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ABSTRACT: A significant determinant for the broad substrate specificity of the metallo-â-lactamases from
Bacteroides fragilisand other similar organisms is the presence of a plastic substrate binding site that is
nevertheless capable of tight substrate binding in the Michaelis complex. To achieve these two competing
ends, the molecule apparently employs a flexible flap that closes over the active site in the presence of
substrate. These characteristics imply that dynamic changes are an important component of the mechanism
of action of these enzymes. The backbone and tryptophan side chain dynamics of the metallo-â-lactamase
from B. fragilis have been examined using15N NMR relaxation measurements. Two states of the protein
were examined, in the presence and absence of a tight-binding inhibitor. Relaxation measurements were
analyzed by the model-free method. Overall, the metallo-â-lactamase molecule is rigid and shows little
flexibility except in loops. The flexibility of the loop that covers the active site is not unusually great as
compared to the other loops of the protein. Local motion on a picosecond time scale was found to be very
similar throughout the protein in the presence and absence of the inhibitor, but a significant difference
was observed in the motions on a nanosecond time scale (τe). Large-amplitude motions with a time constant
of about 1.3 ns were observed for the flexible flap region (residues 45-55) in the absence of the inhibitor.
These motions were completely damped out in the presence of the inhibitor. In addition, the motion of a
tryptophan side chain at the tip of theâ-hairpin of the flap shows a very significant difference in motion
on the ps time scale. These results indicate that the motions of the polypeptide chain in the flap region
can be invoked to explain both the wide substrate specificity (the free form has considerable amplitude
of motion in this region) and the catalytic efficiency of the metallo-â-lactamase (the motions are damped
out when the inhibitor and by implication a substrate binds in the active site).

Since their discovery in the late 1940s, antibiotics have
been widely used to eradicate harmful bacterial infections
in humans without causing deleterious side effects. Although
varied in their targets, antibiotics generally slow the prolif-
eration of bacteria by interfering with the production of
components needed to form new bacterial cells. For example,
tetracycline affects bacterial protein synthesis through in-
teractions with ribosomes, while penicillin and vancomycin
retard bacterial growth by inhibiting transpeptidase activity
necessary for bacterial cell wall synthesis (1). However,
evidence is mounting concerning the recent emergence of
pathogenic bacteria that have displayed marked resistance
to commonly used antibiotics (2-4). The appearance of these
antibiotic-resistant bacteria represents a considerable public
health concern and has heightened awareness regarding the
proliferation and treatment of disease associated with such
organisms (5).

The most common cause of antibiotic resistance is through
the bacterial production of enzymes that intercept and
degrade popularâ-lactam-based antibiotics, such as penicil-
lin. Though problematic, there exist several strategies to
address the resistance afforded by the production ofâ-lac-
tamases. Structural alterations to existing drugs can be made
to make them less susceptible to degradation. Alternatively,
agents can be designed to incapacitate theâ-lactamase in
concert with existing antibiotics. Although there has been
some success in treating bacterial infections associated with
a number of specificâ-lactamases (6), recently developed
antibiotics have displayed only limited therapeutic effect (7).
Therefore, defining and establishing novel combative strate-
gies is critical for the continued use ofâ-lactams as
antibacterial agents.

Four major classes ofâ-lactamases have been identified
and grouped based upon amino acid sequence similarities
(6, 8, 9). Classes 1, 2, and 4 are serine hydrolases and have
been shown to be inhibited by compounds such as sulbactam
and clavulanic acid (6). Group 3 enzymes include all of the
metal-requiring (metallo)â-lactamases that hydrolyze all
â-lactam antibiotics but show little susceptibility to presently
usedâ-lactamase inhibitors.

Approximately 10 organisms have currently been shown
to produce metallo-â-lactamases, includingKlebsiella (4),
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Xanthomonas (Pseudomonas) maltophilia(10), Serratia
marcescens(11), andBacteroides fragilis(12). Most cause
postsurgical suppurative infections in humans, especially in
those with weak immune response systems (13). Metallo-
â-lactamases tend to be monomeric, except for the enzyme
from Stenotrophomonas maltophilia, which is tetrameric (14).
The metallo-â-lactamase fromB. fragilis has been deemed
the most problematic of all theâ-lactamases studied thus
far due to its high turnover (kcat) and specificity (kcat/Km)
exhibited against a broad range of clinical agents (15).
Moreover, evidence is mounting to show that metallo-â-
lactamase genes are being passed to other bacterial strains
by plasmid (3) and integron-borne (4) transfer pathways.
Therefore, the antibiotic resistance conferred through the
production of metallo-â-lactamase will likely appear in more
types of, and potentially more aggressive, bacterial strains.

Two essentially identical X-ray crystal structures of the
metallo-â-lactamase fromB. fragilis have been published
(15, 16). The overall structure consists of a four-layeredRâ/
âR motif, which, at present, is unique to the metallo-â-
lactamases (14). The enzyme active site resides at one end
of the â-sandwich and contains a binuclear zinc site. One
zinc ion is coordinated to three histidine residues (His99 Nε,
His101 Nδ, and His162 Nε) and a single water molecule,
while the second zinc ion is coordinated with three residues
(Asp103 Oδ2, Cys 181 Sγ, and His223 Nε) and two water
molecules. One water molecule is coordinated (bridged) by
both zinc ions and is thought to exist in hydroxide form.
Recent kinetic and mechanistic studies of the enzyme (17)
have suggested that upon binding, the carbonyl moiety of
theâ-lactam is activated for hydrolysis through polarization
by one of the zinc ions followed by are-face nucleophilic
attack of the shared hydroxide to form an acyl-enzyme
intermediate. Breakdown and release of the intermediate is
then thought to occur in a rate-limiting step and appears to
involve a proton transfer.

Flanking the enzyme active site at the edge of the
â-sandwich reside two extended loop regions. The major loop
(residues 43 through 54) constitutes a beta-sheet “flap”, while
the minor loop (residues 188 through 195) resides roughly
opposite the flap centered about the binuclear zinc site.
Crystallographic temperature factors, as well as the absence
of electron density at the apex of the flap for one crystal
structure (16) (disordered residues Gly48 and Trp49), are
strong indications of polypeptide chain flexibility for this
region of the protein. Crystallographic data for the corre-
sponding loops of the similar metallo-â-lactamase from
Bacillus cereus(18) and for the tetrameric L1 metallo-â-
lactamase fromStenotrophomonas maltophilia(14) also
suggest flexibility in these regions. This apparent conserva-
tion of flexibility in the vicinity of the active site may, in
part, be critical for the function of many metallo-â-lacta-
mases.

A recent study (19) showed that the interaction of the
metallo-â-lactamase fromB. fragilis with a tight binding
inhibitor (SB225666) resulted in significant NMR chemical
shift perturbations of backbone amides of these flanking loop
regions. In addition, indole NH resonances of tryptophans
49 and 100 were observed to shift significantly upon inhibitor
binding. 15N-1H heteronuclear NOEs for backbone amides
that constitute the major flap increase somewhat upon
inhibitor binding indicating a slight reduction in flap mobility

on the pico- to nanosecond time scale. The tryptophan side
chain indoles exhibit high heteronuclear NOEs, which change
little upon inhibitor binding. The exception is W49, which
is highly mobile in the free form but becomes noticeably
restricted upon addition of inhibitor.

These and other investigations strongly suggest that
polypeptide chain dynamics in the vicinity of the lactamase
active site may play a critical role in the binding of substrates
and/or stabilization of intermediates in its catalytic mecha-
nism. In this paper, we examine in detail the backbone and
tryptophan indole dynamics of this metallo-â-lactamase in
the presence and absence of a tight-binding inhibitor
(SB225666) to assess the role of polypeptide chain dynamics
in the catalytic mechanism of this enzyme.

MATERIALS AND METHODS

Sample Preparation.15N-labeled metallo-â-lactamase
samples were prepared according to previously described
methods (19). NMR samples were suspended in 10 mM
HEPES, 100µM ZnCl2, and 0.01% NaN3 (pH 7.0) (5%
D2O). Metallo-â-lactamase sample activity was assayed using
nitrocefin (Oxoid) and yielded the following kinetic values:
kcat ) 214 s-1, Km ) 13.8 µM, and Vmax ) 1.3 µM s-1,
consistent with previously published data (20).

Samples of the proprietary inhibitor 3-[2′-(S)-benzyl-3′-
mercaptopropanoyl]-4-(S)-carboxy-5,5-dimethylthiazoli-
dine (SB225666) (Figure 1), were obtained from SmithKline
Beecham. NMR samples of the lactamase bound to SB225666
were prepared by the addition of the inhibitor dissolved in
dimethyl sulfoxide (DMSO) under anaerobic conditions to
a final concentration of 6 mM and 3% DMSO. The final
concentration of the lactamase was 125µM for all NMR
samples. The use of such dilute protein samples was
necessitated by the observed aggregation of the protein at
concentrations above 250µM (unpublished data).

NMR Spectroscopy. NMR spectra were acquired at 295
K on a Bruker DRX-600 spectrometer equipped with an
8-mm inverse-detected triple-resonance single axis gradient
probe from Nalorac (Martinez, CA).15N R1 andR2 relaxation
data for both free and inhibitor-bound lactamase samples
were acquired according to Farrow et al. (21, 22). For the
determination ofR1 relaxation time constants, 13 total data
sets were collected at relaxation delay times of 10, 200, 500,
800, 1000, 1100, 1200, 1400, 1800, and 2200 ms. For the
assessment of peak height uncertainties, duplicate experi-
ments were conducted at 10, 500, and 1000 ms. For the
determination ofR2 time constants, 13 data sets were also
collected at delay times of 6, 22, 42, 50, 62, 90, 110, 150,
and 202 ms with duplicate experiments being acquired at 6,
62, and 110 ms.R1 andR2 spectra were recorded as 256×
1024 complex data points with 16 transients/point. Spectral
widths were 1580 and 9615 Hz along the15N and 1H
dimensions, respectively. A 2.5-s recycle delay was used for

FIGURE 1: Structural comparison of (a) SB225666 and (b) ampi-
cillin.
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all R1 andR2 experiments. Heteronuclear NOE spectra were
recorded as 128× 1024 complex data points with 128
transients/point. Spectral widths for the15N and 1H were
identical as described above. Heteronuclear NOE values were
determined from the ratio of peak intensity in the absence
and presence of proton saturation (23). Saturation was
achieved by use of a train of 120° pulses separated by 5 ms
for a total irradiation time of 3 s (22, 24). A 4-s recycle
delay was employed for all heteronuclear NOE experiments.
For the determination of peak height uncertainties, four
identical saturated/unsaturated experiments were acquired.
Reduction of the intense water resonance in the presence of
severe radiation damping was accomplished by use of a 2.0-
ms water-selective soft pulse in conjunction with a water-
selective inversion pulse train (3-9-19 WATERGATE) (25).

Spectra were processed using either Felix 95.0 (MSI) or
NMRPipe/NMRDraw (26) and analyzed with either Felix
95.0 or NMRView (27). Data sets were zero filled and
apodized with exponential, cosine-squared, or Lorenzian-
to-Gausian window functions. Linear prediction was used
to extend the15N indirect dimension thereby improving
digital resolution. Proton chemical shifts were referenced to
external 2,2-(dimethylsilyl)propanesulfonic acid (DSS) and
15N chemical shifts were referenced indirectly to DSS. NMR
probe temperature was carefully calibrated using neat
methanol (28). Subsequent analyses used backbone amide
and tryptophan indole NH resonance assignments previously
determined for both the free and the inhibitor-bound forms
of the protein by Scrofani et al. (19, 29). Overlapped
resonances were eliminated from further analyses.

R1, R2, and heteronuclear NOE values were determined
from resonance peak heights as described by Stone et al.
(30, 31) using in-house programs and/or programs developed
by Dr. A. G. Palmer (32). Uncertainties in heteronuclear
NOE values were calculated as described by Nicholson et
al. (33). To rule out any effect of the addition of DMSO on
the internal mobility of the enzyme (through partial dena-
turation or dimerization), an inhibitor-free protein sample
containing 3% DMSO was prepared, andR1, R2, and
heteronuclear NOE measurements were made in the same
way as for the DMSO-free sample. The relaxation data for
this sample showed negligible difference in the backbone
or tryptophan indole relaxation behavior relative to the
inhibitor-free sample.

Estimation ofτm and the Analysis of IsotropicVersus
Axially Symmetric Diffusion. In the case in which the overall
rotational correlation time,τm, is greater than 1 ns, the
effective correlation time,τe, is less than 100 ps, andR2 is
not significantly lengthened by chemical exchange, the ratio
of R2 to R1 can be used to derive an approximation forτm

(34-36). Residues with heteronuclear NOEs less than 0.65
or residues with aR2/R1 ratio that lay outside one standard
deviation of the calculatedR2/R1 average were eliminated
from the final estimation ofτm.

To distinguish between isotropic and axially symmetric
diffusion models, hydrodynamic and inertia calculations were
performed on the 1bmi X-ray crystal structure coordinates
(15) using an in-house program, MASH (written by Ishwar
Radhakrishnan) which employs the HYDRO suite of algo-
rithms developed by Garcia de la Torre and Bloomfield (37).
Each residue was modeled as a single bead centered on the
CR atom. The viscosity was that of water at 295 K. The

hydration shell was optimized by minimizing the error
function Γ ) Σηi

2, whereηi
2 compares the goodness-of-fit

of the calculated local diffusion coefficients [Di(pred)] with
the experimentally determined local diffusion coefficient
[Di(exp)] obtained fromR2/R1 ratios. Prior to these calculations,
hydrogen atoms were added to the crystal structure using
the preparatory program PROTONATE, which is a module
of the AMBER suite of programs (38). Structure coordinates
within the frame of reference of the diffusion tensor were
output along with rotational diffusion coefficients (Dzz, Dyy,
andDxx), as well as localθ andφ angles for NH bond vectors
(with respect to the principal axis of the diffusion tensor).
For both free and inhibitor-bound data sets, plots ofR2/R1

versus (3cos2θ - 1)/2 (whereθ is derived from the output
of MASH) were examined to determine the extent of axial
or anisotropic rotational diffusion (39, 40). F-statistical testing
was used to ascertain the statistical significance of isotropic
versus axially symmetric diffusion models using the pro-
grams “pdbinertia” and “quadric diffusion” (32). Again,
residues with NOEs less than 0.65 or residues with aR2/R1

ratio that lay outside one standard deviation of the calculated
R2/R1 average were excluded from these analyses. Because
no X-ray crystal structures of this metallo-â-lactamase bound
to SB225666 have been published, we have used the same
X-ray structure coordinates used for the free, unbound form
of the protein to evaluate the overall rotation of the protein
in its inhibitor-bound form. We have previously determined
that binding of SB225666 results in only slight structural
changes localized to the active site region (19). Therefore,
we have assumed that the binding of the inhibitor does not
substantially affect the general structure of the protein, and
by consequence, its overall rotation.

Model-Free Analyses. Analyses of the derived relaxation
rate parameters and heteronuclear NOE values was per-
formed according to the model-free and extended model-
free formalisms (35, 41, 42) by use of ModelFree 4.10 (43).
Model selection and statistical testing of models were
performed according to Mandel et al. (44). The goodness-
of-fit between the experimentally derived relaxation data and
each of the five motional models considered was determined
by comparison of the minimum value of theø2 function at
the 95% confidence limit of theø2 probability distribution
determined from 400 Monte Carlo simulations. In the case
in which spins satisfied theø2 function at the 95% confidence
level (for more complicated models 2 or 3) but did not satisfy
F-testing (R ) 0.15 critical level), the simpler model 1 was
assigned by default. Fits that did not strictly satisfy 95%ø2-
statistic levels for models 1 through 3 were considered to
be inadequately fit by any of these motional models.
However, this statistical treatment cannot be used in the
assignment of models 4 or 5 (36). Therefore, assignment of
models 4 and 5 was accomplished using methods as
described by Mandel et al. (44). Particular care was taken
for assignment of residues to model 5 as selection of this
model can result in false characterization of motion due to
anisotropic tumbling (45). Therefore, model 5 was assigned
only when the sum-squared error for the spin under
consideration was zero and the next best-fit model for the
spin (usually model 2) had a large 95%ø2-statistic value
(generally greater than 40). The relaxation data for the
tryptophan side-chain indoles were analyzed in an identical
manner to those of the backbone amides. In this case,
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however, a chemical shift anisotropy (CSA) of-89 ppm
was assumed for the model-free analysis (46).

The initial estimates ofτm and Drat for each of the free
and inhibitor-bound data sets were used in the first round of
model selection. The internal motional parameters for the
selected models for each NH and Nε1 vector were then
simultaneously optimized with the overall diffusion tensor.
Rounds of fixed model selection employing the newly
optimized diffusion tensor and reoptimization were conducted
until consistent model selection and a convergence of the
overall diffusion tensor was achieved.

RESULTS

Sequential NH backbone and Nε1 tryptophan indole
resonance assignments of the metallo-â-lactamase fromB.
fragilis in its free and SB225666-bound forms have previ-
ously been determined and have been used for the present
study (19, 29). All five tryptophan indole resonances for both
the free and inhibitor-bound protein samples were sufficiently
resolved for accurate peak height determination. For the free
protein, 179 of 218 amide resonances were sufficiently
resolved for accurate peak height measurement. For the
inhibitor-bound protein, 185 of 218 amide resonances were
resolvable. In each instance, this represents approximately
83% of all residues excluding prolines 53, 71, 97, 134, 136,
152, 172, 214, 221, and 249.

Relaxation Parameters. Figure 2 summarizes the derived
relaxation data for the free and inhibitor-bound metallo-â-
lactamase. BackboneR1, R2, and heteronuclear NOE values
for the free and inhibitor-bound forms of the protein correlate
quite well. Although there do not appear to be any major
differences inR2, noticeable decreases inR1 and slight
increases in heteronuclear NOEs can be observed for residues
that constitute the major flap (residues 43 through 54) upon
binding of SB225666. Data for two short secondary loops,
115-117 and 214-217, show remarkable similarity for both
data sets as do residues of the N and C termini. Data for
residues of the minor active site loop, which resides roughly
opposite the major flap (residues 184 through 193), are also
quite similar for both data sets. The exception is 188, which
possesses a somewhat shorterR2 value for the free protein.
Data for the tryptophan side chains (shown as separate graphs
to the right of the figure) indicate that the relaxation
parameters vary little between free and bound forms of the
protein. The exception is Trp49, which shows significant
changes inR1, R2, and heteronuclear NOE upon inhibitor
binding.

Estimation ofτm and Analysis of IsotropicVersus Axially
Symmetric Diffusion. NMR samples prepared according to
the protocol detailed by Scrofani et al. (19) showed no
evidence for aggregation or dimerization by gel-filtration or
SDS-PAGE for sample concentrations ranging from

FIGURE 2: 15N backbone amide relaxation parameters measured for the free (red) and inhibitor-bound (black) metallo-â-lactamase versus
residue number. Shown from top to bottom are longitudinal relaxation rates (R1), transverse relaxation rates (R2), and1H-15N heteronuclear
NOE values, respectively. The average heteronuclear NOE value for residues that constitute the major flap (44-54) is 0.67 for the free
form and 0.76 for the inhibitor-bound form of the protein. Values for the tryptophan indole NHs (Trpε1) are shown as separate graphs to
the right of the figure. Trp49 is highly mobile in the free form of the protein with a1H-15N heteronuclear NOE of 0.28. However, Trp49
for the inhibitor-bound protein exhibits significantly less mobility with a1H-15N heteronuclear NOE of 0.60.
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125µM to 1.3 mM. However, some evidence for aggregation
for samples at 250µM was observed principally throughR2

data, as well as the subsequent determination of anomalous
overall rotational correlation times for free and inhibitor-
bound samples (S. D. Scrofani and H. J. Dyson, unpub-
lished). A reduction in sample concentration to 125µM,
however, indicated a monodisperse monomeric sample as
demonstrated byR2 data, as well as resultant rotational
correlation times of 14.0( 0.8 and 14.1( 0.7 ns for free
and inhibitor-bound protein, respectively.

Hydrodynamic and inertia calculations (M. J. Osborne and
P. E. Wright, unpublished) using the 1bmi X-ray crystal
structure (15) were used to judge the nature of the overall
diffusion of the protein in solution (isotropic versus axially
symmetric). Plots of backboneR2/R1 values versus (3cos2θ
- 1)/2 [the spherical harmonic function, Y2

0(θ)] are shown
in Figure 3. These results demonstrate a clear angular
dependence of the experimentalR2/R1 data, indicating that
the protein does not rotate isotropically but rather axially or
anisotropically. This is shown by the nonzero slope of the
derived linear least-squares fit to the data (2.29( 0.42 and
2.81 ( 0.32 for the free and inhibitor-bound protein,
respectively). Statistical F-testing employing the program
quadric diffusion (32) demonstrated that the more compli-
cated anisotropic diffusion model did not significantly

improve the description of the overall diffusion of the protein,
as compared to the axially symmetric diffusion model (F )
0.38). Therefore, an axially symmetric model of diffusion
was assumed for subsequent model-free analyses of the free
and inhibitor-bound relaxation data sets. The overall rota-
tional correlation timeτm was 14.0 ns, with an estimated
axially symmetric diffusion coefficientDrat of 1.21(derived
from the output of MASH, whereDrat ) D||/D⊥ ) Dzz/[(Dxx

+ Dyy)/2)].
Model-Free Results. The results of the model-free analyses

are summarized in Figure 4. Six rounds of model selection
and optimization were conducted for the free and inhibitor-
bound relaxation data sets until consistent model selection
and convergence of the overall diffusion tensor was observed.
Diffusion tensors converged to similar values ofτm ) 13.96
ns,Drat ) 1.25,θ ) -65.4°, andφ ) 29.9, andτm ) 13.96
ns,Drat ) 1.18,θ ) -59.0°, andφ ) 38.5 for the free and
bound data sets, respectively. For the free protein, 168 of
179 resolvable backbone amides were fit to one of the five
motional models considered. Seventy-four percent of residues
were fit to model 1 (S2), and 6% were fit to model 2 (S2, τe).
Residues 156 and 185 were fit to model 3 (S2, Rex) while
only one residue, 207, was fit to model 4 (S2, τe, andRex).
Fifteen residues were fit to model 5 (Ss

2, Sf
2, andτe). These

included two residues of the N-terminus (21 and 25), two

FIGURE 3: Plots of the experimentalR2/R1 data for the free (red) and bound (black) forms of the protein versus (3cos2θ - 1)/2.θ represents
the local angles for NH bond vectors with respect to the principal axis of the diffusion tensor (derived from the output of MASH). The
slopes of the linear least-squares fit to the data were 2.29( 0.42 (correlation coefficient) 0.38) and 2.81( 0.32 (correlation coefficient
) 0.54) for the free and inhibitor-bound data sets, respectively.
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residues of the C-terminus (245 and 247), and five residues
of two short loops (115, 116, and 215-217). Five backbone
amides of the major flap were fit to model 5 for the free
protein. These included residues 45 and 48-51. Furthermore,
residues 46, 47, 52, and 54 of the flap were fit to model 2.
For the inhibitor-bound protein, 169 of 185 resolvable
backbone amides were fit to models 1 through 5. Seventy-
seven percent were fit to model 1, and 7% were fit to model
2. Three residues (95, 120, and 177) were fit to model 3,
while residues 45, 102, and 245 were fit to model 4. For the
inhibitor bound protein, nine residues were fit to model 5.
These included three residues of the N-terminus (21, 23, and
25), two residues of the C-terminus (246 and 247), and four
residues of the two short loops (115, 116, and 215-216). In
contrast to the results of model selection for the free protein,
there were no residues of the major flap that fit to model 5.
Residues 44, 49, and 50, however, were fit to model 2.

The results of the model-free analyses for the tryptophan
indoles of the free and inhibitor-bound proteins are also
shown to the right of Figure 4. For both samples, tryptophan
202 was fit to model 1, tryptophans 83, 100, and 183 were
fit to model 3, and tryptophan 49 was fit to model 5.

Inspection of the figure reveals that the derived order
parameters (S2) for the backbone of the free and bound forms
of the protein are remarkably similar.S2 values for residues

of loops 115-117 and 214-217 correlate well, as do values
for the N and C termini. Data for the major flap show a
slight reduction inS2 upon binding of SB225666, as doS2

values for the minor active site loop. Data for the tryptophans,
also shown as separate graphs to the right of the figure,
indicate a similarity inS2 values for the side chain indoles.
Again, the exception is tryptophan 49. For the free form of
the protein, the indole has a somewhat reducedS2 value of
0.58. However, upon binding of SB225666, the order
parameter substantially increases to a value of approximately
0.75.

Analysis of the time scales of motion for the two forms
of the protein reveal that effective correlation times for
residues of loops 115-117, 215-217, and residues of the
N and C termini correlate well with observedτe values of
approximately 1 ns. More significant are changes that occur
to the time scales of motion for the major flap and minor
active site loop upon binding of the inhibitor. For the free
form of the protein, residue 45 and residues 48-51 have
effective correlation times of approximately 1.3 ns. These
relatively long correlation times are completely absent for
the inhibitor-bound protein. Furthermore, residue 188 of the
minor active site loop has an effective correlation time of
approximately 1.6 ns. Again, this relatively long correlation
time is absent for the same residue in the inhibitor-bound

FIGURE 4: Plots of the model-free parameters versus residue number for the metallo-â-lactamase in the presence (black circles and bars)
and absence (red circles and bars) of SB225666. Shown from top to bottom areRex, τe, andS2, respectively. Parameters for the tryptophan
indoles are shown in separate plots to the right of the figure. Effective correlation times (τe) for the free protein (center plot) demonstrate
nanosecond time scale motions for residues that constitute the major flap (44-54) as well as for residue 188 of the minor active site loop.
These relatively long correlation times are absent for the same residues of the inhibitor-bound form of the protein.
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form of the protein. Data for tryptophan 49 indicate that the
side chain has an effective correlation time of approximately
1 ns for the free protein, which increases slightly to
approximately 1.5 ns upon binding of the inhibitor. While
some exchange terms (Rex) are present for a number of
residues, there is no correlation for data of the backbone
amides of the free and inhibitor-bound protein. Data for
tryptophans 83, 100, 183, and 202, however, do correlate
well, each requiring a similarRex value.

DISCUSSION

Our relaxation data, and subsequent model-free analyses
of these data, reveal that the overall structure of the metallo-
â-lactamase is relatively rigid, except for residues of the N
and C termini, residues of the two short secondary loops,
and for residues that constitute the major flap at the active
site and the minor active-site loop. Interestingly, the flex-
ibility of the two active site components, the major flap and
the minor loop, is not inordinately greater than that of the
other loops of the protein. Indeed, backbone motions on the
picosecond time scale (indicated byS2 values) were found
to be similar throughout the protein in the presence and
absence of the inhibitor. However, marked changes in the
time scales of motion are observed for the flap and minor
loop upon binding of SB225666 (Figure 5). The free protein

shows relatively long (nanosecond) effective correlation
times (τe) of residues of the flap; these are completely
damped upon binding of the inhibitor. Further, the slow
motions (τe) of residue 188 of the minor active site loop
also disappear upon binding of the inhibitor.

These data suggest that upon binding, the flap, and to a
lesser extent the minor active site loop, collapses down
around the substrate, effectively locking it in an induced-fit
fashion. This tightening of the active site region about the
substrate may then promote catalysis in the Michaelis
complex through orientation of substrates within the active
site or stabilization of intermediates that define the catalytic
mechanism.

Changes in the dynamics of the tryptophan at the apex of
the flap (Trp49) that occur upon binding of the inhibitor
suggest a specific role for this side chain in the binding of
substrates. In the free form of the protein, the indole
possesses a reduced heteronuclear NOE (Figure 2). Upon
binding of SB225666, the heteronuclear NOE increases
substantially, indicating a reduced flexibility of the side chain
on a pico- to nanosecond time scale. The model-free results
for this tryptophan are consistent with a significant reduction
in side chain flexibility as well. It is not yet clear which
factors are responsible for the reduction of the flexibility of
the indole. It is possible that the tryptophan interacts with

FIGURE 5: Effective correlation times for internal motion mapped onto the X-ray crystal structure (15) for the free and inhibitor-bound
forms of the protein. Long correlation times (τe > 500 ps) are shown in hot pink (model 5), while intermediate correlation times (10> τe
> 500 ps) are shown in light pink (model 2). Residues with fast internal motions (τe < 10 ps) are shown in gray. Residues that were not
fit any model or residues for which relaxation data was unobtainable due to spectral overlap are shown in white. Inspection of the figure
reveals that differences in time scales of motion are localized to the active site region. For the major flap, the averageτe is 720 ps, while
residue 188 of the minor loop possesses aτe of 1600 ps. For the same residues of the inhibitor bound protein, only residues 44, 45, 48, and
49 (all model 2) possess a small averageτe of 15.8 ps.
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the substrate (e.g., through the thiazoline moiety) and is
mainly responsible for the pinning down of the flap against
the inhibitor. Alternatively, the flap could be pinned down
against the inhibitor through interactions that do not involve
the tryptophan side chain, and thus, the reduction in flexibility
of the indole is a fortuitous consequence of such interactions.
For example, as suggested by Herzberg and co-workers (16),
residues 44, 46, 52, and 72 on the active site side of the flap
may form a hydrophobic pocket into which theâ-side chain
of many lactam-based antibiotics may be well-accom-
modated. It is possible that such hydrophobic protein-
substrate interactions would result in a decrease in flexibility
of the entire flap, including the indole at its apex. It is also
plausible that a combination of nonspecific hydrophobic and
specific side chain protein-substrate interactions results in
the observed tightening of the binding pocket upon incor-
poration of substrates. We are presently investigating the
nature of such interactions to better characterize the exact
role of the tryptophan side chain in the binding of substrates.

In 1998, Fitzgerald and co-workers (47) reported the
unanticipated inhibition of this lactamase by 4-morpho-
lineethanesulfonic acid (MES). Shortly thereafter, Toney et
al. (48) reported antibiotic sensitization of the metallo-â-
lactamase fromB. fragilis using biphenyl tetrazoles as
inhibitors. In each instance, X-ray crystal structures of the
enzyme bound to either MES or to biphenyl tetrazole L-159,-
061 localized the inhibitors within the enzyme binding site.
However, there was no correlation to how the inhibitors were
oriented, each taking up a different position within the
binding site. In addition, the relative position of the major
flap was shown to bend slightly toward the substrates relative
to the unbound form of the enzyme. However, the extent to
which the flap closed down upon the inhibitors was variable
among structures. Our results suggest that polypeptide chain
dynamics of the flap and minor active site loop gives rise to
a plastic binding site that can mold around substrates of
varying size and composition. This plasticity is a necessary
and underlying determinant for the full catalytic function of
the enzyme.

One of the major concerns in the proliferation of the
metallo-â-lactamases is the broad substrate specificity of this
enzyme, which allows bacteria to resist whole classes of
antibiotics such as penicillins and cephalosporins. Deriva-
tization of the antibiotic in an effort to combat resistance
will clearly be rather ineffective for bacteria that harbor
metallo-â-lactamases. An essential component for the broad
substrate specificity of the metallo-â-lactamase fromB.
fragilis and similar antibiotic-resistant organisms is the
presence of a dynamic binding site, which is capable of the
tight binding of structurally diverse substrates.
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