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Metallo-b-lactamases challenge antimicrobial therapies by their ability to
hydrolyze and inactivate a broad spectrum of b-lactam antibiotics. The
potential of these enzymes to acquire enhanced catalytic efficiency through
mutation is of great concern. Here, we explore the potential of
computational protein design to predict mutants of the imipenemase
IMP-1 that modulate the catalytic efficiency of the enzyme against a range
of substrates. Focusing on the four amino acid positions 69, 121, 218, and
262, we carried out a number of design calculations. Two mutant enzymes
were predicted: the single mutant S262A and the double mutant F218Y-
S262A. Compared to IMP-1, the single mutant (S262A) results in the loss of
a hydroxyl group and the double mutant (F218Y-S262A) results in a
hydroxyl transfer from position 262 to position 218. The presence of both
hydroxyl groups at positions 218 and 262 was tested by examining the
mutant F218Y. Kinetic constants of IMP-1, the two computationally
designed mutants (S262A and F218Y-S262A), and the hydroxyl addition
mutant (F218Y) were determined with seven substrates. Catalytic
efficiencies are highest for the enzyme with both hydroxyl groups
(F218Y) and lowest for the enzyme lacking both hydroxyl groups
(S262A). The catalytic efficiencies of the two enzymes with one hydroxyl
group each are intermediate, with the F218Y-S262A double mutant
exhibiting enhanced hydrolysis of nitrocefin, cephalothin, and cefotaxime
relative to IMP-1.
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Metallo-b-lactamases (MBLs) are important com-
ponents of the bacterial defense mechanism against
antibiotics. They catalyze the hydrolysis and
inactivation of b-lactam substrates such as
penicillins, cephalosporins, and carbapenems.
Over the last decade, they have become a world-
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wide clinical problem due to their broad substrate
spectra, potential for horizontal transference, and
the absence of clinically useful inhibitors. All MBLs
exhibit a unique abba fold; the active site consists of
two zinc-binding sites and is located at one edge of
the bb sandwich.1 The Zn1 binding site is formed by
His, Asn, or Gln at position 116, and His at positions
118 and 196, while Zn2 is ligated by Asp120,
Cys221, and His263.2 Most MBLs show maximum
activity only when two zinc ions are bound, and the
employment of Zn2 has been interpreted as an
evolutionary adaptation to improve catalytic
efficiency.3 An important function of Zn2 is to
stabilize an anionic intermediate, in which the
amide bond of the b-lactam ring is cleaved,
but the emerging nitrogen atom is not proto-
nated.4,5 The anionic intermediate is coordinated
to Zn1 via the carboxyl group and to Zn2 via
d.
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the anionic nitrogen atom resulting from amide
bond cleavage.5 The enhanced stability of the
enzyme-substrate intermediate complex results in
significantly increased kcat and kcat/KM values for
the binuclear MBL CcrA from Bacteroides fragilis
compared to the corresponding mononuclear
enzyme,3 and the breakdown of the intermediate
becomes the rate-limiting step.3–5 Binuclear MBLs
can improve catalytic efficiency further by mutating
residues other than the essential zinc ligands. This
is well documented for the imipenemases (IMP-n).
IMP-1 likely evolved from IMP-36 via IMP-6;7 IMP-1
differs from IMP-6 and IMP-3 by only one and two
mutations, respectively. Molecular dynamics (MD)
simulations indicate that Ser262 in IMP-1 supports
the zinc ligand His263 in the presence of certain
substrates (ceftazidime, CAZ; cephaloridine, LOR;
benzylpenicillin, PEN; ampicillin, AMP; and
imipenem, IMP) and leads to increased catalytic
efficiencies compared to IMP-3 and IMP-6, which
have Gly at position 262.8 In contrast, other
substrates (cephalothin, CEF; cefotaxime, CTX;
and nitrocefin, NIT) are not affected significantly
by the G262S mutation.6,9 Materon and co-workers
employed codon randomization to explore the
effect of mutations in and near the active site of
IMP-1 on antibiotic resistance.10,11 They observed
that cells harboring the S262G mutant were viable
in the presence of CTX, but not in the presence of
IMP, LOR, or AMP; in general, the sequence
requirements for efficient inactivation of IMP,
LOR, and AMP were found to be stricter than for
inactivation of CTX.11 In a study combining MD
simulations to screen for novel MBL mutants and
experimental determination of catalytic efficiencies,
we observed that IMP-6 can easily improve
hydrolysis of NIT, CEF, and CTX by point
mutations, whereas only two of the point mutants
investigated, G262A and G262S (IMP-1), exhibit
improved conversion of CAZ, PEN, AMP, and
IMP, with IMP-1 being the most efficient enzyme.
Figure 1. Stereo image of the IMP-1 active site and the des
mercaptocarboxylate inhibitor (MCI, balls and sticks, colored
ions (cyan spheres) are shown for orientation. The zinc ligan
calculations. The redesigned residues are shown in orange.
green. Molecular graphics were generated with MOLMOL.28
On the basis of the different behavior of the
tested substrates, we classified them as either type
I (NIT, CEF, and CTX) or type II (LOR, CAZ, PEN,
AMP, and IMP).9 Type I substrates are converted
well and many mutations improve conversion
compared to IMP-1 and IMP-6; type II substrates
are converted less efficiently and most
mutations decrease catalytic efficiency relative to
IMP-1.

Here, we explore the ability of computational
protein design to predict efficient MBL mutants. In
accordance with our previous study,9 we designed
positions 69, 121, 218, and 262 of IMP-1 (Figure 1).
These residues are not directly in the active site, are
not in contact with the substrate, and do not
coordinate zinc. The coordinates of IMP-1 in
complex with a mercaptocarboxylate inhibitor
(chain A of PDB entry 1DD6)12 were used as the
template for computational design. Only single
nucleotide changes in the IMP-6 gene that do not
result in amino acids with altered charge or cysteine
were allowed. Thus, the following amino acids
were considered: Lys and Arg at position 69; Ser,
Asn, Thr, Ile, and Gly at position 121; Phe, Leu, Ser,
Tyr, Ile, and Val at position 218; and Gly, Ser, Ala,
and Val at position 262. Possible side-chain confor-
mations were represented by a backbone-
dependent rotamer library13 expanded by one
standard deviation about c1 and c2 for all amino
acids except Arg and Lys. The energy function used
is based on the DREIDING force field14 and
includes a scaled van der Waals term,15 hydrogen
bonding and electrostatics terms,16 and a surface
area-based solvation term.17 Since none of the
designed residues is in contact with the zinc ions
or the inhibitor, these were deleted prior to the
calculations. In order not to disturb the zinc and
inhibitor-depleted active site, zinc-ligating residues
were fixed in their crystallographic conformations
(Figure 1). In a first set of calculations (1A–C), all
other residues of the protein except the designed
igned residues. Although not included in the design, the
by atom: grey, C; red, O; blue, N; yellow, S) and the zinc
ds are shown in blue and were kept fixed in the design
The residues floated in calculations 2A–C are shown in
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positions were fixed as well. In a second set of
calculations (2A–C), all residues within a radius of
4 Å from the side-chain heavy atoms of the
designed residues were floated; that is, allowed to
change to a different rotamer while keeping the
same amino acid identity (Figure 1). This was done
to check whether movements of neighboring
residues would change the design results. The
floated residues were Ser57, Leu72, Ile83, Asp84,
Ser115, and Val260. Each set of calculations
consisted of three runs with different parameters.
In 1A and 2A, a van der Waals scale factor, a, of 0.9
was used, in 1B, 1C, 2B, and 2C, a was set to 0.8; a
determines the importance of packing in design
calculations. Whereas 0.9 is the value of a used
typically,15 lower values can help compensate for
the restrictive effects of a fixed backbone.18 In
calculations 1A, 1B, 2A, and 2B, the non-polar
burial energy, snp, and the polar burial energy, sp,
were 0.02 kcal molK1 ÅK2 and 0.04 kcal molK1 ÅK2,
respectively. In 1C and 2C, snp and sp were set to
0.026 kcal molK1 ÅK2 and 0.1 kcal molK1 ÅK2,
respectively (Table 1). An algorithm based on the
dead-endelimination theorem19,20wasused to obtain
the minimum energy amino acid sequences and
conformations.

Design calculations 1A, 1C, 2A, and 2C resulted
in a point mutant, S262A. The identical enzyme,
resulting from a G262A mutation in IMP-6, was
predicted to exhibit high catalytic efficiencies in MD
simulations (unpublished results). Experimental
studies showed that the catalytic efficiencies of the
G262A mutant of IMP-6 toward type I substrates
equaled those of IMP-1 and IMP-6, whereas its
efficiencies toward type II substrates were lower
than those of IMP-1 but higher than those of IMP-6.9

Due to the stringent van der Waals scale factor
(a 0.9) in calculations 1A and 2A, and the high polar
burial penalty (spZ0.1 kcal molK1 ÅK2) in calcu-
lations 1C and 2C, Ala was preferred over Ser.
Interestingly, using a smaller van der Waals scale
factor (a 0.8) in combination with a lower
polar burial penalty (spZ0.04 kcal molK1 ÅK2)
(calculations 1B and 2B) still did not produce
wild-type Ser at this position, as might have been
expected. However, in addition to the S262A
mutation, the Phe at position 218 was replaced by
Tyr. This F218Y-S262A double mutant of IMP-1
provides an interesting case study for a hydroxyl
exchange from residue 262 to residue 218. In the
designed proteins, the Tyr218 hydroxyl oxygen
atom is 3.5 Å away from the position of the Ser262
Table 1. Computational parameters and mutations resulting

Calculation a snp (kcal mo

1A 0.9 0.02
1B 0.8 0.02
1C 0.8 0.026
2A 0.9 0.02
2B 0.8 0.02
2C 0.8 0.026
hydroxyl oxygen atom in IMP-1. We have recently
observed that Ser262 yields the highest catalytic
efficiencies toward type II substrates9 by supporting
His263 through a domino effect:8 the Ser side-chain
fills in a hole next to His263 and interacts with
Lys69; Lys69 for its part additionally stabilizes
His263 via its neighbor Pro68, whose backbone
hydrogen bonds to the His263 side-chain. The
domino effect stabilizes the enzyme-substrate inter-
mediate complex when the R2 side-chain at C3 of
cephalosporins or C2 of carbapenems is positively
charged, or C2 of penicillins has axial methyl
groups.8 Here, we investigated whether the
hydroxyl group on Tyr218 close to residue 262 has
an effect similar to that of the hydroxyl group of
Ser262. Another interesting aspect is that in the
crystal structure of IMP-1 (PDB entry 1DD6)12 the
hydroxyl oxygen atom of Ser262, which is located in
a loop of the C-terminal b-sheet, is very close (3.6 Å)
to the side-chain nitrogen atom of Lys69, which is
located in the opposite N-terminal b-sheet
(Figure 2). Although not within hydrogen bonding
distance in the crystal structure, an electrostatic
interaction between these two residues might
stabilize the bb sandwich and facilitate protein
folding. Also, Lys69 is located in one of the two
antiparallel strands that extend into the b-hairpin
loop covering the active site (residues 60–66). It has
been shown that this loop, which includes Trp64,
plays an important role in substrate binding and
catalysis.21,22 Thus, the interaction between Ser262
and Lys69 might be important for the proper
orientation of this loop over the active site, effective
substrate binding, and efficient catalysis. In the
designed F218Y-S262A double mutant, the Tyr218
hydroxyl group is positioned to interact with Lys69:
the distance between the Lys69 side-chain nitrogen
atom and the Tyr218 hydroxyl oxygen atom is 2.8 Å.
Thus, Tyr218 could play a role similar to Ser262,
stabilizing the structure and facilitating catalytic
activity.
The biophysical properties and catalytic

efficiencies of the designed F218Y-S262A double
mutant (henceforth named OH-X for hydroxyl
exchange) were investigated experimentally and
compared to those of IMP-1. We also studied two
IMP-1 point mutants as controls: S262A, which has
no hydroxyl groups on position 218 or 262 (named
OH-0), and F218Y, which has hydroxyl groups on
both residues (named OH-2). Models of all four
enzymes are shown in Figure 2.
Using PCR-based site-directed mutagenesis, the
from the design calculations

lK1 ÅK2) sp (kcal molK1 ÅK2) Mutations

0.04 S262A
0.04 F218Y, S262A
0.1 S262A
0.04 S262A
0.04 F218Y, S262A
0.1 S262A



Figure 2. Model of IMP-1 struc-
ture (left) and the regions compris-
ing residues 69, 218, and 262 of the
mutant enzymes. The a-helices are
shown as red and yellow ribbons,
b-sheets are shown as cyan ribbons,
and unordered loops are shown as
grey tubes. Zinc ions are shown as
green spheres. Lys69, Phe/Tyr218,
Ser/Ala262, and the zinc ligand
His263 are shown as sticks, colored
by atom. Mutations and the net
changes in the number of hydroxyl
groups that led to each enzyme
starting from IMP-1 are indicated
with arrows.
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desired mutations were introduced into the IMP-1
gene on a vector for cytoplasmic expression (kindly
provided by Merck). All four enzymes were over-
expressed successfully in Escherichia coli BL21(DE3)
cells (Stratagene) with 20–60% found in the soluble
fraction after cell lysis. All were purified and
characterized as described.9 The molecular masses
determined by electrospray mass spectrometry
corresponded to the theoretical values, and the
zinc contents were between 1.6 and 2.0 zinc ions per
molecule. In order to explore the impact of the
hydroxyl groups at positions 218 and 262 on protein
secondary structure and stability, we carried out
circular dichroism (CD) wavelength scans and
temperature melts (Figure 3). The CD wavelength
scans produced for each of the purified enzymes
were nearly superimposable (Figure 3(a)). The
small differences in molar ellipticities are within
the experimental error of the determination of
protein concentration. For IMP-1 and OH-2, tem-
perature melts yielded curves that could be fit to a
two-state model (Figure 3(b)). The apparent (non-
reversible) melting temperatures were 72 8C for
IMP-1 and 71 8C for OH-2. In contrast, the melting
curves obtained with OH-0 and OH-X could not be
fit to a two-state model. Up to 69 8C, the melting
curve of OH-X was congruent with that of OH-2;
however, unfolding was not complete until 82 8C
compared to 78 8C for IMP-1 and OH-2. The
unfolding curve of OH-0 also exhibits non-two-
state behavior. For OH-X and OH-0, the apparent
melting temperatures were estimated to be 74 8C
and 68 8C, respectively. Once unfolding was com-
plete, no refolding was observed for any of the
enzymes upon lowering the temperature,
consistent with the proposal that zinc chaperones
might be involved in zinc incorporation23 and
proper folding of MBLs.24 Nevertheless, under
physiological conditions all investigated enzymes
are stable.
Kinetic constants of the four enzymes were
determined with seven substrates; the catalytic
efficiencies are shown in Figure 4 (and Table S1
in the Supplementary Data). Clearly, OH-2 is the
most efficient enzyme, exhibiting higher catalytic
efficiencies toward all substrates except CTX, for
which it equals OH-X. In contrast, OH-0 is the
least efficient enzyme. This observation suggests
that hydroxyl groups at the bb sandwich inter-
face are beneficial for enzyme activity. For OH-2,
KM was always two to five times lower than for
the other enzymes, suggesting that the presence
of two hydroxyl groups favors substrate binding.
The activities of IMP-1 and OH-X are more
diverse: with penicillins (PEN and AMP), these
two enzymes are equally efficient, whereas OH-
X is more efficient toward the type I substrates
NIT, CEF, and CTX, and IMP-1 is more efficient
toward CAZ and IMP. In other words, exchange
of the hydroxyl groups of residues 262 and 218
results in altered substrate specificity. Interest-
ingly, the activities of the two enzymes with one
hydroxyl group at the two residues were always
between those of the enzymes with no and two
hydroxyl groups. Adding a hydroxyl group to
OH-0 at position 262 improves conversion of
CAZ and IMP, which have positively charged R2

side-chains, while adding a hydroxyl group at
position 218 does not improve CAZ or IMP
hydrolysis. Thus, with these substrates the
interaction between the hydroxyl group and
Lys69 seems to stabilize His263 via Pro68 only
when the hydroxyl group is at residue 262.
Adding a hydroxyl group to either Ala262 or
Phe218 improves conversion of PEN and AMP
equally, suggesting that with these substrates it
is not critical where the hydroxyl group is
located. Adding the hydroxyl group at position
262 (IMP-1) does not improve conversion of type
I substrates, consistent with the observation that



Figure 3. CD experiments with IMP-1 and three
mutants in 5 mM sodium phosphate buffer (pH 7.0),
containing 100 mMzinc sulfate. (a) For each enzyme, three
wavelength scans from 250–190 nm were recorded at
25 8C and averaged. (b) Curves of thermal denaturation.
Protein samples were heated from 1 8C to 99 8C in 1 deg. C
increments while monitoring CD ellipticity at 218 nm. To
facilitate comparison, ellipticities were converted to
fraction unfolded.

Figure 4. Catalytic efficiency (kcat/KM) of IMP-1 and
three mutants toward seven substrates. Initial velocities
were determined and the kinetic constants kcat and KM

were obtained as described.9 Values are averages of three
measurements and the error bars indicate standard
deviations. Values for IMP-1 and OH-0 (IMP-6-G262A)
are taken from our earlier work.9
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the domino effect does not play a role with these
substrates.6,8,9 The reason for the enhanced
activity of OH-X toward these substrates is not
clear and is under further investigation. MD
simulations indicate that conformational changes
in the Zn2 region of the active site allow for
more productive substrate intermediate binding
(unpublished results). Interestingly, the beneficial
effects of adding a single hydroxyl group to
either Ala262 or Phe218 are additive when
introducing both groups, resulting in OH-2
with overall improved catalytic efficiencies. As
reported previously,9 substrate inhibition
kinetics25 was observed for NIT with enzymes
that have Tyr at position 218 (OH-2 and OH-X).
The fact that OH-2 (IMP-1-F218Y) can evolve

from IMP-1 by only one nucleotide change and its
superior substrate spectrum suggest that this
enzyme might be found in clinical isolates in the
future. In all published IMP-n amino acid
sequences, Phe218 is strictly conserved.26 In codon
randomization studies, residue 218 was not
mutated because it is remote from the active
site.10,11 Also, an in vitro evolution study predicted
that IMP-1 cannot evolve to an improved enzyme
toward IMP.27 Indeed, in our hands, the catalytic
efficiency of OH-2 toward IMP was only slightly
higher than that of IMP-1 (4.5(G0.7) sK1 mMK1

compared to 3.1(G0.1) sK1 mMK1). This was not
sufficient to confer higher resistance levels to E. coli
BL21(DE3) host cells expressing OH-2 compared to
cells expressing IMP-1 in minimum inhibitory
concentration assays (data not shown). However,
it should be kept in mind that IMP-1 is already a
very efficient enzyme for a broad spectrum of
substrates, and other processes like transport and
diffusion of the antibiotic within the cell might limit
conversion; this is especially true for our experi-
ments, where the MBL was expressed in the
cytoplasm as opposed to the periplasm of the
original bacteria.
In conclusion, using computational protein

design, we discovered efficient MBL variants
that were not found in previous mutagenesis
studies and would probably not be expected from
bioinformatics approaches due to the strict
conservation of Phe218. This underlines the
importance and potential of computational
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protein design for the investigation and design of
enzymes.
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