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Abstract: A molecular dynamics (MD) simulation of the class A S-lactamase from S. aureus PC1 has been carried
out based on the GROMOS force field. The simulation treats the enzyme solvated by 7295 molecules of water in
a hexagonal prism cell using periodic boundary conditions. The overall structural integrity of the molecule is well
preserved. Calculated temperature factors show no dramatic increase in the flexibility of the Q loop, a loosely
packed 17-residue segment (residues 163—179) adjacent to the active site. The salt bridge between Argl64 and
Aspl79, believed to be the main stabilizing interaction for the Q loop, was observed to be destabilized in the theoretical
model but is compensated in part by a new interaction between Argl64 and Glul68. Early in the simulation, however,
a rigid flap-like motion was observed for the Q loop which results in a repositioning of the carboxylate group of
Glul66 within hydrogen-bonding distance of the primary nucleophile, the Ser70 hydroxyl group, coupled with
displacement of the “hydrolytic” water molecule. The significant repositioning of Glul66 suggests that its position
in the crystal structures of class A B-lactamases cannot be taken as conclusive evidence that an acylation mechanism
involving direct general base catalysis by the Glul66 carboxylate is incorrect. Analysis of the mobility of active
site water molecules suggests that most of them, including the “hydrolytic” and “oxyanion hole” water molecules,

exchange with bulk solvent much faster than the catalytic time scale.

Introduction

The B-lactamases are bacterial enzymes that inactivate
B-lactam antibiotics by catalyzing the hydrolysis of the amide
group of the S-lactam ring.! They are thus the source of much
bacterial resistance to these antibiotics. In recent years, the
therapeutic effectiveness of many fB-lactam antibiotics has been
compromised by the emergence of strains of bacteria that are
resistant to even new generation 3-lactams because they carry
B-lactamase mutants of relevant specificity.>® It is therefore
important that the structure and function of the -lactamases
be studied in considerable detail. One goal of such studies
would, of course, be the design of novel S-lactamase inhibitors
and antibiotics.

The most intensively studied S-lactamases are probably those
of class A enzymes.* Structural studies, in particular, are now
well-advanced, and six different crystal structures of class A
B-lactamases have been described. The structure of the Sta-
phylococcus aureus PC1 enzyme has been determined and
refined at 2 A resolution®6 and that of the Bacillus licheniformis
B-lactamase at 2 A resolution.” Preliminary accounts of the
structure of the enzyme from Streptomyces albus G at 3 A3
and of Bacillus cereus -lactamase 1! have appeared, and most
recently, the results of two independent determinations of the
structure of the enzyme of the TEM plasmid have been
published.>!0 In addition, the structure of a penicilloyl-enzyme
intermediate of a weakly-active TEM mutant has been de-
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scribed,” and that of the S. aureus enzyme modified by a specific
phosphonate inhibitor in order to produce a transition state
analogue structure,!!

The gross structure of these class A S-lactamases are all very
similar, reflecting their considerable amino acid sequence
homology, and the active site regions are essentially identical.
The active site cavity contains, presumably specifically-placed,
conserved residues thought to be crucial to catalysis, Ser70 (the
consensus sequence numbering of Ambler et al.!2 is used in
this paper), the primary nucleophile of the well-established
double displacement mechanism, Lys73, Lys234, Ser130, and
Glul66. Despite the details of the active site structure available
from crystallography, described above, there seems to be no
general agreement on how the above-mentioned residues, apart
from Ser70, participate in catalysis.!4

A common, unique feature of class A S-lactamases is the Q
loop, 17 residues long (residues 163—179) and devoid of any
extended secondary structure. It is anchored, seemingly rather
loosely, to the body of the main protein and forms one wall (or
the floor, in the orientation presented by Moews et al.?) of the
active site. The final conformation of the loop in the active
enzyme appears to require a cis peptide between residues 166
and 167. In the B. licheniformis and TEM enzymes, the cis
peptide adjoins a proline residue (Pro167), but in the S. aureus,
more unusually, the cis peptide is formed between Glul166 and
Ile167. The conformation and flexibility of the loop is important
to S-lactamase catalysis because Glul66 is conserved in class
A B-lactamases as an active site residue. As a carboxylate anion,
it has been proposed to play the role of a general base in
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catalysis, 116 analogously to His57 in chymotrypsin, although,
more recently, some have suggested that it plays this role only
during the deacylation step, as a catalyst of the attack on the
acyl-enzyme by an occluded water molecule.®17-20

Although analyses of the thermal factors of the loop residues
in the available crystal structures do not suggest that the Q loop
is significantly more mobile than the bulk of the enzyme,510:2!
there has been suspicion that it may have greater mobility in
solution. Indeed, it has been suggested that motion of the loop
may be involved in the induced fit of substrates into the active
site and in the conformational change thought to be the cause
of the transformation of the acyl-enzymes formed with penicil-
lins of bulky side chains into inert forms.>~?? The very weakly
active P54 mutant of the S. aureus [3-lactamase, where the single
site mutation is of a residue at the end of the loop (D179N#),
and which in solution has the properties of a late folding
intermediate,?? is observed in the solid state to have a disordered
Q loop and a consequently disrupted active site.>* In the TEM
B-lactamase the Q loop appears more constrained by internal
salt bridges than in the S. aureus PC1 and B. licheniformis
enzymes!®, the TEM enzyme seems also less susceptible to
substrate-induced inactivation.?

We describe in this paper a theoretical model for the class A
B-lactamase from S. aureus PC1 in dilute aqueous solution
developed from a molecular dynamics (MD) simulation. On
the basis of a 180-ps dynamical trajectory, the overall structural
stability of the protein is examined, along with the dynamics
of specific active site residues and water molecules related to
B-lactamase catalysis, and the Q loop. The latter results are
discussed in terms of current thinking on the mechanism of
B-lactamase catalysis. MD provides a new window into
enzymic mechanisms, where, using as a starting point the best
available structural information, the crystal structure of the
enzyme, the likely conformations of the enzyme active site in
solution can be explored and related to possible chemical
mechanisms. Other examples of this approach to enzymology
include studies of the Streptomyces R61 DD-peptidase,?® acyl-
chymotrypsins,2?® and HIV-1 protease.?’ The present work
provides a base of information from which S-lactamase inhibitor
complexes will be examined.

Methods

The point of departure for this study was the X-ray crystal structure
of B-lactamase from S. aureus PC1, solved by Herzberg,® and included
the 16 water molecules (out of 207) identified as structural waters.
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The protein was solvated with an additional 7279 molecules of water
in a hexagonal prism of height 71.3 A and an inscribed circular radius
of 34.6 A, so that the resultant density was 1 g/cm®. The protonation
states for charged residues were decided based on their ionization states
at pH 7.0. Thus, charges for Glu and Asp were set to —le and those
for Lys and Arg to +1e. The side chains of the two histidines were
neutral. The system was treated in the simulation under periodic
boundary conditions. The simulation protocol included an initial solvent
relaxation of 131M configurations of Metropolis Monte Carlo simula-
tion, followed by 750 steps of conjugate gradient minimization of the
entire system. This was followed by a heating step, wherein the
temperature of the entire system was raised to 300 K over 1.5 ps, a
Gaussian equilibration step for 3.5 ps, an unconstrained MD equilibra-
tion for 25.0 ps, and a trajectory for a duration of 150.0 ps. The
temperature window was 5 K during the equilibration stages and 10 K
during the trajectory.

Molecular dynamics calculations in this study were performed with
the Monte Carlo (MC) and MD simulation program WESDYN.* The
RT37C4 force field of GROMOS86°! and the SPC model*? for water
were used for the solution studies. The GROMOS force field employs
a united hydrogen atom on nonpolar groups and an explicit hydrogen
atom on polar groups. Switching functions were used to make the
long-range nonbonded interactions go smoothly to zero between 7.5 A
and 8.5 A, and applied on a group-by-group basis to avoid artificially
splitting dipoles. The above cutoff has been employed to minimize
the computational cost and accomplish large scale simulation of this
magnitude. With this approach, the protein is well-behaved; however,
highly charged systems may be susceptible to inaccuracies. The
calculations were carried out on the CRAY YMP/8—32 at the Pittsburgh
Supercomputer Center, and required ca. 260 h of machine time.

Solvent analysis for the active site residues was carried out by
analyzing the first hydration shell, based on a distance criterion
(distances were calculated based on heavy atom positions), which
included waters within 3.5 A of the side chain functional groups. The
most probable water hydrating a given side chain functional group was
then determined, and the trajectory of these water molecules was
analyzed. Conformational analysis was carried out using the “Dials
and Windows” utility in the MD ToolChest,** which produces time
evolution of the variation of all dihedral angles in the protein. Root-
mean-square (RMS) deviations were calculated by individually super-
posing the selected atoms, rather than the entire protein, in order to
discount translation and rotational effects between subdomains.

Results

The convergence indices for the simulation, namely, total
energy, temperature, and RMS deviation with respect to the
crystal form, are shown in Figure 1. The total energy of the
system (1A) and temperature (1 B) goes through a series of
rescalings during equilibration and remains conserved during
the entire production phase of the simulation. The time
evolution of RMS deviation (1 C) of the MD trajectory is shown
for all atoms (solid line) and backbone atoms of the entire
protein (dashed line). The all atom deviation levels off at about
2.5 A. However, the maximum RMS deviation of the backbone
atoms is only about 1.8 A. The relatively small value for the
all atom and backbone RMS deviations coupled with a
conserved total energy suggests the simulation to be stable and
sufficiently close to the crystal form.

The overall motion and dynamical structure of the protein is
presented in Figure 2a. The o carbon traces from six snapshots
obtained from the MD trajectory at 30-ps intervals are super-
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Figure 1. Convergence criteria for the simulation. Time evolution of

the total energy (A), temperature (B), and RMS deviation of the MD
trajectory with respect to the crystal form (C).

posed over that from the crystal structure. It is apparent that
the secondary structural regions are fairly rigid, and significant
deviations from the crystal structure are seen only in the loops
and turns. Exactly where do the RMS deviations arise? Figure
2b shows the breakdown of the RMS deviations between
secondary structures (helices and sheets, SS),  loop (OL), and
other loops and turns (L&T). The segregation of the RMS
deviations into distinct structural types provides some insight
into the origin of these effects, supporting the observation that
the bulk of the deviations arise from the loops in the protein
while the secondary structure is relatively intact. Interestingly,
the Q loop undergoes a distinct conformational transition during
a 30-ps period from 70 to 100 ps. Although the magnitude of
the RMS deviation is small, it suggests that the Q loop can
access alternative conformational states. The conformational
change involved in this transition is graphically depicted and
color coded in Figure 3a, which represents average conforma-
tions of the Q loop over 30-ps intervals prior to (green), during
(blue), and following the transition (red), superposed on the
crystal structure (black). A translational motion of the N-
terminal section of the Q loop with respect to the crystal
structure is obvious, which is toward the active site in the
framework of the whole protein. Detailed animation of the
dynamics suggests that the initial motion of the € loop (Figure
3a, black vs green line) is similar to that of a rigid flap where
the N-terminal portion (residues 164—173) moves much closer
to the active site and the C-terminal portion (residues 174—
179) moves outward. Significant conformational changes were
subsequently observed (Figure 3a, blue and red lines) in the
C-terminal section of the loop (Figure 3b) involving further
movement outward, while the N-terminal half containing the
catalytic residue, Glul66, remained relatively rigid and close
to the active site. More detailed conformational analysis has
been carried out using “Dials and Windows” and is discussed
below. We have further examined concerted motions between

Vijayakumar et al.
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Figure 2. (a) a-Carbon drawings of six structures obtained from the
MD trajectory, at equally spaced intervals (30 ps), overlaid on top of
the crystal structure, to illustrate the nature of the structural deviations
and the proximity of the trajectory to the crystal form. (b) Breakdown
of the RMS deviations between secondary structures, helices and sheets,
(S8), Q loop (OL), and other loops and turns (L&T).

the active site residues and the conformational changes in the
Q loop, by analyzing the relative disposition of key active site
residues. The hydration of the active site is described in the
Discussion.

The conformational transition in the € loop is shown in
greater detail in Figure 3b using the procedure of “Dials and
Windows”. The (¢, ) values for residues in the Q loop are
presented for the entire trajectory, as a scatter rather than a time
evolution, to indicate the range of conformational states acces-
sible to each residue, The 12 o’clock position in each of these
dials represents 0° or 360° and the angles increase clockwise.
The shadings on the circumference of these dials are normalized
probability distributions and indicate the conformational pro-
pensities of the backbone dihedral angles of a given residue. It
is clear from the above data that residues in the C-terminal
portion are accessing a larger number of conformational states
compared to those in the N-terminal portion of the  loop.
Specifically, residues 175—179 have a larger spread in (¢, ¥)
angles. Although it is impossible to infer anything specific from
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Figure 3. (a, top) Average conformations (over 30 ps) of the €2 loop obtained prior to (green), during (blue), and following the transition (red)
illustrated in Figure 2b, superposed on the crystal structure (black). (b, bottom) Analysis of the dynamical changes in the backbone dihedral angles

(¢, ¥) of the residues located in the Q loop. The 12 o’clock position in each of these dials represents 0° or 360° and the angles increase clockwise.

The shading on the circumference of these dials represents the normalized probability distribution and indicates the conformational propensities of
the backbone dihedral angles of a given residue.

the conformational preferences of individual residues, the large number of conformational possibilities for the overall loop
collective effect of these individual propensities can lead to a (see Figure 3a for a graphical presentation). Subtle conforma-
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Figure 4. Comparison of MD derived B-factors (A?) with X-ray diffraction data. Panel A corresponds to backbone atoms and panel B to side

chain atoms.

tional changes such as this might appear to be unimportant
structurally, but they may bear upon the activity of the enzyme.

The overall features of the MD derived B-factors (solid line)
are in qualitative agreement with the experiment (X-ray dif-
fraction data, dashed line) (Figure 4). Two distinct regions are
obvious for the Q loop, the MD derived B-factors for the
N-terminal portion being substantially lower than that of the
C-terminal section. The value for the C-terminal portion is
higher compared to the secondary structural regions but
comparable to other loop regions of the protein, distinguished
by peaks at around residues 100, 225, and 250. The lower value
of the calculated thermal factors with respect to X-ray diffraction
data can be attributed to the removal of translation and rotation
from the calculations and the short duration of the MD trajectory.

Figure 5a is a plot of the time evolution of the distance (A)
between residues located on the Q loop and those related to
the catalytic mechanism and stabilization of the Q loop, via
electrostatic and hydrogen bond interactions (see Figure 6a for
a view of the active site in the crystal conformation). Reported
here are the distances for the interaction between Asnl170 [0d]
and the carboxylate oxygens of Glul66 [solid line, O¢1; dashed
line, O€2] and for the salt bridges, Lys73 [N{]—Glul66 [solid
line, O€l; dashed line, O€2] and Argl64 [N62]—Aspl79 [O41].
The proximity of both the carboxylate oxygens of Glul166 with
respect to Asn170 [NO] (data not shown) is similar to that found
in the crystal structure; however, one of the carboxylate oxygens,
Glul66 [Oe€2], is closer to the Asnl170 [Od] by about 1 A on
the average. Such arrangements can be achieved through
rotation of the side chain functional groups of Asnl170 and
Glu166, which can further help to orient and activate the
“hydrolytic” water (see Discussion). As for salt bridges, both
appear to weaken during the simulation, that of Argl64—Asp170
considerably more than Glul66—Lys73. Crystallographic and
MD average distance between Glul66 and Lys73 are 2.8 (for

Oc1) and 3.4 A (for Oe2), respectively. The former salt bridge
between Argl64—Aspl79, at the base of the Q loop, is
suspected to stabilize the loop conformation.® During this
simulation it was found to vary from about 2.8 A in the crystal
structure to about 7.4 A with an average distance of 5.0 A. The
loss of this electrostatic interaction is compensated in part by
the formation of a new interaction between Arg164 and Glul168
(data not shown), the distance between them found to be at an
average of 6.1 A and being only 3.1 A at the closest approach.
The destabilization of the salt bridge between Argl64 and
Asp179 has been attributed to be cause of the dramatic increase
in flexibility in the mutant enzyme P54.2* The structure of the
mutant and that of the native enzyme are very similar (RMSD
of Cy atoms is ~0.45 A), and, yet, the destabilization of this
salt bridge in our simulation shows only a moderate increase
in the calculated thermal factors and not as dramatic as in the
mutant enzyme (compare Figure 5 and Figure 2 in Herzberg et
al.2*). More detailed comparisons are necessary for a complete
understanding of the origin of these effects.

Dynamical fluctuations in the active site residues (Figure 5b)
indicate that the range of motion is largest for two key residues,
Lys73 and Glu166. The distances (A) between various residues
are measured with respect to the following atoms: N¢ for Lys73
and Lys234, Oy for Ser70 and Ser130, backbone amide nitrogen,
N, for GIn237, and the carboxylate oxygens. Oe¢l and Oe2,
for Glul66. The second panel for distance between Glul66
and Ser70 corresponds to the carboxylate oxygen Oel of Glu166
and the third panel that of O€2. Glul66, which is at least 4.0
A away from Ser70 in the crystal structure, was found at an
average distance of 2.8 A, and 2.5 A at the closest. Lys73, on
the other hand, moved as far away as 6.4 A from Ser70 and
averaged at 4.3 A, the corresponding distance in the crystal
structure being 2.54 A. The proximity of Ser130 to Ser70 is
slightly longer than in the crystal structure, the average and
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Figure 5. (a) Time evolution of the distance (A) between residues
located on the Q loop and those related to the catalytic mechanism
and stabilization of the € loop. The horizontal line through each graph
represents the average distance calculated over the length of the
simulation. The solid and dashed line in the plots for E166 correspond
to distances from the two carboxylate oxygens, Oel and Oe€2,
respectively. Refer to the text for details of the atoms used in the
distance calculation. (b) Dynamical fluctuations in the distances
between some of the key residues in the active site. The horizontal
line through each graph represents the average distance calculated over
the length of the simulation. The second and third panel labeled “E166-
$70” correspond to the distance from the two carboxylate oxygens O¢l
and Oe€2 of Glul66. Refer to the text for details of the atoms used in
the distance calculation.

crystallographic distance being 4.1 and 3.3 A, respectively.
Lys234 and GIn237 were found to remain essentially at their
crystallographic positions, their average distance from Ser70
varying by no more than 0.1—0.2 A.
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Discussion

The major issues relating to class A f-lactamase function
addressed in this paper are, first, the mobility of the Q loop in
solution and its correlation, if any, with the motion of active
site residues; second, the dynamic behavior of the critical active
site residues themselves; and, third, the time-dependent behavior
of water molecules in the active site.

The MD simulation of the §. aureus PC1 S-lactamase in
solution shows that the € loop is indeed mobile over the 180-
ps time interval surveyed, but not as a single unit. The
C-terminal region undergoes significant conformational changes,
including the transition at around 70 ps concerted with weaken-
ing of the salt bridge Argl64—Aspl79, illustrated in Figures
3a, 3b, and 4 and described in the Results. It seems likely that
this motion would be characteristic of the loop in solution, over
this time scale. The N-terminal region, after an distinctive
translational motion during the early part of the trajectory,
remains largely fixed in place against the bulk of the protein
(Figures 3a). The initial flap-like movement may be important
to the enzyme activity since its effect is to bring the catalytically
essential Glul66 carboxylate group further into the active site
(see below) to a position that is maintained for the remainder
of the trajectory. It is possible that this “inside” and perhaps
reactive conformation of Glul66 is less stable in the weakly
active P54 mutant where the Q loop as a whole is likely to be
more mobile.?*

Two of the critical active site functional groups (Figure 5b)
undergo striking changes in position during the trajectory. The
Glul66 carboxylate, as mentioned above, moves into a position
where both oxygen atoms are within hydrogen-bonding distance
of the Ser70 hydroxyl group and remains there (particularly O2)
throughout the simulation time span. Conversely, the am-
monium ion of Lys73, within hydrogen-bonding distance (2.54
A) of the Ser70 hydroxyl group in the crystal structure, moved
away, both from Ser70 and from Glul66, the latter movement
being much smaller (0.6 A). Other active site entities underwent
apparently less dramatic motions. The hydroxyl group of
Ser130 fluctuated (ca. 1 A) about a mean slightly further from
the Ser70 hydroxyl than in the crystal structure and largely
beyond direct hydrogen-bonding distance. The Lys234 am-
monium ion fluctuated (also ca. 1 A), close to the crystal-
lographic distance from Ser70, as did the backbone nitrogen
atom of GIn237 which constitutes one component of the
oxyanion hole, an important element of catalysis.>* There does
not seem any strong, direct correlation of these motions, relative
to the Ser70 hydroxyl group, with the mobility of the C-terminus
of the Q loop.

These observations do relate to the mechanism of catalysis,
however, in that proposals involving the Glul66 carboxylate
as a general base catalyst of nucleophilic attack on the substrate
by the Ser70 hydroxyl group, 1,116 have lost support because
of the distance between these two functional groups in crystal
structures!” and because of interpretations of the effects of
Glul66 mutations on turnover kinetics.!81° The latter experi-
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(34) Murphy, B. P,; Pratt, R. F. Biochem. J. 1988, 256, 669.
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Figure 6. (a, top) Arrangement of water molecules in the active site at the end of MC equilibration. Waters a and b are in the same positions (to
within 0.25 A) as the “oxyanion hole” and “hydrolytic” water molecules of the crystal structures, respectively. Water ¢ is a structural water and
remains essentially bound to Glul66 [O1]. (b, middle) Snapshot of the active site showing the arrangement of the above water molecules 30 ps
into the simulation. (c, bottom) Snapshot of the active site 100 ps into the simulation showing the presence of two additional waters d and e, which

were observed to exchange with the hydrolytic water.

ments are still inconclusive, however, with respect to the
acylation step."!* The present results suggest that the inference
from the crystal structures should also be regarded as tentative.
It seems likely that, in solution, the Glul66 carboxylate can
readily achieve direct contact with the active site nucleophile
and, in fact, may be stably hydrogen-bonded to it, at least in

the absence of a substrate. To the extent that one can judge
from the structure of the free enzyme, therefore, taking both
static and dynamic features into account, 1, remains a viable
mechanism.

The ambiguous position of the Glul66 carboxylate and the
presence of the Lys73 ammonium ion directly adjacent to the
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Ser70 hydroxyl group in the crystal structures of native class
A B-lactamases>’*19 has given rise to other suggestions for the
details of catalysis. In one example, the intervening water
molecule between the Glul66 carboxylate and the Ser70
hydroxyl is employed, together with the carboxylate, as an
extended general base catalyst in acylation, 2.1%35 In another,®
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the neutral amine of Lys73 has been proposed to fill the general
base role, 3. The latter suggestion requires that the Lys73

Lys 73

HNT S HT 0'3 /
2

Ser 70

3

ammonium ion has a rather anomalously low pK,, for which
there is, at present, no evidence.!»!%1® The present results
obviate the need for the former proposal and do not bear directly
on the latter.

The structure of active site water molecules in crystalline class
A f-lactamases has been extensively described in the S. aureus,
B. licheniformis, and TEM-1 enzymes.51%2! All three contain
two water molecules in the active site which have been
implicated in catalysis. One of these water molecules is located
at a position close to that identified with the oxyanion hole (the
“oxyanion hole” water molecule), within hydrogen-bonding
distance of the backbone nitrogen atom of GIn237, somewhat
further from the backbone nitrogen of Ser70, and within
hydrogen-bonding distance of the Ser70 hydroxyl group. A
similarly placed water molecule is found in the oxyanion hole
of several serine proteinase crystal structures.!” Presumably the
electrostatic potential of the oxyanion hole focuses a water
molecule into this position. A second active site water molecule
in the crystal structures has been much discussed. This is found
closely associated with the carboxylate group of Glul66(02),
the hydroxyl group of Ser70, and the amide group of Asn170.
It has been suggested®?! that this water molecule is the one
involved in hydrolysis (the “hydrolytic” water molecule) of the
acyl-enzyme intermediate in the normal catalytic cycle, where
the Glul66 carboxylate directly catalyzes its attack on the acyl-
enzyme (4). An occluded water molecule is, in fact, seen
hydrogen-bonded to Asn166, in the penicilloyl derivative of the
Glul66Asn mutant of the TEM-1 -lactamase.® These water
molecules were not observed in the crystal structures of the
weakly active P54 mutant of the S. aureus PC1 -lactamase?*
or (although perhaps only displaced) in the Glul66Ala mutant
of the B. licheniformis enzyme.?® Several other water molecules
were observed across the face of the active site in these
structures, although their configuration is probably influenced,

(35) Lamotte-Brasseur, J.; Dive, G.; Dideberg, O.; Charlier, P.; Frere,
J.-M.; Ghuysen, J.-M. Biochem. J. 1991, 279, 213.
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in some cases at least, by anions which also appear to bind at
the active site.10:21

The present MD simulation provides further insight into the
hydration of the active site. The initial MC equilibration of
water molecules around S3-lactamase, with the enzyme fixed into
the crystal structure conformation, yielded the arrangement of
water molecules shown in Figure 6a. Waters a and b are in
the same positions (to within 0.25 A) as the “oxyanion hole”
and ‘“hydrolytic” water molecules of the crystal structures,
respectively. Also seen is a structural water ¢, hydrogen-bonded
to the carboxylate oxygen (O1) of Glul66. The position of the
noncrystallographic water molecules a and b, obtained from
MC equilibration, very similar to that observed in the crystal
structure, is a reassuring observation.

A snapshot of the active site showing the arrangement of
water molecules at 30 ps is seen in Figure 6b. During the initial
stage of the simulation, as GIn166 moves into proximity of
Ser70, the hydrolytic water b remains hydrogen-bonded to Glu
166—02 but, presumably because of the steric interaction with
Ser70 and water a, is forced in a direction away from Ser70
and the active site. The new position taken up by Glul66 allows
the carboxylate oxygen O2 to hydrogen bond not only to the
Ser70 hydroxyl group but also to water a; the latter remains in
close contact with the backbone NH of GIn237 and the Ser70
hydroxyl group. Water b remains in contact with Glu166 and
water a but not with Ser70.

During the subsequent 165 ps (Figure 6¢ drawn at some 100
ps, with additional waters), the crystallographic water ¢ did not
exchange with bulk solvent, and the oxyanion hole water a
exchanged once (although not with water b). Somewhat more
mobile were a cluster of water molecules (d and e) positioned
between Ser130 and Ser70 and including the extruded erstwhile
hydrolytic water molecule b. It is possible that one of the latter
molecules becomes occluded by a substrate on binding and
becomes the real “hydrolytic” water in deacylation, but, in the
free enzyme, it seems that all of the above-mentioned water
molecules, except perhaps the crystallographic water ¢, would
readily exchange with solvent on a nanosecond time scale. The
oxyanion hole water a would be displaced from its position in
Figure 6a and b, by a substrate (the crystal structure of an acyl-
enzyme of the Glul66Ala mutant of the TEM-1 f-lactamase
shows the carbonyl oxygen in the oxyanion hole® as is one
phosphonyl oxygen of a transition state analogue complex of
the PC1 enzyme!l), but would still be bound to Glul66, and
could be constrained by the substrate in the active site and thus
become the “hydrolytic” water.

These results show clearly the value of MD calculations to
the process of extrapolation of an enzyme crystal structure into
an enzyme mechanism. Contacts between functional groups
that are essential elements of a mechanism, but which may seem
precluded by the solid state structure, may become accessible
when the flexibility of the protein in aqueous solution is taken
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into account in a rigorous fashion. It is easy to speculate about
protein mobility in solution but, in the absence of limits
established by some acceptable experimental or theoretical
construct, the result remains just speculation. In the present
case, the MD simulation of the 3-lactamase motion in solution
certainly suggests that a mechanism of action of the enzyme
involving the Glul66 carboxylate as a direct general base
catalyst of acylation (1) should not be rejected on the basis of
the crystal structure alone and may yet represent an element of
the true mechanism of class A 3-lactamase catalysis.
Reservations concerning the mechanistic conclusions from
the MD experiment include, as always, the different time scales
involved in the simulation vs that of covalent catalysis (typically
microseconds to seconds) and, in this case, some uncertainty
as to the state of protonation of the active site functional groups
in the active conformation. Further experiment, and possibly
also calculation, is needed to clarify the latter point. Probably
of more direct relevance to mechanism would be the arrange-
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ment in space and the state of protonation of the active site
functional groups in the presence of substrates and transition
states or their analogues. Such information may well be more
directly accessible from theory than experiment. Further
research in f-lactamase catalysis will certainly include MD
simulations of substrate complexes, acyl-enzymes, and transition
state complexes.
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