spectrum, activity as an antibiotic, but it is potent pro
gressive inhibitor of a wide range of p-lactamases. A combi-

Figure 1. Structure and numbering systme of 3R,5R-clavulanate.

nation of amoxycillin and potassium clavulanate showed dra
matic synergistic effects against some P-lactamase-producing 
bacteria and is used therapeutically23. The structure of clavu
lanate contains all the essential features of a good P-lactam 
substrate but with the differences: it has an oxygen atom 
instead of a sulfur atom in position 1, and an exocyclic dou
ble bond at aposition 2 (Figure 1).

Studies on the mechanism of inactivation for class A 0- 
lactamases have been carried out in many laboratories. Kine
tic studies using 3-lactamase from Staphylococcus aureus 
showed a 1:1 ratio of inhibitor-enzyme complex formation 
with a first-order rate constant of 2.7X105 M'Wn-1 with 
respect to the concentration of sodium clavulanate24. After 
the initial formation of the inhibitor-enzyme complex, clavu
lanate disap가ears slowly and linearly with time, leading to 
complete regeneration of enzymatic activity.

Methods

The starting geometry for the computations is a crystal 
structure of Staphylococcus aureus PCI P-lactamase4 obtained 
from the Brookhaven Protein Data Bank (accession number 
3BLM)25. The Ambler standard numbering scheme will be 
used throughout this paper26.

The position of the catalytically important groups and 
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other side chains, and relatively rigid nature of the p-lactam 
molecules suggest a mode of binding for the ligand. Docking 
of clavulanate to the enzyme was done exploiting the re
quirements of electrostatic and shape complementarity 
between the enzyme and the clavulanate. For the docking 
of 3R,5R-clavulanate in the enzyme active site, the guess 
geometry was defined by a relative enzymeligand disposition 
such that the carbonyl carbon atom of clavulanate lies in 
the vicinity of the Oy atom of Ser-70, and the carboxylate 
group of clavulanate is oriented twoards the Lys-234. This 
structure is then hydrated by 408 water molecules and re
fined by energy minimization and short molecular dynamics 
simulation. The entire structure is consisted of 6014 atoms 
including hydrogen atoms. Standard point charges on the 
amino acid residues and a dielectric constant of 1 are used 
throughout for the calculation of the Coulombic term. Initial 
minimization of the complex is carried out until the energy 
gradient is less than 0.1 kcal/mol*A. In this process, each 
heavy atom of ^-lactamase and water molecules are first 
fixed to its initial position, thus allowing added hydrogen 
atoms to adjust to a static crystallographically defined envi
ronment. After this process* minimization is repeated allow
ing only the clavulanate to move in order to make adequate 
docking. Subsequently, a constraint of 100 A2 kcal/mol was 
applied to the a-carbon atoms of p-lactamase during minimi
zation. A short molecular dynamics simulation is then carried 
out to equilibrate the added solvent molecules. Finally, the 
entire system is minimized with no constraint until the en
ergy gradient is less than 0.1 kcal/mol-A. Same procedures 
are repeated for the other enantiomers of clavulanate.

We have used the local density functional (LDF) approach, 
an ab initio electronic structure technique27 - 30. Unlike 
approaches bases on Hartree-Fock theory, the LDF method 
treats the energy of a molecular system as a function of 
the total electron density rather than of the wavefunction. 
This leads to one of the significant advantages of LDF calcu
lations over conventional Hartree-Fock, namely, that, whe- 
rease the computational time needed for the latter methods 
scales with the number of atoms or basis functions to the 
fourth power, LDF calculations scale o아y with the third po
wer. LDF methods can, therefore, treat larger systems, which 
is of significance for calculations on complex biological sys
tems. In addition, LDF theory includes some electronic cor
relation effects and may be more accurate than Hartree-Fock 
in cases where these effects are important. The LDF method 
has been shown to give good agreement with experimental 
data in studies of the electron density of atomic surfaces31 
and small molecules32 ^35, and has also been applied to stu
dies of structure, conformation, energetics and vibrational 
frequencies30,36. The calculations described here on the pro
tein-ligand systems are carried out in three steps37. First, 
the electron density of the isolated clavulanate in its binding 
conformation is calculated. Then, the electron density calcu
lation of the clavulanate is repeated in the electrostatic filed 
of the hydrated complex. Finally, the difference electron de
nsity (boundisolated) is calculated and examined using com
puter graphics38. In these calculations, all atoms of the clavu
lanate are treated quantum mechanically, employing a basis 
set with polarization functions, equivalent in size to a Gaus
sian 6-31G** basis set. To mimic the electrostatic environ
ment formed by the hydrated ^-lactamase in the calculation

Table 1. RMS Deviations Between the Minimized and the X- 
Ray Crystal Structure (A)

3R,5R 3S,5R 3S,5S

Ca-carbon atoms 0.5425 0.6628 0.6029
Backbone atoms 0.5856 0.7030 0.6929
All atoms 0.9567 1.7477 1.5587

Hgure 2. Proposed mechanism for the inactivation of p-lacta- 
mase by clavulanate found in the literature.

of the bound clavulanate, the protein and the water molecu
les of the hydration shell are represented as point charges 
at the position of each of the atoms, including all hydrogen 
atoms. The Coulombic potential arising from all point charges 
is then included in the Hamiltonian of the LDF calculation. 
The self-consistent LDF solution including this potential gi
ves the electron density of the clavulanate when bound to 
the P-lactamase. Atomic charges for the clavulanate are cal
culated using a Mulliken population analysis39.

Results and Discussion

Energy minimized structures are superimposed onto the 
corresponding initial crystal structure using a least-square 
fit of the Ca carbon atoms and backbone atoms. Table 1 
summarizes the results of several RMS deviation analysis 
for each of the complexes.

Various mechanisms have been proposed for the inhibition 
of p-lactamase by the clavulanate8,40,41 (Figure 2). All share 
the first two steps. First, the active site serine residue reacts 
with the carbonyl carbon of the clavulanate to form a tetra
hedral intermediate. Second, the C-N bond in the P-lactam 
ring is cleaved and an acyl enzyme is formed. These two 
steps are thought to be common for a normal substrate and 
the inhibitors. The divergence starts at the acyl enzyme. Ac
tive site labeling experiments on several class A p-lactamases 
invariably point to a serine at position 70 as the residue 
involved in the formation of an acyl enzyme intermediate 
with the carbonyl carbon of the p-lactam ring42 - 44. Ser-70 
lies in one of two crevices across the enzyme surface formed 
at the interface of the helical domain with the p-sheet do
main. Many of the amino acid residues in this area are con
served in four class p-lactamase sequences2. The side chain 
of Ser-70 lies in the floor of this crevice, and the ammonium 
group of Lys-73, another conserved residue, is adjacent to 
it. Ser-70 is situated at the amino terminus of the buried 
central helix a2 of the helical domain, suggesting a role for 
the dipole of this helix in the catalytic mechanism45.

The mechanism of proton abstraction and donation during 
the hydrolysis of p-lactam compounds by the p-lactamases 
is still the subject of considerable discussion. Hydrogen
bonding schemes around the clavulanate in our model Mi-
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Figure 3. Ribbon representation of the p-lactamase and the 3Rt5 
R-clavulanate.

Table 2. H…A Distances and D…Bond Angles, Where 
A and D are the acceptor and Donor Atoms Involved in Hydro- 
gen-Bonding, in the Complex of p-Lactamase and 3R,5R-Clavula- 
nate

Donor atom Acceptor atom Distance (A) Angle (degree)

Oil of clav. HOH-103H 1.69 169.66
N of Ser-70 08 of clav. 1.98 158.03
N of Gln-237 08 of 이av. 1.92 172.06
Oy of Ser-130 014 of clav. 1.59 162.97
N< of Lys-234 014 of clav. 1.86 160.13

chaelis complex are summarized in Table 2. In the structure 
of this complex, the carboxylate group of the clavulanate 
is hydrogen bonded to Lys-234 and Ser-130, and the carbonyl 
carbon atom of the clavulanate is adjacent to the Oy of Ser- 
70. It is found that a crystallographic water molecule initially 
located at the oxyanion hole, which is formed by the two 
-NH group of Ser-70 and Gln-237, is replaced by the carbonyl 
oxygen atom of the 3R,5R-clavulanate after docking and en
ergy refinement (Table 2 and Figure 4). It should be noted 
that the conformation of 3R,5R-clavulanate and the relative 
positions of Ser-70 and Lys-234 are sufficient conditions to 
locate the carbonyl oxygen of p-lactam ring at the oxyanion 
hole. But the carbonyl oxygen atoms of 3S,5R- and 3S,5S- 
clavulanate are found at a distance from the oxyanion hole 
(about 3-4 X). Polarization of the p-lactam carbonyl bond 
prior to nucleophilic attack by Ser-70 is accomplished by 
this oxyanion hole, hydrogen-bonding to the backbone ami
des of Ser-70 and Gln-237, leading to a a-face attack on 
the p-lactams.

The nonbond interaction energies of 3R,5R-clavulanate 
with various residues in the active site of P-lactamase is 
given in Table 3. The result of our calculation reveals that 
the crystallographic water molecules are important in ligand 
binding. It has been proposed by Lamotte-Brasseur et al^ 
that the carboxylate group of P-lactams is attracted by Ser-

Figure 4. Atomic structure near the active site of our model 
Michaelis complex. A Molec비e with no label is the 3R,5R-clavu- 
lanate. Hydrogens of the clavulanate are omitted for clarity. Ser- 
70, Lys-73, Ser-130, Lys-234, and Gln-237 residues are 아town. 
Interatomic distances are given in A.

Table 3. The Nonbond Intera간ion Energies of 3R,5R-Clavula- 
nate with Various Residues in Active Site of p-Lactamase (in 
kcal/mol)

Residues Sum VDW Coulombic

Lys-234 一 93.48 0.25 -93.72
Arg-244 -54.48 -2.11 -52.37
Lys-73 -52.62 -0.56 -52.06
water 103 -19.25 2.59 -21.84
Ser-130 -17.53 0.31 — 17.84
water-71 -15.95 -0.12 — 15.83
water-111 -12.46 1.37 -13.83
water-64 -11.55 0.88 -12.44
Ser-70 -6.10 -2.00 -4.10
Gln-237 -4.92 -4.70 -0.215
Gln-166 4-34.71 -0.24 + 34.95

Total -280.22 — 19.02 -261.20

130, Lys-234, and Ser-235. In our model Micha이is complex, 
however, Ser-235 weakly repels the clavulanate (Figure 4).

Lys-234 is important for attracting and orienting the carbo
xylate group of P-lactams. More recently, site-directed muta
genesis was used by Fink et al. to substitute the conserved 
Lys-234 with glutamic acid13. That the mutant shows a 10- 
fold increase in Km and a 200・f이d decrease in Vmax supports 
our result that a positive group at position 234 of P-strand 
b3 in important for attracting and orienting the C3-carboxy-
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Figure 5. Atomic structure near the active site of our model 
Michaelis complex. A Molecule with no label is the 3R,5R-clavu- 
lanate. Hydrogens of the clavulanate are omitted for clarity. Ser- 
70, Lys-73, Glu-166, and a water molecule are shown. Interatomic 
distances are given in A.

late group of P-lactams.
Prior to and within the a2 helix is the conserved sequence 

Phe-66-X-X-X-Ser-70-X-X-Lys-73, which is present in all class 
A and C P-lactamases and some PBP sequences1. The Phe- 
66 is quite far from the reactive Ser-70, and lies against 
the back face of the |3-sheet. The Lys-73 in this sequence 
is actually adjacent to Ser-70 by virtue of being one turn 
up the a2 helix. The two residues are within hydrogen bon
ding distance.

The hydroxyl group of the reactive Ser-70 could be activa
ted in at least two ways. First, the dipole moment of helix 
a2 provides a formal half positive charge45 which may assist 
in lowering the pK of the hydroxyl proton. Second, the char
ged amino group of Lys-73 may repel and orient the serine^ 
proton for direct transfer to the P-lactam during formation 
of the acyl intermediate5. In our model Michaelis complex, 
the amino group of Lys-73 is only 1.75 A apart from the 
hydroxyl group of Ser-70. But the distance between the se
rine^ proton and the nitrogen atom of 3Rt5R-clavulanate is 
3.57 A.

The strong repulsive interaction between 3R,5R-clavula- 
nate and Glu-166 residue is noteworthy. Site-directed muta
genesis to substitute the Glu-166 with tyrosine47 showed that 
most ^-lactams bind to the mutant more strongly than to 
the corresponding native enzyme. This experimental result 
supports the reliability of our model Michaelis complex. In 
fact, the mutant was reported to behave much like a class 
C P-lactamase, with high affinity and low hydrolytic activity. 
The inhibition and inactivation con옪tants of clavulanate to 
the mutants are, however, reported to be unmodified. The 
author has proposed that both acylation and deacylation are 
affected at the same ratio, thus yielding an unmodified inac
tivation constant47. But we propose here that the substitution 
of Glu-166 to tyrosine residue would remove the strong re
pulsive interaction between 3R,5R-clavulanate and Glu-166,

Figure 6. Atomic structure near the active site of our model 
Michaelis complex. A Molecule with no label is the 3R,5R-clavu- 
lanate. Hydrogens of the clavulanate are omitted for clarity. Arg- 
244, and a water molecules are shown. Interatomic distances 
are given in A.

while lowering hydrolytic activity of the P-lactamase. In other 
words, Glu-166 would play a role in the P-lactamase induced 
hydrolysis of clavulanate, although it lowers the affinity of 
the P-lactamase toward clavulanate simultaneously.

Glu-166 is postulated by Madgwick et al. to facilitate the 
transfer of protons in the acylation and deacylation steps48. 
In our energy refined structure of the complex Oe of Glu- 
166 is hydrogen-bonded to side chain of Lys-73, and the 
latter is hydrogen-bonded againto Oy of Ser-70. Glu-166 may 
assist in the deprotonation of Ser-70 hydroxy group in the 
acylation step via Lys-73 (Figure 5). A crystallographic water 
(water 81 in the coordinate deposited in the Brookhaven 
Protein Data Bank) is also located between the side chains 
of Ser-70 and Glu-166. This water has been proposed by 
Herzberg4 to deacylate the acyi-enzyme complex.

The strong attractive interaction between the clavulanate 
and Arg-244 is very interesting. Arg-244 is hydrogen-bonded 
to a crystallographic water molecule (water 111 in the coodi- 
nate deposited in the Brookhaven Protein Data Bank), which 
is adjacent to the carboxylate oxygen of 3R,5R-clavulanate. 
The reactive double bond of 3R,5R-clavulanate at C2 position 
is 3.72 A from the positive side 사lain of Arg-244t which is 
much closer than Lys-73 or Lys-234. The only known P-lacta
mase without arginine at position 244 is Streptomyces albus 
G with Asn-244, and this enzyme is less effectively inhibited 
by clavulanate. The number of turnovers before inactivation 
is 20,000 for Streptomyces albus G enzyme compared with 
200-400 for other p-lactamases8,49. This result suggests that 
a detailed investigation of the interactions between the C2 
side chain of clavulanate and Arg-244 is required to design 
a good p-lactamase inhibitor, although there are little experi
mental data on the role of Arg-244. In fact, modifications 
of the C2 side chain of clavulanate have been reported to 
give dramatic changes in inhibitory activity50.

The spatical arrangement of protein charges that induces 
the redistribution of electron density is identified and found 
to be consistent with the proposed reaction mechanism. Net 
charge changes of atoms of 3R,5R-clavulanate induced by
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Table 4. Influence of 나le Enzyme Environment on the Charge Redistribution Within SR.SR-Clavulanate®

C2 C5 C7 08 C9 CIO on 013 014

Is 이 ated 0.314 0.039 0.241 -0.401 -0.304 -0.485 -0.681 -0.457 -0.453
Bound 0.302 0.027 0.268 —0.464 -0.294 -0.513 -0.763 -0.526 -0.560
ACharge4 -0.012 -0.012 0.027 -0.063 0.010 -0.028 -0.082 -0.069 -0.107

flDetemined by a Mulliken population analysis39.叮he difference in atomic net charge bound・i왕。lated).

Hgure 7. Migration of electrons is 3R,5R-clavulanate induced 
by binding to P-lactamase. The changes in electron density is 
shown by difference electron density contours (bound-isolated). 
The regions where (a) the increase of electron density is more 
than 0.002 e/A3 and (b) the decrease of electron density is more 
than —0.002 e/A3 are displayed respectively.

Rgure 8. Changes of the HOMO of 3R,5R-clavulanate on bind
ing to P-lactamase. Contours of HOMO’S of isolated (a) and 
bound (b) clavulanate are shwn.

the p-lactamase are summarized in Table 4. The changes 
in electron density of 3R,5R-clavulanate on binding to p-lac- 
tamase is shown in Figure 7 by difference electron density 
contours. A significant redistribution of electron density of 
the clavulanate is induced by the enzyme, toward the transi
tion state the enzymatic reaction. Polarization of the carbonyl 
bond (C7-O8) is calculated, which would enhance nucleophilic 
attack of Oy of Ser-70. This is induced by the oxyanion h이e, 
the hydrogen-bonding to the backbone amides of Ser-70 and 
Gln-237. The most significant change in atomic net charge 
is occurred at the carboxylate oxygen 014 due to the interac
tion with Lys-234 and Ser-130. Net charge change of another 
carboxylate oxygen 013 is less significant because this atom 
is not interact with Ser-130. Another significant redistribu
tion of electron density is calculated at the C2 side chain 
(CIO and Oil atoms). This result stresses again the importa
nce of C2 side chain. Contours of HOMO (highest occupied 
molecular orbital) of isolated and bound 3R,5R-clavulanate 
is shown in Figure 8. A significant change in the shape of 
HOMO induced by the enzyme can be seen at a glance. 
Recalling the Frontier Molecular Orbital theory51, it can be 

interpreted such that the double bond at C2 side chain and 
01 atom become reactive after the binding to enzyme. Com
paring the shape of HOMO induced by the enzyme with 
the proposed reaction mechanism shown Figure 2, one can 
find that there are close relationships between them. This 
result implies that the spatial arrangement of the point char
ges of the enzyme drives the ligand to the transition state 
before the real enzymatic reaction.

The contours of LUMO (lowest unoccupied molecular orbi
tal) is not shown here because there is little change on bind
ing to the enzyme.

In the X-ray crystal structure of acyl-enzyme complex for
med by clavulanate and Staphylococcus aureus PCI P-lacta- 
mase40, decarboxylation of the carboxylate group of clavula
nate has been observed. The migration of of electron density 
from C3 to C12 atom on binding to the enzyme is calculated 
in our model complex (Figure 7). However, we could not 
assert that the result indicates the observed decarboxylation 
because there is rather small change in electron density in 
the interatomic region of C3 and C12

Conclusion

A crystallographic water molecule initially located at the 
oxyanion hole, which is formed by the two -NH group of 
Ser-70 and Gln-237, is replaced by the carbonyl oxygen atom 
of the 3R,5R-clavulanate after docking of the clavulanate and 
energy refinement. But the carbonyl oxygen atoms of 3S,5 
R- and 3S,5S-clavulanate are found to be at a distance from 
the oxyanion hole (about 3-4 A) These results suggest that 
the conformation of 3R,5R-clavulanate and the relative posi
tions of Ser-70 and Lys-234 are sufficient conditions to locate 
the carbonyl oxygen of p-lactam ring at the oxyanion hole. 
It has been proposed that the carboxylate group of p-lactams 
is attracted by Ser-130, Lys-234, and Ser-235. In our model 
Michaelis complex, however, Ser-235 weakly repels the cla
vulanate. The crystallographic water molecules are calculated 
to be important in ligand binding. Glu-166 residue is found 
to be repulsive to the binding of clavulanate, which is in 
agreement with experimental observation. Arg-244 residue 
is found to be important to the binding of clavulanate as 
well as to the interaction with C2 side chain of the clavula
nate. A significant change in the shape of HOMO of clavula
nate induced by the enzyme indicates that the double bond 
at C2 side and 01 atom become reactive after the binding 
to enzyme.

Understanding the mechansims of action of known inhibi
tor is of great importance to the design of new effective 
drugs. On the basis of the structure of 3-lactmase molecular- 
mechanical and quantum-mechanical studies have allowed 
us to get a better understanding of the mechansim of g-lac- 
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tamase inactivation.
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