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Abstract—We have applied pharmacophore generation, database searching, docking methodologies, and experimental enzyme
kinetics to discover new structures for design of di-zinc metallo-b-lactamase inhibitors. Based on crystal structures of class B1 metal-
lo-b-lactamases with a succinic acid and a mercapto-carboxylic acid inhibitor bound to the enzyme, two pharmacophore models
were constructed. With the Catalyst program, these pharmacophores were used to search the ACD database, which provided a total
of 74 hits representing four different chemical classes of compounds: Dicarboxylic acids, phosphonic and sulfonic acid derivatives,
and mercapto-carboxylic acids. All hits were docked into different metallo-b-lactamases (from classes B1 and B3) using the GOLD
docking program. A selection scheme based on the GOLD scores, the Catalyst fit and shape values, and the size of the compounds
(molecular weight, surface area, and number of rotatable bonds) was developed and thirteen compounds representing all four chem-
ical classes were selected for experimental studies. Three compounds with new scaffolds hitherto not present in metallo-b-lactamase
inhibitors have IC50 values less than 15 lM and may serve as starting points in the design of metallo-b-lactamase inhibitors.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

One of the major mechanisms underlying bacterial resis-
tance is the production of b-lactamases which are
enzymes capable of hydrolyzing b-lactam-containing
antibiotics such as penicillins. b-Lactamases have been
divided into four classes, A–D,1 where classes A, C,
and D contain a serine in the active site that is involved
in catalysis, and class B are the so-called metallo-b-lac-
tamases (MBLs) that require metal ions for catalytic
activity. The MBLs hydrolyze a broad spectrum of lac-
tam-antibiotics, and in contrast to the serine-b-lacta-
mases carbapenems are also cleaved.
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The MBLs have been divided into subclasses B1–B3 based
on their amino acid sequences.2,3 Crystal structures have
been determined for the subclass B1 enzymes from
Bacillus cereus (BCII), Bacteroides fragilis (CcrA),
Pseudomonas aeruginosa (IMP-1), and Chryseobacterium
meningosepticum (BlaB),4–15 Aeromonas hydrophila
(CphA) from subclass B2,16 and Stenotrophomonas
maltophilia (L1) and Fluoribacter gormanii (FEZ-1) for
the subclass B3 enzyme.17,18 They have revealed that
two metal ions may be bound, with a water molecule
bridging them, which is likely to perform a nucleophilic
attack on the lactam ring. Some of the MBLs can, howev-
er, also function as mononuclear enzymes.19 The present
views on the roles of metal ion(s) in metallo-b-lactamases
and a possibly variable metal ion content under physio-
logical conditions have been reviewed recently.20

Various types of MBL inhibitors of subclasses B1–B3
have been reported in the literature, for example, triflu-
oromethyl alcohols and ketones,21 biphenyl tetrazoles,13
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Figure 1. Inhibitors co-crystallized with IMP-1 (PDB codes 1JJT14 and 1DD68).
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Figure 2. (a) A succinic acid inhibitor in complex with IMP-1 (PDB

code 1JJT).14 (b) Enzyme–ligand contacts for IMP-1 (PDB code

1JJT).14 The amino acids are numbered according to Galleni et al.2
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b-lactams as carbapenem derivatives,22 cephamycins,
moxalactam,23 and 6-methylidene penems,24 hydroxa-
mic acids,25 thiols,26–28 peptides,29,30 thioesters,26,28,31

mercapto-carboxylates,8,26,27,32 2,3-disubstituted succi-
nic acids,14 tricyclic natural compounds,12 and sul-
fonylhydrazones.33 In particular, the 2,3-disubstituted
succinic acids14 and mercapto-carboxylic inhibitors8,26

are potent inhibitors with inhibition constants in the
3–90 nM-range.

Structures of MBL–inhibitor complexes have been
solved for some of the most potent types of inhibitors,
two of the 2,3-disubstituted succinic acids (PDB codes:
1JJT and 1JJE)14 and the mercapto-carboxylic acid
inhibitors (PDB code: 1DD6)8 (Fig. 1). The 2,3-disubsti-
tuted succinic acids bind to IMP-1 (Fig. 2) with the car-
boxylate groups coordinating to the zinc ions, Lys224
and Asn233 (the amino acids are numbered according
to the standard numbering scheme throughout the pa-
per2,3), whereas the aromatic substituents interact with
the hydrophobic amino acid residues in a flexible flab
of the enzyme. The mercapto-carboxylic acid compound
(Fig. 1)8 binds with its sulfur bridging the two zinc ions,
whereas the carboxylate and the hydrophobic parts of
the inhibitor bind in the same manner as reported for
the succinic acid inhibitors. Complexes for the CcrA en-
zyme have also been solved with MES (1A7T),10 a
biphenyl tetrazole (1A8T),13 and tricyclic carboxylic
acid (1KR3).12 The two latter studies show that mainly
the zinc ion site, in which an Asp, a Cys, and a His coor-
dinate to the zinc ion, is involved in the binding of the
inhibitor.

Although a number of inhibitors have been reported,
none of them have been developed into drugs. This work
aims at identifying new structures which may serve as new
leads for MBL inhibitors. The work includes pharmaco-
phore generation, database searching and docking meth-
odologies, and subsequent experimental determinations.
2. Results and discussion

2.1. Database search and characterization of the hits

The succinic acid and mercapto-carboxylic acid inhibi-
tors, that are shown in Figure 1, have been co-crystallized
with the IMP-1 enzyme and are currently some of the
most potent known MBL inhibitors. Three 3D pharma-
cophores were generated from the crystallized ligands
(Figs. 9 and 10) and ACD searched for compounds map-
ping to the pharmacophores. This resulted in 68 and 31
hits for the pharmacophores generated from the inhibitor
crystallized in the 1JJT and 1DD6 structures, respectively,
of which 25 were identical. Thus, 74 hits in total were ob-
tained from the database searches.

To characterize the hits, descriptors were calculated,
that are related to: size (surface areas and molecular
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weight) and flexibility (number of rotatable bonds) of
the compound, and how well they fit the pharmaco-
phoric elements (Catalyst fit and shape values) and into
the enzyme (GOLD score). The reason for taking the
size of the compound into consideration is that the affin-
ity or other properties subsequently can be optimized by
introducing other chemical groups without ending up
with too large a compound. Restricted flexibility of the
compound is advantageous with respect to binding affin-
ity, since it will only lose little entropy when being
bound to the enzyme. To determine how well the com-
pound fits into the active site of the enzyme, the GOLD
score was used, because it can be correlated to the MBL
affinity within different chemical classes with respect to
the metal ion binding group.34

The descriptors of the hits were analyzed using PCA.
Enzyme–compound complexes with high GOLD scores
are found in the lower right part of the loadings plot
(Fig. 3a), whereas compounds that fit the defined phar-
Figure 3. (a) Loadings plot from the principal component analysis of

the molecular descriptors. Fit, catalyst fit value; shape, catalyst shape

value; 1JJT/1BVT/1SML, GOLD score when docked into 1JJT/1BVT/

1SML, # rot bonds, number of rotatable bonds; Mw, molecular

weight; AREA, non-polar surface area; PSA, polar surface area. (b)

Score plot from the principal component analysis. The following

abbreviations are used for ligands containing carboxylic acid groups,

COO; phosphonic acid derivatives, POn; mercapto-carboxylates:

SCOO; sulfonic acid derivatives SO3.
macophoric features are in the upper right part. Small
compounds can be found in the right part of the plot,
since the descriptors that are related to size (molecular
weight and surface area) are in the left part of the load-
ings plot.

Most of the hits contain carboxylic acids (mainly dicar-
boxylic acids) and Figure 3b shows that most of them
are located in the right part of the PCA plot, indicating
that they may have a high GOLD score, are small, or fit
the pharmacophoric elements well. Most of the sulfonic
acid derivatives are further to the left in the score plot,
which indicates that they generally are larger in size,
fit the pharmacophore less well, or that the GOLD score
is lower.

2.2. Selection of compounds for experimental testing

Based on the PCA (loadings plot, Fig. 3a), compounds
found in the blue triangle in Figure 4 would in general
be relatively small and have reduced flexibility, fit the
pharmacophoric elements, and have good enzyme–
ligand contacts. Thus, hits in that region with different
metal ion binding groups were selected for experimental
determinations of the IC50 values.

The selected compounds are shown in Figure 5, and
descriptors used to characterize them are given in
Table 1. All these compounds, except for compound
XII, are found to the right in the score plot. Most of
the selected compounds are dicarboxylic acids, that are
either clustered in the lower right (compounds I–V, X)
or in the upper right part (compounds VI–IX) of the
score plot. Compounds I–V and X have many flexible
bonds (8–10), are generally of moderate molecular
weight (350–400), and have GOLD scores of around
70–95. Compounds VI–IX are relatively small (molecu-
lar weight less than 320), have few rotatable bonds (4–
6) and fit the pharmacophore well (fit value of 3.6–3.8).

The only selected compound found to the left of the
center in the score plot is a sulfonic acid derivative
P
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Figure 4. Schematic drawing of the score plot with the first principal

component (PC) plotted against the second one. Regions in the score

plot, that was used to select compounds for experimental determina-

tions of the IC50 value, are colored blue.



Figure 5. Compounds selected for experimental determinations of the IC50 value.

Table 1. Molecular descriptors of the compounds that were selected for experimental determination of the IC50 value

Compounda Database search GOLD scorese Molecular size

Fitc Shaped BCII IMP-1 L1 # Rot bondsf Mwg AREAh PSAi

I 2.20 0.58 79 96 85 9 384 642 178

II 0.30 0.54 70 96 73 9 316 544 160

IIIb 1.44 0.53 93 97 82 9 356 579 178

IV 2.18 0.55 74 93 70 9 356 579 178

Vb 2.63 0.61 66 91 81 8 408 649 210

VI 3.58 0.60 64 87 65 4 306 499 164

VII 3.72 0.63 66 87 66 4 306 517 173

VIII 3.72 0.70 63 90 47 4 320 660 136

IX 3.76 0.61 73 88 75 6 300 503 133

X 2.60 0.63 82 81 81 10 390 627 187

XI 3.24 0.64 72 74 68 4 368 606 167

XII 0.56 0.53 67 74 64 5 369 565 358

XIIIb 3.47 0.54 66 50 79 4 336 565 190

a Compounds selected for experimental determination.
b The pharmacophore was generated from the mercapto-carboxylate inhibitor that is co-crystallized in IMP-1 (PDB code 1DD6). All other hits were

obtained from the search with the pharmacophore generated from the succinic acid that is co-crystallized in IMP-1 (PDB code 1JJT).
c Catalyst fit value.
d Catalyst shape value.
e Gold score when docked into BCII/IMP-1/L1.
f Number of rotatable bonds.
g Molecular weight.
h Non-polar surface area in Å2.
i PSA, polar surface area Å2.
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Figure 6. Compounds III (C atoms cyan), V (C atoms grey), VI (C

atoms green), and VII (C atoms blue) in the orientation when docked

into IMP-1. The electrostatic surface of the succinic acid inhibitor that

was crystallized with the enzyme (see Fig. 1) is also shown.
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(compound XII). It has, however, the most positive first
principal component contribution of this class of com-
pounds, indicating that it has some of the desired
properties.

2.3. Analysis of active compounds

The pharmacophores were developed on the basis of
two potent inhibitors (Fig. 1) crystallized with the di-
zinc IMP-1 enzyme. Accordingly, the experimental test-
ing and docking of the compounds into the enzymes was
performed for the di-zinc BCII and L1 enzymes. The
BCII enzyme functions with either one or two zinc ions
present,35 but by considering the di-zinc enzyme, the
problems associated with which metal site, that is occu-
pied for the mono-zinc species, can be avoided.36 Fur-
thermore, inhibition of subclass B1 and B3 enzymes is
usually determined under di-zinc conditions. Thus, we
have worked with the di-zinc enzyme to obtain data
which are comparable with other published data.

Among the 13 tested hits, compounds VI, VII, and XIII
are inhibitors with IC50 values in the 10–100 lM range,
see Table 2. Due to strong absorbance in the same UV
region as the substrate, it was not possible to use higher
concentrations of compound XI. The other compounds
all have IC50 values that are larger than 100 lM. For
most of the compounds, a lower limit and not the exact
IC50 value was determined.

As mentioned earlier, there are two clusters in the score
plot from the PCA for the dicarboxylic acid compounds
(Fig. 3b). Both clusters contain compounds that have
high GOLD scores when docked into the enzyme, and
they mainly differ in the size and number of rotatable
bonds. Interestingly, the two carboxylic acid-containing
hits that are inhibitors (compounds VI and VII) are both
found in the cluster in the upper right part of the score
plot, whereas none of the compounds in the other clus-
ter of compounds showed inhibition.
able 2. IC50 values (in lM)a

Compound BCII L1

I >1000 >1000

II >500 >500

III >1500 >50,000

IV >1000 >1000

V >100 >100

VI 14 150

VII 7 30

VIII 1000 250

IX 2500 300

X >2500 >1000

XI >40 >200

XII >100 >100

XIII 100 15

For many of the compounds, IC50 values are given as lower limits,

because the maximum concentration applicable for inhibition studies

was limited, either due to limited solubility or strong light absorption

in the range used to follow substrate hydrolysis. In all cases, some

inhibition was observed, but the investigated concentration range did

not allow extrapolation to precise numerical IC50 values. The IC50

values have a standard deviation of 20–30%.
T

a

Figure 6 shows two compounds from each cluster, com-
pounds III and V from the lower, and VI and VII from
the upper parts of the PCA plot, in the orientation when
docked into the IMP-1 enzyme. The binding modes in
BCII and IMP-1 are very similar. The high GOLD
scores indicate that these compounds fit well into the en-
zyme. The dockings reveal that their binding modes are
similar to those of the succinic acids crystallized with
IMP-1.14 The two carboxylate groups coordinate to
the zinc ions and the aromatic groups bind in hydropho-
bic regions of the enzyme. Compounds III and V clearly
occupy more space in the cavity than VI and VII, but
not more than the inhibitor that was crystallized with
the enzyme (the electrostatic surface of this inhibitor
shown in the figure). The fact that the GOLD scores
are high for all compounds also indicates that there is
space enough for III and V. However, compounds III
and V differ from VI and VII in the polarity and flexibil-
ity of the ligand, as also indicated by their presence in
the other cluster of carboxylic acid-containing com-
pounds. In contrast to compounds VI and VII, com-
pound III contains two carbonyl oxygen atoms, and a
further inspection of docked structures reveals that there
are no hydrogen bonds between the carbonyl oxygen
atoms in the ester groups and the enzyme, which clearly
is unfavorable. This is probably also the reason why
compounds I, II, IV, X, and XII have high GOLD
scores but experimentally demonstrate only weak bind-
ing. Compound V has more rotatable bonds than VI
and VII, and will therefore lose more entropy when
binding to the enzyme, which is also clearly unfavorable
for binding.

Since there is no penalty in the GOLD score for missing
hydrogen bonds between the ligand and enzyme, consid-
ering only GOLD in the selection process may result in
too many false positives. In addition, loss of entropy
when the ligand is binding to the enzyme is not included
in the GOLD scoring function, and therefore it is neces-
sary to consider the same when selecting ligands for
experimental testing. These effects contribute to placing
two of the dicarboxylic acid inhibitors in the cluster of
compounds in the upper part of the PCA plot.

Figures 7 and 8 show the docked structures of com-
pound VII bound to BCII and compound XIII bound
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Figure 8. Compound XIII docked into the MBL from L1 (1SML) with

the GOLD program.
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to the L1 enzyme. The phenyl groups of compound VII
make favorable hydrophobic interactions with Val67,
Ala119, and Trp87 in BCII. The carboxylate groups
bind to the zinc ions and to Lys224. Since compound
VI is very similar to VII, the docked structures have sim-
ilar binding modes. It is notable that there is a 10-fold
difference in the IC50 value between compound VI
bound to BCII compared to that L1. Although being
similar to bound succinic acids, this scaffold with the
carboxylic acid groups directly attached to a five-mem-
bered hetero-cyclic aromatic ring is, to our knowledge,
new.

Dockings of compound XIII into L1 suggest that it
binds with the sulfur bridging the two metal ions and
the carboxylate group to the zinc ion and two serines
(Ser221 and Ser225). The aromatic rings interact with
hydrophobic groups (Tyr33, Val35, Trp39, Phe156,
and Ile162) in the enzyme. Such binding mode of a mer-
capto group has previously been suggested based on
spectroscopic37 and docking studies,38 and observed in
the 1DD6 crystal structure.8 The methyl group on one
of the aromatic groups points directly toward Phe156.
Compound XIII was identified from the database search
using a pharmacophore that was generated from the
ligand which is crystallized with IMP-1 (1DD6). In
contrast to most of the other selected compounds that
were identified in the other database search, it is not
symmetric as a result of the pharmacophore not being
symmetric. This type of inhibitor also contains a new
scaffold compared to other known MBL inhibitors.
Interestingly, compound XIII is a good inhibitor of
the L1 enzyme. Only few inhibitors of this enzyme have
been reported previously in the literature,8,26,28,30 one of
them being the mercapto-carboxylic acid inhibitor that
was used to generate one of the pharmacophores (IC50

around 0.5 lM).8
3. Conclusion

In this work, we have applied pharmacophore genera-
tion, database searching, and docking methodologies,
and subsequently experimental enzyme kinetics, to dis-
cover new structures which could be further optimized
as inhibitors of di-zinc MBLs. From the database
search, 74 hits were obtained and the inhibitory effect
was tested for 13 of these compounds.

We used different criteria to select compounds for exper-
imental determinations of the IC50 value: They should:
(1) fit into the active site of the enzyme (judged from
the score in a GOLD docking), (2) fit the pharmaco-
phoric elements (Catalyst fit and shape values), and (3)
be relatively small (molecular weight, surface area, and
number of rotatable bonds). In addition, they should
(4) contain different types of potential metal binding
groups. The experimental IC50 values showed that in
most cases this way of selecting ligands worked reason-
ably well. However, the GOLD score alone should be
used with caution, because there is no penalty for miss-
ing hydrogen bonds between the ligand and the protein,
which gives too many false positives.

Three of the tested compounds were new inhibitors of
the BCII and L1 MBLs, with IC50 values in the 10–
100 lM range. The three new inhibitors have new scaf-
folds—two of them have two carboxylic acid groups
bound to a pyrazole or furan ring, whereas the third
inhibitor contains a mercapto-carboxylic acid group.
4. Materials and methods

4.1. Docking with the GOLD program

The GOLD program (version 1.2) was used for the
dockings.39 In GOLD, metal ions are considered to bind
to hydrogen bond acceptors in the ligand. Coordination
points are added at points around the metal, where
coordination sites are missing. These coordination
points can then bind to acceptor atoms in the ligand.
The capability of GOLD to study ligand binding to
metallo-b-lactamases has previously been evaluated
and showed that the binding, and in particular the direct
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coordination to the zinc ions, corresponded very well
with those determined experimentally.34

The ligands from the database search were docked into
BCII, IMP-1, and L1 using the X-ray structures, 1BVT,4

1JJT,14 and 1SML,18 respectively. All water molecules
and ligands were removed from the proteins. The bind-
ing site of the ligands was defined as a 15 Å sphere cen-
tered at the zinc ion that is coordinated by Asp, Cys, and
His for BCII and IMP-1, and Asp and two His for L1.
Peptide bonds in the ligands were allowed to flip
between a cis or trans conformation. Otherwise, default
settings were applied.

4.2. Database search using Catalyst

Catalyst (version 4.6) was used for mapping pharma-
cophore features and for database searching.40–45 The
features were mapped with the tolerance value equal
to 1.5 Å. Search through the Available Chemicals
Database (ACD) was performed with the fast flexible
search method. One pharmacophore model was gen-
erated based on the succinic acid crystallized with
IMP-1 (PDB code: 1JJT),14 Figure 9. In this pharma-
cophore model, the carboxylic acid groups were
mapped as negatively ionizable features and the
phenyl rings were mapped as hydrophobic features.
Two pharmacophore models were generated for a
mecapto-carboxylate ligand crystallized with IMP-18

(PDB code: 1DD6), see Figure 10. The carboxylic
acid was mapped as a negatively ionizable feature,
the mercapto group as a hydrogen bonding acceptor
feature, and the thiophene ring and the phenyl ring
as hydrophobic features. Since a mercapto group is
not regarded as a negatively ionizable group in Cat-
alyst, it was mapped as a hydrogen bond accepting
feature with two different directions. A shape con-
straint (0.7/1.3 Å as minimum/maximum) was added
to all three pharmacophore models.

4.3. Descriptors and multivariate data analysis

Descriptors were calculated and used in a principal com-
ponent analysis (PCA). The following descriptors were
determined using Sybyl:46 molecular weight, polar and
non-polar surface areas, and a number of rotatable
Figure 9. Pharmacophore generated from the succinic acid inhibitor crystal

molecule shows the shape, whereas the light/dark spheres show the hydroph
bonds (defined as a single bond, not in a ring, where
the terminal atoms have at least one substituent). In
addition, the GOLD score from the docking of the
ligands, and the Catalyst shape and Fit values from
the Catalyst search were used as descriptors.

The multivariate data analysis was performed using
Simca-P, version 10.0.47 A two-component model was
obtained that explained 58% of the variance in the data,
with the first principal component explaining 33%.

4.4. Experimentals

All kinetic measurements were performed at 25 �C in
15 mM HEPES (Fluka), pH 7.0. The buffer contained
100 lM additional zinc (Fluka). As a substrate the anti-
biotic Imipenem (a kind gift of Merck Sharp and
Dohme, Rahway, NY, USA) was used, following the
hydrolysis at 300 nm (De (300 nm) = �9000 M�1 cm�1).
A UV/VIS spectrophotometer (Perkin & Elmer, Über-
lingen, Germany) was used to monitor the change in
absorbance. The imipenem concentration was 70 lM
in experiments with L1 and 150 lM with BCII, respec-
tively. The IC50 values were determined from initial
rates by variation of the inhibitor concentration in the
range of the respective value. Standard non-linear
regression analysis was used for data evaluation:

f ¼ y0 þ
a

1þ ½I�
IC50

� �c ;

where f is the remaining activity at a given concentration
[I] of the inhibitor; y0 is the remaining activity under
complete inhibition; y0 + a is the non-inhibited velocity;
c the exponent with value 1 in case of competitive inhi-
bition. It was verified that the inhibitors were competi-
tive. The IC50 values have a standard deviation of 20–
30%. For many of the compounds, IC50 values are given
as lower limits. For these compounds, the maximum
concentration applicable for inhibition studies was lim-
ited. Either the substances possess a limited solubility
or they show strong light absorption in the range used
to follow substrate hydrolysis. In all cases, some inhibi-
tion was observed but the investigated concentration
range did not allow extrapolation to precise numerical
IC50 values.
lized in IMP-1 (PDB code 1JJT). The shaded part that surrounds the

obic/negative features.



Figure 10. Pharmacophore generated from the mercapto-carboxylic acid inhibitor crystallized in IMP-1 (PDB code 1DD6). The shaded part that

surrounds the molecule shows the shape, whereas the light/dark spheres show the hydrophobic/negative features. The green spheres show hydrogen-

bonding acceptor features.
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Thirteen compounds were purchased (the ACD name giv-
en in parentheses). I Di-p-toluoyl-DD-tartaric acid hydrate
(MFCD00149567) from Aldrich; II Dipivaloyl-DD-tartaric
acid (MFCD00015634) from Aldrich; III dibenzoyl-DD-
tartaric acid-monohydrate (MFCD00150722) from
Lancaster; IV dibenzoyl-LL-tartaric acid-monohydrate
(MFCD00003074) from ABCR; V 4,5-di-(4-methoxy-
phenoxy)-phthalic acid (MFCD00832097) from May-
bridge; VI 2,5-diphenyl-2H-pyrazol-3,4-dicarboxylic
acid (MFCD00475539) from Sigma–Aldrich; VII 2.5-di-
phenyl-3,4-furandicarboxylic acid (MFCD00666877)
from SPECS; VIII 1,4-diphenylcyclohex-2-en-5,6-dicar-
boxylic acid (MFCD00181247) from Sigma–Aldrich; IX
diphenyl-acetic acid-sulfide (MFCD00666788) from
Sigma–Aldrich; X (S;S)-N,N 0-(1,1 0-bishydroxycarbonyl-
2,20-diphenyl)- diethyl-sulfonyldiamide (MFCD01850914)
from Rare Chemicals; XI naphthol-as-mx-phosphate
(MFCD00150898) from Fluka; XII 4,40-diaminostilbene-
2,20-disulfonic acid (MFCD00024946) from ABCR; XIII
2-(((3-mercapto-5-(2-methylphenyl)-4H-1,2,4-triazol-4-yl)
imino)me)benzoic acid (MFCD03222011) from Sigma–
Aldrich.
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