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The pks genomic island of 
Escherichia coli encodes polyketide (PK) 
and nonribosomal peptide (NRP) 
synthases that allow assembly of a 
putative hybrid PK-NRP compound 
named colibactin that induces DNA 
double-strand breaks in eukaryotic cells. 
The pks-encoded machinery harbors an 
atypical essential protein, ClbP. ClbP 
crystal structure and mutagenesis 
experiments revealed a serine-active site 
and original structural features 
compatible with peptidase activity, which 
was detected by biochemical assays. Ten 
ClbP homologs were identified in silico in 
NRP genomic islands of close- and 
distant-related bacterial species. All tested 
ClbP homologs were able to complement 
a clbP-deficient E. coli mutant. ClbP is 
therefore a prototype of a new subfamily 
of  extracytoplasmic peptidases probably 
involved in the maturation of NRP 
compounds. Such peptidases will be 
powerful tools for the manipulation of 
NRP biosynthetic pathways. 

 
Polyketide (PK), nonribosomal 

peptide (NRP) and hybrid NRP-PK natural 
products are very interesting compounds in  
drug development strategies (1). Their 
biosynthesis occurs on multimodular 
enzymatic assembly lines, called 
megasynthases (2). The conformations that 

establish biological activity are attained by 
tailoring and editing enzymes such as 
acylases, alkylases, glycosylases, and 
oxidoreductases during chain growth and 
after thioesterase-mediated release. The 
dedicated tailoring enzymes are encoded by 
genes clustered with the assembly line genes 
for coordinated regulation.!

Recently, Nougayrède et al. 
identified in Escherichia coli strains and 
other Enterobacteriaceae a large (54 kb) 
genomic island named pks, which encodes a 
typical cluster of NRP synthases (NRPS), 
PK synthases (PKS) and hybrid NRPS/PKS 
(3,4). The pks island was detected in E. coli 
strains involved in extraintestinal infections 
such as urinary tract infection and 
septicemia, but also in commensal strains 
from healthy people (3,5,6). The genetic and 
functional analyses of the pks island indicate 
that it encodes for synthesis of a PK-NRP 
hybrid compound, named colibactin. E. coli 
strains expressing this gene cluster cause 
DNA double-strand breaks in human 
eukaryotic cells during infection (3). This 
DNA damage induces phosphorylation of 
the H2AX histones (!H2AX) and activates 
the ATM-Chk2 signaling pathway that leads 
to transient G2/M cell cycle arrest and cell 
swelling (megalocytosis). Exposed cells 
exhibit signs of incomplete DNA repair, 
which leads to chromosomal instability, an 
increase in gene mutation frequency and 
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anchorage-independent colony formation, 
demonstrating the mutagenic and 
transforming potentials of colibactin (7). 

In addition to eight NRP and PK 
megasynthases, the pks island encodes nine 
accessory, tailoring and editing enzymes (3). 
Eight of these proteins, including the protein 
ClbP, are required to induce DNA damage 
in infected cells. No protein similar to ClbP 
has been reported so far as an accessory or 
tailoring enzyme. Here, we determined the 
crystal structure of ClbP major domain, its 
biochemical activity, and we characterized 
distant ClbP homologous proteins that form 
a new subgroup of serine-reactive peptidases 
associated with NRP assembly lines. 
 

Experimental procedures 
 
Strains, plasmids, and media. The strains 
and plasmids used in this study are listed in 
Suppl. Tables 1 and 2, respectively. E. coli 
strains were routinely grown at 37°C in 
Lysogeny broth (LB) or on LB agar plates. 
Ampicillin (Amp) (100 "g/ml), kanamycin 
(Kan) (50 µg/ml), chloramphenicol (Cm) 
(25 µg/ml), or tetracyclin (200 ng/ml) were 
added as required to the medium. Non E. 
coli strains were grown as recommended by 
the DSMZ or CIP collections, or by the 
givers. 
DNA cloning for ClbP investigations. The 
DNA sequences of clbP were amplified 
from the genome of E. coli strain IHE3034 
(3). The DNA fragments encoding the entire 
ClbP and the catalytic domain of ClbP 
designated ClbPpep were amplified by PCR 
using primer pairs clbPMK-F and clbPBN-
R, and clbP-NdeI2-F and clbP-NotI2-R 
(Suppl. Table 3), respectively. The PCR 
reactions for cloning experiments were 
performed using the High Fidelity Platinum® 
Taq polymerase or the Expand High Fidelity 
PCR System according to the manufacturer's 
instructions (Invitrogen, France). The 
amplified fragments were purified, double 
digested by MfeI/BamHI for cloning at the 
EcoRI/BamHI sites of pASK-IBA33plus to 
obtain ClbP-RGS6His (ClbP + C-terminal 
in-frame RGS6His tag), or double digested 
by and cloned at the NdeI/NotI sites of 

pET9am to obtain pClbPpep (ClbP catalytic 
domain). In other experiments, ClbP-6His 
was subcloned from pMB702 (3) into 
pBRSK vector (8) to obtain pOB901. The 
constructions were checked by double-
stranded DNA sequencing (Genome 
Express, France). Plasmids were 
subsequently electroporated into competent 
E. coli strains: p33ClbP and pOB901 into 
DH10B/pBACpks!clbP strain for HeLa 
cellular challenges, and pClbPpep into 
BL21(DE3) strain for ClbPpep and 
derivative overexpression (original strains 
are listed in Suppl. Table 1). 
Site-directed mutagenesis. The site-directed 
mutagenesis experiments were performed 
using Quick-ChangeTM Site-Directed 
Mutagenesis kit according to the 
manufacturer’s instructions (Stratagene, 
CA). The substitutions E159K, S188A, 
H257A, G328S, F316R+G328S, N331A and 
C337A were individually introduced into 
ClbP-RGS6His cloned into the p33ClbP 
plasmid and the substitution Y186E was 
introduced into ClbPpep cloned into the 
pClbPpep plasmid. In other experiments, 
ClbP-6His S95A, K98T and Y186G mutants 
were generated by ‘reverse PCR’ using 
pOB901 as template. Reverse PCR products 
were purified, ligated and transformed into 
DH5". Successful mutations were 
confirmed by double DNA sequencing and 
the final constructs were used to transform 
E. coli DH10B/pBACpks!clbP for p33clbP 
and pOB901 derivative vectors, or E. coli 
BL21(DE3) for pClbPpep derivative vector. 
The mutagenic primers are listed in Suppl. 
Table 4. 
ClbPpep and ClbPpepY186E production 
and purification. pClbPpep plasmid encodes 
the peptidase domain of ClbP without the 
first 102 nucleotides and the last 390 
nucleotides of the clbP gene. These 
sequences encode the signal peptide and 
three putative anchor hydrophobic 
transmembrane helices that were removed to 
facilitate cytoplasmic expression and protein 
purification. E. coli BL21(DE3) transformed 
with pClbPpep plasmid was cultured in 
Terrific Broth medium supplemented with 
50 µg/ml kanamycin, 0.4 M D-sorbitol, and 
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2.5 mM #-betaine. The cell culture was 
grown at 37°C with shaking to an A600 nm $ 
0.7. Overexpression of the clbPpep-
encoding gene was induced with 0.2 mM 
isopropyl b-D-thiogalactopyranoside 
overnight at 25°C with shaking. Cells were 
harvested by centrifugation (10,000 g for ten 
minutes at 4°C), resuspended in 20 mM 
Tris-HCl buffer (pH 9.0) (4 mL/g of pellet). 
After addition of 5 µg lysozyme (2 hours at 
4°C), cells were disrupted by ultrasonic 
treatment (four times for 30 seconds, each 
time at 20 W). The extract was clarified by 
centrifugation at 14,000g for 60 minutes at 
4°C. After addition of 2 mg DNase I (15 min 
at room temperature; Roche), the 
supernatant (10,000 g for 60 minutes at 4°C) 
was dialyzed overnight against 20 mM Tris-
HCl buffer (pH 9.0) and filtrated (0.22µm 
filter; Millex-GS, Millipore, Carrigtwohill, 
Ireland). Purification was carried out by ion-
exchange chromatography onto a HiTrapTM 
Q SepharoseTM High Performance column 
(10 ml; Amersham Pharmacia Biotech) 
equilibrated with 20 mM Tris-HCl (pH 7.0) 
and eluted with a linear NaCl gradient (0 to 
500 mM). The ClbPpep-containing elution 
peak was then purified by gel filtration 
chromatography onto a SuperoseTM 12 
column (3.2 by 30 cm; Amersham 
Pharmacia Biotech), which had been 
equilibrated and eluted with 100 mM NaCl 5 
mM phosphate buffer (pH 8.0). ClbPpep-
containing elution peak was extensively 
dialyzed against 50mM NaCl, 5 mM 
phosphate buffer (pH 8.0), concentrated by 
ultrafiltration to 10 mg/ml for 
crystallization. The enzyme was more than 
95% homogeneous as determined by 
Coomassie blue staining after SDS-PAGE. 
The N-terminal sequencing of the isolated 
protein was achieved by sequential Edman 
reaction (Plate-forme de Protéomique 
Analytique et Fonctionnelle, INRA, 
Nouzilly, France). Production and 
purification of ClbPpepY186E were 
performed in the same way using the 
plasmid pClbPpepY186E. 
Crystallization and structure 
determination. ClbP crystals were grown in 
hanging drops over a well solution of 0.8 M 

monosodium dipotassium phosphate buffer 
(pH 7.0). Crystals reached a size of 40 µm X 
40 µm X 70 µm within four weeks. Before 
data collection, crystals were immersed for 
about 30 s in a cryoprotectant solution (20% 
sucrose, 1.0 M monosodium dipotassium 
phosphate pH 7.0) and were flashcooled in 
liquid nitrogen. Data were collected using a 
Q315r ADSC-CCD detector on ESRF 
beamline 14-4 at the European Synchrotron 
Radiation Facility (Grenoble, France). 
Reflexions were indexed, integrated, and 
scaled using CCP4 package (9). The initial 
model was obtained by molecular 
replacement with the program PHASER (10) 
and the X-ray structures 1E15, 1RGY and 
1FR1 as a search model. The structure was 
automatically and manually refined with 
REFMAC5 and COOT programs, 
respectively (11,12). Cross-validation was 
used throughout and 5 % of the data were 
used for the Rfree calculation. The 
stereochemical quality of the models was 
monitored with the PROCHECK program 
(13). Ramachandran plots were calculated 
by RAMPAGE (14). Processing and 
crystallographic refinement statistics for 
ClbPpep crystal structure are listed in Suppl. 
Table 5. The coordinates and structural 
factors of ClbPpep have been deposited in 
the RCSB Protein Data Bank, entry 3O3V.  
Enzyme assays. D-aminopeptidase activity 
was detected by monitoring the formation of 
p-nitroaniline from Gly-, D-Ala-, L-Ala-, 
and L-Ala-L-Ala-p-nitroanilide (Bachem, 
Germany) at 405 nm in a 100 mM Tris, 75 
mM NaCl buffer (pH 7.5) at 25°C. #-
lactamase activity was tested by monitoring 
the hydrolysis of nitrocefin (Calbiochem, 
Germany) at 482 nm in a 100 mM Tris, 75 
mM NaCl buffer (pH 7.5) at 25°C. 
Mass spectrometry. ClbPpep (20 µM) was 
incubated at 20°C for 24 h in a 100 mM 
Tris, 75 mM NaCl buffer (pH 7.5) alone, or 
with 20 mM imipenem (Sigma), in a 1 mL 
final volume. The reaction mixtures were 
desalted by dialysis against a 5 mM 
ammonium bicarbonate buffer, before 
analysis by matrix-assisted laser 
desorption/ionisation–time of flight 
(MALDI-TOF)-mass spectrometry. The 
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sample was spotted onto the stainless steel 
target (Applied Biosystems) and an equal 
volume of matrix solution (14 mg/mL 
sinapinic acid in 50% acetonitrile in water 
containing 0.1% trifluoroacetic acid) was 
deposited into the sample drop. MALDI-
TOF mass spectra were acquired on a 
Voyager DE-PRO mass spectrometer 
(Applied Biosystems, MA, USA) in linear 
positive mode, using an accelerating voltage 
of 25kV, a grid voltage of 93%, a pulse 
delay extraction of 700ns, in the 15,000–
50,000 m/z mass range. Calibration was 
performed in a close external mode using a 
protein calibration mixture (LaserBio Labs, 
France). 
Western-blot experiments. Protein samples 
(20-25 µg for each sample) were resolved by 
SDS-PAGE separation electrophoresis on 
12.5% polyacrylamide gels, immobilized 
onto polyvinylidene difluoride (PVDF) 
membranes and analyzed by immunoblot 
using the ECL blotting system (Amersham 
Biosciences, UK), and monoclonal anti-
RGS6His or anti-5His antisera (Qiagen, 
France), according to the manufacturer’s 
instructions. 
DNA cloning of ClbP homolog-encoding 
genes. The DNA fragments encoding ClbP 
homologues (the N-terminal signal 
sequence, the large extracytoplasmic and 
catalytic domain, and the three C-terminal 
transmembrane helices, without the putative 
‘half-size’ ABC-type exporter domain if 
present) of H. chejuensis KCTC 2396T 

(locus tag HCH_03446), B. cereus UW85 
(locus tag zmaM), B. weihenstephanensis 
KBAB4 (locus tag BcerKBAB4_1783), C. 
cellulolyticum H10 (locus tag Ccel_2389), 
B. mycoides DSM 2048 (locus tag 
bmyco0001_51990), B. pseudomycoides 
DSM 12442 (locus tag bpmyx0001_2150), 
and S. aureus Mu50 (locus tag SAV2441) 
were amplified by PCR using primers listed 
in Suppl. Table 3, purified, double digested 
by MfeI or EcoRI (according to primer 
name) and BamHI or XhoI for cloning at the 
EcoRI/BamHI or XhoI sites of pASK-
IBA33plus (C-terminal in-frame with 
RGS6His tag) resulting in plasmids listed in 
Suppl. Table 2. The constructions were 

checked by double-stranded DNA 
sequencing (Genome Express, France). 
Plasmids were electroporated into competent 
DH10B/pBACpks!clbP. 
Eukaryotic cell culture, bacterial 
infections, !H2AX staining and cell cycle 
analysis. Cell assays were performed as 
previously described, with minor 
modifications (3). For bacterial infections, 
overnight LB-Amp cultures of bacteria were 
diluted in interaction medium (DMEM, 5 % 
fetal calf serum (FCS), 25 mM HEPES, 
Amp). For experiments with ClbP 
homologs, tetracyclin was added to 
overnight cultures and interacting medium in 
order to induce their expression. ~50% 
confluent HeLa cell cultures (ATCC CCL2) 
were then infected with a multiplicity of 
infection (number of bacteria per eukaryotic 
cell) of 100. Cells were washed 4 h after 
inoculation and incubated in DMEM 10% 
FCS, 200 "g/ml gentamicin until analysis. 
Cell morphology was examined by Giemsa 
staining at 72 hours after infection. For 
!H2AX staining, cells were fixed at 4 or 20 
hours after infection in 4% formaldehyde, 
and incubated with anti-phospho(Ser139)-
H2AX antibodies (JBW301, Upstate) 
followed by FITC- or rhodamine-conjugated 
secondary antibodies. DNA was stained with 
DAPI or TO-PRO-3 (Invitrogen) and images 
were acquired with a Zeiss LSM 510 Meta 
or Olympus IX70 laser scanning confocal 
microscope, the confocal aperture being set 
to achieve a z optical thickness of ~0.5 "m. 
For cell cycle analysis, cellular suspensions 
were fixed and permeabilized with ethanol 
70% at 48 hours after infection, then treated 
with 50 "g/ml propidium iodide and 250 
"g/ml RNAse. DNA-content data were 
acquired with a SLR II or FACScalibur flow 
cytometer (Becton Dickinson) and analyzed 
with FlowJo software (Tree Star). 
Bioinformatics. The search for ClbP 
homologous proteins and analysis of their 
topology were performed using BLAST (15) 
and InterProScan server 
(http://www.ebi.ac.uk/Tools/InterProScan/). 
Multiple sequence alignment of peptidase 
domains and phylogenic tree were 
performed using COBALT and TOPALi 
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v2.5 softwares (16,17). Analysis of the 
genetic context of ClbP- and FmtA-like-
encoding genes (more or less 30 kb of both 
sides of the genes) was performed manually 
from NCBI genome database. The analysis 
of PK and NRP megasynthase domains and 
their substrate specificity was performed 
using the SEARCH NRPS-PKS program 
(http://www.nii.res.in/searchall.html).  
 
 

RESULTS 
 

In silico analysis of ClbP. The clbP 
open reading frame was predicted to encode 
a 504 a.a. periplasmic inner membrane-
anchored protein comprising three parts: (i) 
a C-terminal domain of three transmembrane 
helices (residues 390-412, 433-455, 465-
485), (ii) an N-terminal signal sequence 
(ALA-QE 30-31), and (iii) a large 
periplasmic domain (positions 31 to 375). 
According to primary structure comparisons, 
the last domain exhibits the two conserved 
motifs (95SMS98K versus SxxK and 186YAS 
versus YxN) that characterize the catalytic 
center of the MEROPS S12 enzyme family 
(18), and is therefore designated hereafter 
ClbPpep. The S12 family is a heterogeneous 
group of active-site serine enzymes, of 
which the substrates are peptides or closely 
related compounds such as #-lactams. The 
activity and biological function of a few of 
these enzymes have been described, such as 
class C #-lactamases, R61 D-Ala-D-Ala 
carboxypeptidase B, DmpB aminopeptidase, 
Pab87 peptidase, D-amino acid amidase and 
EstB esterase (19-24). However, the activity 
and the function of numerous enzymes of 
the MEROPS S12 family remain 
unassigned, notably the FmtA-like proteins 
(25), which have been previously reported to 
be related to ClbP (3). 

 
Structure determination of the 

ClbP peptidase domain. In order to 
investigate the function and activity of ClbP, 
the structure of the ClbPpep domain was 
determined by X-ray diffraction. The 
structure was refined against diffraction data 
extending to 2.4 Å resolution. The electron 

density map (Suppl. Fig. 1) showed well-
defined density throughout most of the 
structure, with the exception of the six N-
terminal residues. Diffuse density indicated 
disorder in the loop harboring residues 241 
to 249. The stereochemical parameters of the 
model were satisfactory (Suppl. Table 5); a 
Ramachandran plot showed no residues in 
disallowed regions of %/& space. The final 
model included three ClbPpep monomers 
and 277 water molecules.  

The 3D structure of ClbPpep 
consists of two structural regions, all-# and 
#/$ (Fig. 1A). The #/$ region is formed by 
residues 41–112 and 206–375 and the 
domain folds as a seven stranded anti-
parallel $-sheet (b1, b2, b9, b10, b11, b12, 
b13) with six #-helices and three $-strands 
(b3, b4 and b7) packed on both faces of the 
sheet. The all-helical region (residues 113–
205) contains four helices and loops. The 
conserved motifs 95SMSK and 186YAS, 
which correspond to S12 enzyme active site, 
are located in a large groove, between the 
two structural domains near the N-terminus 
of the first helix of the all-# domain. 

As expected, the most pronounced 
homology using the DALI program was 
obtained with the structure of S12 family 
members (Suppl. Table 6), especially E. coli 
AmpC #-lactamase and Pab87 peptidase 
(26). Although their overall fold was clearly 
similar, there are significant differences 
affecting the accessibility of the active site 
from the surrounding solvent. In comparison 
to AmpC #-lactamases, the upper part of the 
catalytic pocket was largely open, because 
of the absence of two helices (h9 and h10) 
(Fig. 1A and 1E), as observed in Pab87 
peptidase and R61 carboxypeptidase 
(21,27). Moreover, the remaining structural 
element of ClbP in this area, the loop 
between residues 295 to 315, b9 and b10 
strands (residues 310 to 311 and 316 to 318 
respectively), moved away from the 
catalytic pocket, resulting in a widening of 
the catalytic groove, which was unusually 
larger than the known structures of S12 
enzymes. In the bottom part of the catalytic 
pocket, ClbPpep and Pab87 peptidases 
harbored the additional helix h4’ (residues 
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166 to 170) in contrast with AmpC enzymes 
(Fig. 1A and 1E). This helix slightly 
obstructed accessibility to the ClbPpep 
catalytic pocket. However, the entrance of 
the binding site was more open in ClbPpep 
than in S12 peptidases, which harbor one, 
two or several bulky helices in this area. Of 
note, between C337 and C367, ClbP 
harbored a disulfide bond, which links b12 
strand (residues 335 to 341) with the C-
terminal helix h11. To our best knowledge, 
this disulfite bond is not observed in other 
known structures of S12 enzymes. Overall, 
the ClbPpep structure was closely similar to 
that of S12 peptidases. However, ClbPpep 
had noticeable conformational differences in 
the active site, especially in the two 
extremities of the catalytic groove, which 
was unusually large (Fig. 1B, 1C and 1D). 
This atypical shape suggests an adaptation 
of ClbP catalytic pocket to a specific 
substrate. 

 
The catalytic residues and 

implications for catalysis. Striking 
structural similarities were observed 
between the active site of ClbPpep, class C 
$-lactamases and other S12 enzymes such as 
Pab87 peptidase (21,28,29), in particular, for 
the motif 95SxxK and the Y186 residue. The 
positioning of this last residue and the 
presence of H327 make ClbPpep active site 
very similar to that of Pab87 peptidase (Fig. 
2A and 2B). In addition, the location and 
geometry of the residues S95, K98 and 
Y186 suggest a direct role in the catalytic 
mechanism mediated by ClbP (31,32). 

To confirm the importance of these 
residues in ClbP, substitutions S95A, K98T 
and Y186G were introduced by site-directed 
mutagenesis residues into His-tagged ClbP. 
The resulting mutants were assessed for 
their ability to restore the cytopathic activity 
of the pks-positive E. coli  !clbP isogenic 
mutant. Infected HeLa cells were analyzed 
for megalocytosis, G2/M cell cycle arrest, 
and phosphorylation of histone H2AX (3). 
None of these mutants were able to restore 
the cytopathic activity of the pks-positive E. 
coli  !clbP isogenic mutant in contrast with 
the wild-type ClbP protein (Fig. 2C and 2D). 

These results confirm the identification of 
the active site and the importance of ClbP 
main domain for the functionality of pks 
island. They also suggest that these enzymes 
and other S12 serine active-site enzymes 
share a catalytic mechanism. 
  

Residues surrounding the 
catalytic residues and substrate binding. 
The motif YxN, which is observed in most 
S12 enzymes was replaced by the 186YAS 
motif in ClbP (Fig. 2B). S188 in ClbP was 
hydrogen bonded to the K98 residue of 
motif SxxK (Fig. 2A). In class C $-
lactamases, the structural analog of S188 is 
N152, which interacts with both the 
substrates and K residue of motif SxxK (19). 
H257 of ClbP, which points at the vicinity, 
of S188, may also play a role in substrate 
binding. Opposite the 186YAS motif, the 
catalytic pocket of ClbP exhibits the HGG 
motif. The alignment of ClbP with class C $-
lactamases revealed that HGG motif is a 
structural analog of KTG-box (Fig. 2B), 
which is involved in substrate binding 
because of residues K and T (29). In $-
lactamases, K can be replaced by the closely 
related residues H or R, and T may be 
replaced by S. A positively charged side 
chain followed by one bearing a hydroxyl 
group has therefore been suggested to be 
universally conserved. The second residue in 
ClbP motif is an atypical residue G328 
instead of the canonical residues S or T, 
which are usually directly involved in 
substrate recognition via a hydrogen bond 
(29). However, in the vicinity of G328 (Fig. 
2A and Fig. 1E), positions 330 and 331 of 
ClbP harbor the unusual residues Q and N 
respectively, which point towards the 
catalytic pocket and may establish hydrogen 
bonds with substrates. 

The residues E159 and F316 of 
ClbPpep are structural analogs of positions 
involved in the binding of the N-terminal 
and C-terminal parts of peptides in S12 
amino- and carboxypeptidases, respectively. 
These positions determine the 
carboxypeptidase or aminopeptidase activity 
of S12 peptidases (30). Previous studies 
suggest that the residues E159 and F316 of 
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ClbP (Fig. 2A)  should favor aminopeptidase 
activity because the negative-charged 
residue E159 may accommodate the 
positive-charged N-terminal part of peptides, 
and the absence of positive-charged residue 
in position 316 may alter the 
accommodation of the negative-charged C-
terminal part of peptides. 

Overall, the six positions 159, 188, 
257, 316, 328 and 331 can therefore 
participate in substrate binding in ClbP, 
because the site chain of these residues 
pointed towards the catalytic pocket (Fig. 
2A). The hydrogen bond donors S188 and 
H257 of ClbP-His were replaced by the 
residue A, which is not able to accept or 
give hydrogen bonds. The substitutions 
E159K and F316R were introduced into 
ClbP-His to modify the charges in the 
critical areas of the catalytic pocket. We 
introduced the substitution G328S to check 
whether a small residue is required in the 
second position of the motif HGG to 
accommodate ClbP substrate. Substitution 
C337A was also introduced into ClbP-His to 
check the importance of the disulfide bond 
C337-C367 for stability or folding. No 
substitution altered the trans-complementing 
activity of these ClbP variants in the pks-
positive E. coli  !clbP isogenic mutant. 
ClbP activity may have been only weakly 
modified by these substitutions. 
Unfortunately, efficient biochemical tests 
are not yet available to monitor ClbP 
activity. However, cellular tests are a good 
representation of the physiological context 
and the results are evidence of substrate 
tolerance of ClbP. 

 
ClbP is a peptidase and a NRP-

recognizing protein. As ClbP presents a 
S12 enzyme scaffold and catalytic residue 
positioning close to Pab87 peptidase, 
peptidase activity was investigated using the 
reporters Gly-, D-Ala-, L-Ala-, and L-Ala-
L-Ala-p-nitroanilides. The catalytic 
efficiency kcat/Km of ClbPpep against these 
substrates were 0.005, 0.018, 0.020, and 
0.040 µM-1 min-1 respectively. This 
peptidase activity is weak in comparison to 
that of enzymes really adapted to these 

substrates such as S12 aminopeptidases (30). 
However, in a ClbPpep mutant harboring the 
substitution Y186E, there was no activity, 
which confirms the involvement of the ClbP 
binding site in the peptidase activity.  

Imipenem is a NRP-type compound 
belonging to the chemical group of #-
lactams, which efficiently bind members of 
the S12 enzyme family, such as 
carboxypeptidase and AmpC #-lactamases 
(33,34). ClbPpep incubated with imipenem 
was analyzed by mass spectrometry (Suppl. 
Fig. 2). Imipenem induced a mass shift 
consistent with the formation of imipenem 
acyl-enzyme complex of ClbPpep, as 
observed for #-lactam-binding proteins (35). 
Despite a high concentration of imipenem 
(ratio imipenem/ClbPpep >1/1000), part of 
ClbPpep exhibited a mass corresponding to 
the native protein. The results show that 
ClbP is able to bind NRP-type compounds, 
has a moderate #-lactam-recognizing 
activity, and is devoid of significant #-
lactamase activity. The kcat value (< 0.001 
µM-1 s-1) was around 1,000,000-fold lower 
than typical values of AmpC enzymes (36). 
Consequently ClbP, in contrast to AmpC, 
was not able to increase the resistance level 
of E. coli to #-lactam antibiotics. 

 
Identification of ClbP homologs 

across prokaryotic lineages. We therefore 
screened public protein and genomic 
databases to identify proteins homologous to 
ClbP peptidase domain. 77 homologs were 
obtained including the protein ZmaM, which 
may be involved in the synthesis of the PK-
NRP antibiotic zwittermicin A (ZmA) (37). 
These proteins only shared 29.3% 
(ZP_04059476.1) to 42.7% 
(ZP_04215168.1) identity and all belonged 
to the MEROPS S12 enzyme family. The 
amino acid sequences and the predicted 
topology of both ClbP and the homologs 
were compared with those of representative 
members of the S12 family that have been 
assigned to a biological function and/or a 
biochemical activity. The resulting 
phylogenetic tree and the topologies 
revealed that the proteins clustered in three 
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major branches supported by high bootstrap 
values (%64%) (Suppl. Fig. 3). One branch 
harbored the known representative members 
of the S12 family, which were sub-clustered 
according to their biochemical activity (#-
lactamases, peptidases, esterases and 
amidases). The second harbored the FmtA-
like proteins (n=17) of Staphylococcus 
species (25) that were phylogenetically 
closer to ClbP than the other members of the 
S12 family and that exhibited a predicted 
topology identical to that of ClbP in contrast 
with the other S12 family members. The 
third branch exhibited the longest 
phylogenic distance, which clearly defined a 
subgroup containing ClbP and most close-
related proteins (n=60). These proteins, 
designated ClbP-like, harbored a predicted 
topology identical to that of ClbP. Some 
(n=14), such as ZmaM, possessed in 
addition a putative ‘half-size’ ABC-type 
exporter domain in C-terminal. Except ClbP 
and its closest homolog (ClbP-like of 
Hahella chejuensis) produced by different '-
proteobacteria, all the other ClbP-like were 
identified in taxons of the Firmicute phylum 
(Bacillus and Clostridium geni), which is the 
main bacterial source of PK, NRP and 
hybrid PK-NRP compounds with the 
Actinobacteria phylum (38). 

 
ClbP-like proteins display 

functional promiscuity. No clues for the 
presence of megasynthase catalytic unit-
encoding genes were revealed in the vicinity 
of any fmtA-like and 17 clbP-like genes. In 
contrast, putative NRPS- and PKS-encoding 
genes were observed in the vicinity of 18 
clbP-like genes (Suppl. Fig. 4). Moreover, 
putative NRPS-encoding genes were present 
in all of these genomic islands unlike PKS-
encoding genes, suggesting that the cognate 
products contain peptide moiety that may be 
related to the peptidase activity of ClbP-like 
proteins. To test if these enzymes are 
functionally equivalent, we analyzed the 
ability of six representative ClbP-like 
proteins (originating from different phyla, 
different geni, and encoded by genes 
inserted or not in NRP biosynthesis clusters) 
and one FmtA-like to xeno-complement the 

cytopathic activity of the pks-positive E. coli 
 !clbP isogenic mutant. Megalocytosis, 
G2/M-cell cycle arrest and histone H2AX 
phosphorylation were restored by all ClbP-
like proteins, whose gene is located in a 
NRPS-encoding genomic island (n=4) or is 
not (n=2) (Fig. 3). In contrast, the FmtA-like 
protein did not restore cytopathic activity 
despite its full expression (Fig. 3). The 
efficient xeno-complementations thus 
support the functional promiscuity of ClbP-
like proteins. Moreover, these results are 
evidence of substrate tolerance of NRP-
associated peptidases, and confirm data 
obtained in experiments that have 
investigated residues of the ClbP catalytic 
pocket potentially involved in substrate 
binding. 

 
DISCUSSION 

 
The aim of this study was to identify 

the structure and function of the ClbP 
protein, which is essential to the genotoxic 
activity of the pks island. The crystal 
structure of the ClbP enzymatic domain 
together with mutagenesis experiments and 
biochemical assays revealed the same "/# 
fold observed in the members of the 
MEROPS S12 family and a serine-reactive 
active site conferring NRP-binding and 
peptidase activities necessary to colibactin 
bioactivity. ClbP presented an unusually 
wide and deep catalytic groove and an active 
site with original structural features. We 
extended investigations to ClbP-like proteins 
which are ClbP closest related proteins and 
are clustered on a distinct phylogenetic 
branch in the MEROPS S12 enzyme family. 
ClbP and some ClbP-like-encoding genes 
belong to NRPS-encoding gene clusters. The 
ClbP-like proteins displayed functional 
promiscuity, and shared a particular cellular 
localization and topology according to in 
silico analyses, namely a large N-terminal 
extracytoplasmic peptidase domain anchored 
to the inner membrane by three C-terminal 
transmembrane helices. Hence, ClbP and the 
closest related ClbP-like proteins form a 
functional peptidase subgroup of S12 serine 
enzymes, which is probably involved in 
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NRP or PK-NRP biosynthesis. We propose 
to designate this subgroup the ‘NRP-
associated peptidases’. 

Bioinformatics and biochemical 
analyses of the ZmA biosynthesis enzymes 
performed by Kevany et al. suggest that the 
compound is initially biosynthesized as part 
of a large metabolite that is processed by a 
peptidase, resulting in the formation of ZmA 
(37). The only candidate enzyme encoded by 
the ZmA biosynthesis gene cluster to 
catalyze such a peptidase activity is ZmaM, 
a ClbP-like protein. This observation and 
our results suggest that ‘NRP-associated 
peptidases’ can process NRP or PK-NRP 
compounds. ClbP encoded by the pks island 
and the other NRP-associated peptidases 
may process a pro-colibactin and other NRP 
compounds into biologically active 
molecules by cleaving a nonribosomal-borne 
peptide bond. The ClbP-like peptidase 
domain of ZmaM had been suggested to 
cleave a ‘pre-ZmA’ metabolite between the 
D-Asn and D-Ser, releasing ZmA and a fatty 
acyl-D-Asn (37). Interestingly, in silico 
analysis of NRPS substrate specificity 
showed that all gene clusters producing 
NRP-associated peptidases encode NRPS 
able to insert the close related residues Asn 
and/or Gln into putative NRP compounds, 
suggesting that these residues may be 
involved in substrate recognition by NRP-
associated peptidases. Of note, ClbP-like 
proteins were the only proteins encoded by 
these islands that harbored a predicted 
translocation signal sequence and a 
predicted periplasmic catalytic domain, in 
contrast to other enzymes involved in 
biosynthesis of PK, NRP, and mixed 
compounds which are cytoplasmic proteins. 
Accordingly, NRP-associated peptidases 
may act outside the cytoplasm. 

Several NRP-associated peptidases 
harbor in C-term a typical ‘half-size’ ABC 
exporter domain, such as ZmaM (Suppl. Fig. 
3 and 4). These ABC export systems are 
involved in the extrusion of noxious 
substances and the export of extracellular 
toxins (39). It has already been suggested 
that these ABC exporters transport NRP 

compounds (39). ClbP and other NRP-
associated peptidases did not harbor such an 
export domain, but their cognate gene 
clusters encode a MATE transporter (like 
ClbM in the pks island) or other efflux 
pumps. After the translocation of an inactive 
NRP compound from cytoplasm to 
periplasm via efflux pumps, the periplasmic 
location of NRP-associated peptidase 
domain may allow the maturation of the 
fully active toxin away from a potential 
cytoplasmic target of its producer cell. NRP-
associated peptidases and efflux pumps can 
be therefore seen as a two-component 
resistance mechanism against the possible 
toxic activity generated by the cognate 
NRPS-encoding gene cluster. 

NRP-associated peptidases 
genetically linked to NRPS gene clusters 
display a functional promiscuity with those 
genetically unlinked to NRPS gene clusters. 
These latter peptidases may also participate 
in the synthesis of a bioactive NRP 
compound, because we found one to three 
putative NRP biosynthetic clusters in 15 of 
16 genomes possessing a NRP-associated 
peptidase genetically unlinked to a NRPS 
gene cluster.  It has already been suggested 
that enzymes required for NRP and PK 
biosynthesis like phosphopantetheinyl 
transferases are encoded in a distinct region 
of the main biosynthetic gene cluster in 
bacterial genomes (40).  

In conclusion, ClbP is a prototype of 
a new subfamily of extracytoplasmic serine-
reactive peptidases probably acting as 
maturating enzymes for NRP compounds. 
The essential role of ClbP in the production 
of the biological effect make this protein a 
key target for the control of the bioactivity 
of the PK-NRP-producing pks gene cluster, 
which may affect commensalism and/or 
pathogenicity and constitute a predisposing 
factor for the development of colorectal 
cancer (7). The engineering of NRP 
compounds should take into account these 
new catalytic units, which could be 
interesting tools for modifying the structures 
and bioactivity of NRP and PK-NRP 
compounds, and be a target for identifying 
bioactive molecules. 
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FIGURE LEGENDS 
 

Figure 1. Overall structure of ClbPpep, AmpC #-lactamase (1KVL) and Pab87 peptidase (2QMI).  
(A) Superimposition of ClbPpep (green), AmpC (grey) (19) and Pab87 peptidase (yellow) (21) 
presented as ribbons. The loops including helixes h9 and h10 are circled in red. Helixes h4’ are 
circled in blue. The active serine is indicated by a red star. ClbPpep (B), AmpC (C) and Pab87 
peptidase (D) surfaces. The catalytic grooves are circled in pink and the active serine surfaces are 
shown in red. (E) Sequence alignments with secondary structures of ClbPpep with Pab87 
peptidase and E. coli AmpC #-lactamase. The alignment was performed based on the superposed 
structures. The motifs SxxK and YxN, which defined the MEROPS S12 peptidase family, are 
indicated by a diamond symbol. 
 
Figure 2. Key residues in ClbP active site.  
(A) Residues of ClbP located in close vicinity of the binding site. Hydrogen bonds are indicated 
by pink dash lines and the water molecules by the letter W. Carbon atoms are in green, oxygen 
atoms in red and nitrogen atoms in blue. (B) Overlay of penicillin-recognizing motifs of ClbP, 
Pab87 peptidase and AmpC #-lactamase. Carbon atoms of ClbP, Pab87 peptidase and AmpC #-
lactamase are in green, yellow and grey respectively. The motifs SxxK, Yx(N/S/T) and 
(K/H)(S/T/G)G are numbered in red, blue and green respectively and residue numbering is 
according to ClbP sequence. (C, D) Phenotypic analysis of pks island activity in E. coli 
DH10B/pBACpks deleted or not for the clbP gene and trans-complemented with ClbP wild-type 
(WT) protein or the S95A, K98T or Y186G active site ClbP mutants. HeLa cells were infected 4 
hours with 100 E. coli per cell, and then the cells were washed and incubated with gentamicin for 
4-72 hours. Panel C: anti-5His western-blot analysis of the expression of His-tagged WT and 
active site ClbP mutants in E. coli DH10B/pBACpks!clbP after infection. Panels D: Host histone 
H2AX Ser139 phosphorylation (!H2AX) indicative of DNA double strand breaks was assayed by 
confocal immunofluorescence 4 hours after infection. DNA and !H2AX are pseudocolored in 
blue and red respectively (Bars = 20 "m). Cell swelling (megalocytosis) was observed following 
Giemsa staining 72 hours after infection (Bars = 50 "m). G2-cell cycle arrest following DNA 
damage was assessed by flow cytometric DNA-content analysis, 48 hours after infection.  
 
Figure 3. Functional promiscuity displayed by ClbP-like proteins.  
(A) Phenotypic analysis of pks island activity in E. coli strain DH10B/pBACpks!clbP 
complemented with empty vector, ClbP wild-type (ClbP WT), four ClbP-like proteins genetically 
linked to NRPS gene clusters from H. chejuensis (Hche), B. weihenstephanensis (Bwei), C. 
cellulolyticum (Ccel), and B. cereus (ZmaM), two ClbP-like proteins genetically unlinked to 
NRPS gene clusters from B. mycoides (Bmyc) and B. pseudomycoides (Bpse), or one FmtA-like 
protein from S. aureus.  ~50% confluent HeLa cells were infected 4 hours with 100 E. coli per 
cell. Left panels: The cell morphology was observed following Giemsa staining at 72 hours after 
infection (Bars = 50 "m). Middle panels: Histone H2AX Ser139 phosphorylation (!H2AX) 
indicative of DNA double strand breaks was assayed by confocal immunofluorescence at 20 
hours after infection. DNA and !H2AX are pseudocolored in blue and green, respectively (Bars = 
50 "m). Right panels: G2-cell cycle arrest following DNA damage was assayed by flow 
cytometry 48 hours after infection. (B) Anti-RGS6His western-blot analysis of the expression of 
RGS6His-tagged ClbP wild-type protein, ClbP-like proteins, and FmtA-like protein in E. coli 
DH10(/pBACpks!clbP.  
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Abstract

pks genomic island of Escherichia coli is involved in the synthesis of the non-ribosomal peptide-type genotoxin
colibactin, which has been suggesting as affecting the host immune response and having an impact on cancer
development. The pks-encoded enzyme ClbP is an atypical peptidase that contributes to the synthesis of
colibactin. In this work, we identified key features of ClbP. Bacterial fractionation and Western-blot analysis
revealed the docking of ClbP to the bacterial inner membrane via a C-terminal domain harboring three
predicted transmembrane helices. Whereas only one helix was necessary for the location in the inner
membrane, the complete sequence of the C-terminal domain was necessary for ClbP bioactivity. In addition,
the N-terminal sequence of ClbP allowed the SRP/Sec/YidC- and MreB-dependent translocation of the
enzymatic domain in the periplasmic compartment, a feature also essential for ClbP bioactivity. Finally, the
comparison of ClbP structure with that of the paralogs FmtA-like and AmpC revealed at an extremity of the
catalytic groove a negative electrostatic potential surface characteristic of ClbP. Site-directed mutagenesis
experiments identified in this zone two aspartic residues that were important for ClbP bioactivity. Overall, these
results suggest amodel for precolibactin activation byClbP and pave away for the design of inhibitors targeting
colibactin production.

© 2012 Elsevier Ltd. All rights reserved.

Introduction

Nougayrède et al. recently reported a genomic
island designated pks that is involved in the
production of a genotoxin named colibactin.1 The
pks island is observed in both Escherichia coli, a
versatile commensal bacterial inhabitant of human
large intestine, and other Enterobacteriaceae.2 pks-
harboring bacteria (pks+) induce DNA double-strand
breaks in eukaryotic cells both in vitro and in vivo.3

These lesions activate the ATM-CHK2 signaling
pathway. However, the cells can present signs of
incomplete DNA repair, which are marked by
megalocytosis, G2/M cell cycle arrest, gene muta-
tions, chromosomal instability and anchorage-

independent colony formation, demonstrating the
carcinogenic potential of colibactin.1,3

Colibactin has never been purified despite several
attempts, and its precise structure remains un-
known. However, genetic and functional analyses
of the pks island indicate that it encodes non-
ribosomal peptide synthetases (NRPSs) and poly-
ketide synthetases (PKSs), which are required for
the production of one or more polyketide (PK)–non-
ribosomal peptide (NRP) hybrid compounds.4 In
addition to NRPS and PKS, the pks island encodes
nine accessory, tailoring and editing enzymes,
among which ClbP is crucial in colibactin
maturation.5 We recently determined the crystal
structure of the ClbP major domain and identified
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functional homologous proteins sharing about 30%
identity with ClbP.5 These proteins, such as ZmaM
and XcnG, which are involved in the synthesis of the
PK–NRP compounds zwittermicin and xenocouma-
cin, respectively,6,7 belong to the S12 enzyme family
of the MEROPS classification,8 share a similar
putative topology and are able to transcomplement
pks island defective for clbP. They form a new
subgroup of enzymes associated with NRP assem-
bly line and are required for the maturation and
activation of NRP compounds.5,7 These enzymes,
designated NRP-associated peptidases, could be an
interesting target for molecular probes or molecules
affecting the production of NRP bioactive molecules.
The protein FmtA-like, a protein of unknown

function,9 and AmpC, a β-lactamase,10,11 also
belong to the S12 enzyme family of the MEROPS
classification and share 30% identity with ClbP.
FmtA-like, in addition, exhibits a predicted topology
similar to that of NRP-associated peptidases.
However, these proteins are not able to transcom-
plement pks island defective for ClbP, indicating
that they are paralogs of ClbP. By analogy with the
well-known enzyme AmpC, Dubois et al. identified
the catalytic triad required for ClbP activity. 5

However, the structural elements, which explain
the difference in activity among FmtA-like, AmpC
and ClbP, remain unknown. In addition, the role of
the N- and C-terminal sequences of ClbP has never
been investigated.
In the present study, we investigated the role of

ClbPC- andN-terminal sequences in the location and
bioactivity of ClbP. By comparison with AmpC and
FmtA-like crystal structures, we also identified key
determinants of ClbP activity far from the catalytic
site, suggesting an atypically large binding site.

Results

ClbP is an inner membrane protein

ClbP (504 amino acids) was predicted in silico
to be an inner membrane protein harboring three
C-terminal transmembrane helices (residues 390–
412, 433–455 and 465–485). A C-terminal RGS6His-
tagged ClbP protein was expressed in E. coli, and
Western-blot analysis was undertaken from whole
cell lysates and cellular fractions to establish the
location of ClbP in bacteria. A reactive band with a
molecular mass compatible with RGS6His-tagged
ClbP mass was observed in the whole cell lysate of
E. coli (Fig. 1a). In addition, RGS6His-tagged ClbP
was predominantly found in the inner membrane
fraction and the spheroplast fraction (a cell fraction
containing the inner membrane), but not in the
periplasmic or cytoplasmic fractions (Fig. 1a). These
results show that ClbP is located in the bacterial
inner membrane.

HA-tagged ClbP harboring three, two, one or no
C-terminal helices were expressed in E. coli. Anti-HA
Western-blot analysis was performed on cellular
fractionation experiments. It revealed that only one
helix was required to associate ClbP with the inner
membrane (Fig. 1b). To investigate the role of
helices in ClbP activity, we expressed constructs in
E. coli containing a pks island defective for clbP
(pBACpks∆clbP) and we infected eukaryotic cells
with the bacteria. ClbP derivatives harboring one,
two or no helices did not induce megalocytosis and
cell cycle arrest in response to the infection (Fig. 1c
and d). In contrast, expression of the construct
harboring the three putative helices induced mega-
locytosis and cell cycle arrest, which show restora-
tion of a full functional pks island (Fig. 1c and d).
In conclusion, the location of ClbP at the inner
membrane is necessary but not sufficient to
assume colibactin production and the complete
ClbP C-terminal domain is required for ClbP bioac-
tivity and colibactin production.

ClbP possesses an N-terminal cleavable signal
sequence, which is SRP/Sec/YidC and
MreB dependent

The N-terminal residues of ClbP were predicted in
silico to be a transmembrane helix (residues 12–30)
or a cleavable Sec-dependent signal sequence
(ALA-QE 30-31). This putative signal sequence of
ClbP (ClbPss) plus the first six amino acids of the
mature part were fused with the GFP (green
fluorescent protein) reporter to form the fusion
protein ClbPss-GFP. Western-blot analysis using a
GFP-specific antibody was performed against E. coli
cells expressing ClbPss-GFP. It revealed the pre-
cursor (ClbPss-GFP) and mature (GFP) forms of the
construct (Fig. 1e). Cellular fractionation of E. coli
expressing ClbPss-GFP revealed only little ClbPss-
GFP in cytoplasmic fraction and an accumulation of
both the complete construct and its processed form
in periplasmic fraction (Fig. 1d). In addition, we
analyzed the bioactivity of ClbP harboring its N-
terminal sequence or not as described above. The
results showed that the N-terminal sequence of ClbP
was required to transcomplement E. coli harboring a
pks island defective for clbP (Fig. 1c). All together,
these results confirm the presence of a cleavable
signal sequence in ClbP N-terminal sequence,
which mediate a translocation to the periplasm that
was required for ClbP bioactivity.

ClbP signal sequence is SRP/Sec/YidC and
MreB dependent

SRP, SecY and YidC are major components of the
translocation/insertion pathway used by inner mem-
brane proteins. This translocation system recog-
nizes in the protein target an N-terminal signal
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sequence, which was cleaved at the time of
translocation into periplasm and/or insertion to the
inner membrane.12 MreB and FtsZ are proteins of
bacterial cytoskeleton, and it has been suggested
that MreB is involved in cytoplasmic trafficking of
proteins toward the Sec translocation system.13 To
further analyze the translocation system involved in
ClbP maturation, we analyzed the cleavage of
ClbPss-GFP fusion protein by Western blot using

SRP, secY, yidC, mreB and ftsZ E. coli knockout or
conditional isogenic mutants. The processing of
ClbPss-GFP was impaired in secY, yidC and mreB
mutants in comparison with the wild-type strain, but
not in ftsZ mutant (Fig. 1e). No signal was observed
with the SRP mutant, suggesting an absence of
translocation and a degradation of the nascent
peptide in the cytoplasm. These data suggest that
actin-like cytoskeleton MreB and the SRP/Sec/YidC

Fig. 1. The role of C- and N-terminal sequences in the location and bioactivity of ClbP. Each construction used was
represented in Fig. S1. (a) Western-blot analysis of RGS6His-tagged ClbP location in E. coli cellular fractions. (b) Western-
blot analysis of HA-tagged ClbP derivatives harboring one, two or three transmembrane helices in E. coli cellular fractions.
(c and d) The genotoxicity of E. coli DH10B pBACpks∆clbP expressing ClbP derivatives. The genotoxicity was assessed
by megalocytosis assays (c) and cell cycle analysis, which is reported as percentage of cells in phase G0/G1, S and G2/M
(d). (e) Cellular location of ClbPss-GFP and its processed mature counterpart GFP in E. coli cellular fractions. (f) Cellular
location of ClbPss-GFP and its processed mature counterpart GFP in wild-type E. coli (WT) and mutants for secY, yidC,
mreB, SRP and ftsZ. (g) Alkaline phosphate (PhoA) export monitored on Mueller Hinton agar containing the chromogenic
substrate BCIP. (g-a) E. coli defective for PhoA; (g-b) E. coli defective for PhoA transcomplemented by a plasmid encoding
PhoA; (g-c) no bacteria; (g-d, g-e and g-f) E. coli defective for PhoA transcomplemented by a plasmid encoding PhoA
fused to ClbP-signal peptide (ClbPss-PhoA), (g-d) ClbP-signal peptide and the three transmembrane helices of ClbP
(ClbPss-PhoA-ClbP3TM) (g-e) or the three transmembrane helices of ClbP (PhoA-ClbP3TM) (g-f). Blue staining occurs on
E. coli expressing PhoA or PhoA-fusion proteins in the bacterial periplasm.W, whole cells; P, periplasm; S, spheroplast; C,
cytoplasm; SM, solubilized inner membrane fraction. ClbP-H0-HA, ClbP derivative without transmembrane helix; ClbP-H1-
HA, ClbP derivative harboring one transmembrane helix; ClbP-H2-HA, ClbP derivative harboring two helices; ClbP-H3-
HA, ClbP harboring three helices; ClbPΔss-H0-HA, ClbP derivative devoid of both signal sequence and transmembrane
helix; ClbPΔss-H3-HA, ClbP derivative devoid of signal sequence; ClbPss-GFP, ClbP signal sequence fused to GFP.
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pathway perform the translocation of ClbP to the
inner membrane by targeting ClbP signal sequence.

The N-terminal domain of ClbP is periplasmic

ClbP is associated with the inner membrane
because of its C-terminal sequence and harbors a
cleavable N-terminal signal sequence allowing the
translocation to periplasm, and hence, we decided to
investigate whether the central enzymatic domain
associated with ClbP C-terminal sequence is located
at the periplasmic side of the bacterial inner
membrane. Alkaline phosphatase enzymatic do-
main of PhoA, which is only active in periplasm,
was used as a reporter of the periplasmic location as
previously reported.14,15 The PhoA domain was
therefore fused to ClbP signal sequences, ClbP
C-terminal sequence (380–504) or to both, and the
constructs were expressed in E. coli DH5αF′. The
bacteria expressing PhoA fused to ClbPss and
fused to ClbPss plus ClbP C-terminal sequence
harbored in the presence of PhoA chromogene
substrate a blue staining, which revealed the
presence of a PhoA active domain. This activity
indicated a location in the periplasmic compartment
(Fig. 1g-d and g-e). In contrast, E. coli DH5αF′
expressing PhoA fused to ClbP C-terminal se-
quence alone remained white (Fig. 1g-f), although
the construct was expressed in the bacteria, as
assessed by Western-blot analysis (data not
shown). The absence of signal sequence prevents
the location of enzymatic domain at the periplasmic
side (Fig. 1g-f) without affecting the inner membrane
association (Fig. 1b). Overall, these data suggest
that an enzymatic domain docked to the inner
membrane but facing inward prevents ClbP bioac-
tivity (Fig. 1c and d). In addition, these results show
that the N-terminal cleavable signal sequence of
ClbP is sufficient and necessary to translocate the
partner enzymatic domain into periplasm and
confirmed therefore the location of the ClbP enzy-
matic domain on the periplasmic side of the bacterial
inner membrane.

FmtA-like has peptidase activity

FmtA-like is the most closely related paralog of
ClbP.1,5 We therefore speculated that comparison of
these enzymes could help in understanding the
specificity of ClbP activity. We first compared their
enzymatic activities against peptidase substrates
formed by amino acids conjugated to p-nitroanilines.
The catalytic efficacy kcat/Km of FmtA-like against
Gly and L-Ala-p-nitroanilines was 154.4 and
78.9μM−1min−1, respectively, which is more than
10,000-fold higher than that of ClbP (0.005 and
0.020μM−1min−1). However, FmtA-like had no
detectable activity against D-Ala-D-Ala- and D-Ala-p-
nitroanilines (kcatb10

−4min−1). These results sug-

gest that FmtA-like is not a DD-peptidase and confirm
the differences in enzymatic activity between ClbP
and FmtA-like.

Comparison of FmtA-like, AmpC and ClbP structures

FmtA-like is the most closely related paralog of
ClbP. However, its structure is unknown. We
therefore determined the crystal structure of FmtA-
like enzymatic domain (33–369) by X-ray diffraction
to compare its structure with those of ClbP and
AmpC, another paralog of ClbP.10,11 The crystal
structure was solved at 3.2Å resolution by molecular
replacement using AmpC and ClbP as search
models. The stereochemical parameters of the
model are reported in Table S3. The Ramachandran
plot16 showed 97.6% in favored region and 2.4% in
allowed region of φ/ψ space. The final model
included 4 FmtA-like enzymatic domain monomers
and 35 water molecules.
The overall structure of FmtA-like enzymatic

domain is composed of two regions: one α/β region
and one all-helical region (Fig. S2). The organization
of the corresponding secondary structure elements
was conserved in ClbP and FmtA-like except two
additional small helices (H5 and H10) in ClbP, but
differed from that of AmpC (Fig. S3). The α/β domain
consisted of a main 10-stranded antiparallel β-sheet
flanked by seven helices, and the all-helical region
consisted of four helices. Between these two
structural domains was a groove, which spreads
over the β3 strand and contains the catalytic triad, as
observed for ClbP, AmpC and other S12 enzymes.
The first motif of the catalytic triad (consensus: S-X-
X-K) is strictly conserved in S12 MEROPS enzymes
and consists of serine residue, acting as catalytic
nucleophile during the acylation step of the catalytic
reaction, plus a lysine residue one helix turn
downstream. The second motif (consensus: Y-X-N/
S) consists of Y190, which is usually responsible for
the deacetylation step, and N192, which is frequently
involved in substrate binding in S12 enzymes. The
third motif, which is less conserved (consensus: K/R/
H-T/S/G-G) and usually also involved in substrate
binding, consists of the HSG sequence in FmtA-like,
KTG in AmpC and HGG in ClbP. The positioning of
these catalytic motifs was strikingly conserved in the
active sites of FmtA-like and ClbP [PDB (Protein
Data Bank) ID: 3O3V] and AmpC (PDB ID: 1FSY)
(Fig. S4), suggesting a common catalytic mecha-
nism of acylation–deacylation.
The structural elements surrounding the catalytic

motifs are known to determine the specificity of S12
MEROPS enzymes.17 We therefore investigated the
positioning of these elements in ClbP and in the two
paralogs FmtA-like and AmpC. The major differ-
ences observed between these enzymes were the
positioning and the size of the loop, which connects
helix H9 and the β5 β-strand of FmtA-like. In ClbP
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and FmtA-like, this loop was composed of 21 and 19
residues, respectively. The corresponding structural
element comprised a loop (279–310) and the helices
H13 (280–287) and H14 (289–292) in AmpC. In ClbP
structure, it is positioned toward the solvent and,
consequently, allows a large extension of the
catalytic groove toward the N-terminal extremity of
the β3 strand. In AmpC and, at lesser extent, in
FmtA-like, the loop shifted toward the catalytic
groove in close contact with the helices H16 and
H11 in AmpC and FmtA-like, respectively, and
covered the N-terminal extremity of the β3 strand
(Fig. 2). These elements interacted in FmtA-like via
one close contact between the residue 307 of the
loop and the residue 363 of helix H11 (distance
between the Oδ1 atom of Asn307 and the Oε2 atom
of Glu363, 4.4Å; Fig. 2a), despite a 2.3- to 2.7-Å shift
of helix H11 toward the solvent compared to AmpC
and ClbP. Likewise, 26 close contacts (distances
comprised between 3.2 and 4.5Å; Fig. 2b) were
observed in AmpC in this area, since the distances
between the corresponding residues are higher than
10Å in ClbP (Fig. 2c). Consequently, the long
catalytic groove observed in ClbP is severely
shortened in FmtA-like and particularly in AmpC at
the N-terminal extremity of the β3 strand.

The surface electrostatic potentials of ClbP, FmtA-
like and AmpC

Electrostatic fields around the surface of proteins
are known to play an important role in molecular
recognition, owing to the attractive or repulsive effect
of the coulombic potential at long-range distance.18

We therefore calculated the electrostatic potential
molecular surface of ClbP, FmtA-like and AmpC
enzymes (Fig. 3a–c) using APBS software.19 The
results revealed very different electrostatic potentials
in their catalytic grooves. On the side harboring the
catalytic groove, we observed in ClbP a strong
negative electrostatic potential surface restricted to
the catalytic groove, especially at the two extremities
(Fig. 3a). A diffuse negative electrostatic potential
was observed in FmtA-like with strong charged
environment at the C-terminal extremity of the β3
strand, as in ClbP, but a weak or neutral charged
environment at the N-terminal extremity of the β3
strand (Fig. 3c). In contrast, the electrostatic
potential surface of AmpC catalytic pocket was
mainly positive (Fig. 3b) as observed with other
closely related S12 enzymes such as carboxypep-
tidases or transpeptidases (data not shown). Over-
all, ClbP differed therefore from AmpC and FmtA-like

Fig. 2. Superimposed structures of ClbP, FmtA-like and AmpC (a) and close contact analysis in FmtA-like (b), AmpC (c)
and ClbP (d) and structures at the vicinity of β3 strand. FmtA-like is purple, AmpC is green and ClbP is gray. Close contacts
between residues are indicated by gray broken lines. Carbon atoms are purple for FmtA-like, green for AmpC and gray for
ClbP; oxygen atoms are red and nitrogen is blue.
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by a strong negative electrostatic potential at the
N-terminal extremity of the β3 strand in an area
edged by the C-terminal part of helix H11.
The distribution of charges on protein surface was

compared to that of known substrates or putative
ligands. Benzylpenicillin and cephalothin, which are
the substrates of AmpC, exhibited an overall
negative electrostatic potential (Fig. S5). This can
favor their binding into the positive-charged catalytic
pocket of AmpC. Interestingly, the final bioactive
PK–NRP compound zwittermicin and its putative
preprocessing counterpart pre-zwittermicin, which
Kevany et al. suggest is cleaved by the NRP-
associated peptidase ZmaM,6 exhibited overall a
positive electrostatic potential surface (Fig. S5). The
positive potential surface of NRP compounds can
therefore match with the negative potential surface
of ClbP, which may be a key feature of this enzyme.
The residues, which may be responsible for the

negative electrostatic potential surface in ClbP
catalytic groove, were investigated using molecular
modeling approaches. The negative-charged resi-
dues were replaced in silico by the corresponding
residues in AmpC or FmtA-like, and the electrostatic
potential was calculated to evaluate their contribu-

tion to the electrostatic properties of ClbP. We found
at the C-terminal part of helix H11 two positions
harboring negative-charged residues, D334 and
D336. The substitutions D334Q and D336L, which
introduce residues observed in AmpC, abrogated
and decreased the negative electrostatic potential
(Fig. 3d–f), respectively. In combination, this substi-
tution conferred a positive electrostatic potential, as
observed in AmpC. The substitutions D334E and
D336N, which introduce residues observed in FmtA-
like, slightly decreased and abolished the negative
electrostatic potential observed at the N-terminal
extremity of the β3 strand (Fig. 3g–i). Overall, these
results suggest that residues D334 and D336 may
be key elements in ClbP bioactivity.

The positions 334 and 336 of ClbP are key residues
for ClbP bioactivity

To evaluate the contribution of residues 334 and
336 to the bioactivity of ClbP, we introduced sub-
stitutions D334E (FmtA-like residue), D334Q (AmpC
residue), D336N (FmtA-like residue) and D336L
(AmpC residue) alone and in combination into
RGS6His-taggedClbP by site-directedmutagenesis.

Fig. 3. Molecular surfaces strained according to the electrostatic potential for ClbP (a), AmpC (b), FmtA-like (c) and
ClbP mutants harboring the substitutions D334Q (d), D336L (e), D334Q-D336L (f), D334E (g), D336N (h) and D3343-
D336N (i). The surfaces were colored red for negative charge, white for neutral and blue for positive. Helix H13 from ClbP
and the corresponding helices in AmpC (H16) and FmtA-like (H11) were circled in black.
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These constructs and wide-type RGS6His-tagged
ClbP were expressed in E. coli containing a pks
island defective for ClbP. The constructs were
expressed at a similar level, as assessed by
Western-blot analysis (data not shown). The geno-
toxicity of bacteria was then investigated using comet
assays, which show at early-time postinfection (24h)
the DNA damage induced by colibactin-producing
E. coli. Megalocytosis assays and cell cycle analysis
were also performed to reveal the presence of patent
lesions at 72h. RGS6His-tagged ClbP mutants at
position 334 or 336 induced a significant decrease
in mean comet tail moment in comparison with
wide-type RGS6His-tagged ClbP (RGS6His-tagged
ClbP versus RGS6His-tagged ClbP-D334E/Q or
RGS6His-tagged ClbP D336L/N, pb0.05; Fig. 4a).
This decrease revealed an alteration in the genotoxic
activity of bacteria expressing ClbP mutants. How-
ever, the genotoxicity was not enough impaired to
affect the cell cycle arrest andmegalocytosis induced
by the bacteria at 72h (Fig. 4b and c). In contrast, the
expression of the mutants harboring the combina-
tions of substitutions at positions 334 and 336
strongly impaired the genotoxicity of bacteria; DNA
damage was almost abrogated at 24h (95% and
92.8%, pb0.01; Fig. 4a), cell cycle arrest was
significantly affected (pb0.001; Fig. 4b) and mega-
locytosis decreased at 72h (Fig. 4c). All together,
these results demonstrate that positions 334 and
336, which are located far from the catalytic triad

(distance between Cα atoms of active serine Ser64
and residues 334/336, 19.5/19.0Å, respectively), are
still important for ClbP bioactivity.

Discussion

The bacterial genomic island pks is involved in the
production of enzymes, which synthesize a PK–
NRP-type genotoxin named colibactin.1 This type of
toxin can have a major impact on host–microbe
relationships.20,21 It has been suggested that coli-
bactin affects the host immune response and has an
impact on colorectal cancer development.1,3 The
pks-encoded enzyme ClbP has been identified as a
prototype of an atypical peptidase subgroup of the
S12 MEROPS family. These enzymes, designated
NRP-associated peptidases, contribute to the mat-
uration of NRP compounds such as colibactin.5 In
this work, we identified key features of ClbP
bioactivity: (i) the association of ClbP with the
bacterial inner membrane, (ii) the exposition of its
enzymatic domain in the bacterial periplasm and (iii)
key residues of the enzymatic domain involved in the
negative electrostatic potential of the catalytic
groove. These findings enlighten our understanding
of colibactin synthesis and pave the way for the
design of inhibitors targeting colibactin production.
We show that the N-terminal sequence is a

cleavable signal sequence mediating a translocation

Fig. 4. The genotoxicity of E. coli pBACpks∆clbP expressing ClbP or ClbP mutants at position 334 and/or 336 was
investigated with HeLa cells. (a) DNA damage at 24h postinfection assessed by comet assays. The results are expressed
in percentage of comet tail moment (100% was attributed to bacteria expressing wide-type ClbP). (b) Cell cycle analysis at
72h postinfection reported as percentage of cells in phase G0/G1, S and G2/M. (c) Cytopathic effect (megalocytosis) at
72h postinfection.
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of the passenger domain to periplasm via the actin-
like cytoskeleton MreB and the SRP/Sec/YidC
pathway. A similar putative signal sequence is
observed in other NRP-associated peptidases,6,7

suggesting that the enzymatic domain of NRP-
associated peptidases such as ClbP is located
outside the cytoplasm. In contrast, the other coli-
bactin-producing enzymes, essentially NRPS and
PKS, are devoid of putative signal sequence and are
known to be in the cytoplasm. ClbP acts therefore
outside the cytoplasm, after assembly line chains of
NRP biosynthesis, and thus is involved in the final
steps of colibactin maturation. It allows maturation of
the genotoxin colibactin outside the cytoplasm at a
distance from the DNA of the producing bacteria
probably in order to protect its genome. This location
also makes ClbP and the other NRP-associated
peptidases more accessible than the other enzymes
of NRP assembly lines and therefore renders them
key targets for the control of the bioactivity of PK–
NRP-producing gene clusters.
We observed that ClbP is not free in the periplasm

but associated with the inner membrane because of
the C-terminal domain. Other S12 enzymes of
MEROPS classification such as transpeptidases
are associated with the inner membrane with their
enzymatic domain in the periplasm.22,23 They are
docked to the membrane via a single N-terminal
transmembrane helix,12 while the docking of ClbP to
the membrane is dependent on the C-terminal
domain, which contains three predicted transmem-
brane helices. Only one helix was sufficient to
assure the docking of ClbP to the membrane.
However, the complete C-terminal domain was
required for the bioactivity of ClbP. The presence
of three transmembrane helices is compatible with a
periplasmic enzymatic domain in the periplasm and
a C-terminal extremity in the cytoplasm. Interesting-
ly, several NRP-associated peptidases are fused
with ABC exporters belonging to the family of cyclic
peptides.5–7 The role of ClbP C-terminal domain
may also be important therefore for interactions with
the cytoplasmic assembly line and/or efflux pumps
carrying out the export of precolibactin from the
cytoplasm to the periplasm.
We analyzed the phylogeny of the condensation

domain in the NRPS enzymes encoded by pks
island as previously reported24 and found typical
starter C-type domain in ClbN. This type of domain
acylates the first amino acid of NRP compounds with
typically β-hydroxyl fatty acids to form a
lipopeptide.25 Reimer et al. recently reported the
maturation of the lipopeptides pre-xenocoumacin in
an NRP compound devoid of fatty acid (xenocou-
macin) by the NRP-associated peptidase XcnG.7

Kevany et al. previously proposed a similar biosyn-
thesis pathway for zwittermicin A.6 Accordingly,
precolibactin may therefore be a lipopeptide inserted
in the bacterial inner membrane and actively

released from this membrane by the inner-mem-
brane-located enzyme ClbP. This model (Fig. 5) can
explain the importance of ClbP location at the inner
membrane and why pks-harboring bacteria killed by
heat or gentamicin are not genotoxic.1

The enzymatic domain of ClbP was compared to
those of the two paralogs FmtA-like and AmpC.
AmpC is a class C β-lactamase, which is well known
to confer a resistance to β-lactam antibiotics and to
be widespread in Gram-negative bacteria. FmtA-like
is encoded by the genome of Staphylococcus
isolates. We found that this protein harbors a
peptidase activity different from that of ClbP, but its
biological function remains unknown. Phylogenetic
analysis has shown that FmtA-like is the most
closely related paralog of ClbP, while AmpC is
more distantly related.5 The determination of FmtA-
like crystal structure shows that this phylogenetic
lineage is also apparent in the three-dimensional
structure of these enzymes and helps to identify
interesting characteristic of the ClbP catalytic
groove. From AmpC to ClbP, we observed a
progressive opening of the catalytic groove at the
vicinity of the N- and C-terminal extremities of the β3
strand and helix H11 (or their structural equivalent
H16 and H13), respectively (Fig. 2). This opening is
associated with an inversion of the electrostatic
potential at the surface of the catalytic groove.
Whereas the AmpC electrostatic potential surface
of AmpC active site is overall positive, we observed a
strong negative electrostatic potential focused in the
catalytic groove of ClbP. These negative charges
may be conserved around the NRP-associated
peptidases and fit the positive charges of NRP
compounds produced by assembly lines related to
the pks-encoded assembly line.
In FmtA-like, the negative electrostatic potential is

more diffuse than in ClbP and the charge is less
marked especially in the vicinity of the N- and
C-terminal extremities of the β3 strand and helix

Fig. 5. ClbP role in the maturation of colibactin.
Negatively charge active site of ClbP was colored red.
The putative positively charged colibactin compound was
colored blue.
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H11. These data suggest that this latter zone is
crucial for the specificity of ClbP bioactivity. Accord-
ingly, we found two acidic residues important for
ClbP bioactivity in this zone in helix H13 (positions
334 and 336). Their substitutions with the corre-
sponding residues of FmtA-like and AmpC affected
the bioactivity of ClbP in a synergistic manner and,
consequently, eliminated the genotoxicity mediated
by pks-harboring E. coli. This inhibition of ClbP
bioactivity is probably due to a modification of the
electrostatic potential, but we cannot exclude that
ClbP activity is impaired by steric hindrance. Several
residues have been mutated in the vicinity of the
catalytic triad and the C-terminal part of the β3 strand
without affecting ClbP bioactivity,5 suggesting that
the non-catalytical residues in this zone are less
important for ClbP bioactivity than the extremity of
the catalytic groove around the N-terminal part of the
β3 strand. These results also reveal that the ClbP
catalytic groove is atypically long and is designed to
accommodate a filiform compound.
In conclusion, the NRP-associated peptidase ClbP

is a periplasmic enzyme that is docked to the
bacterial inner membrane by its C-terminal domain.
This topology allows maturation of the genotoxin
colibactin outside the cytoplasm at a distance from
the genomic material of the producing bacteria. It
also makes ClbP an interesting drug target for
control of the genotoxic effect of colibactin-producing
bacteria. We also identified at a distance from the
catalytic triad an electronegative area as a key
determinant of ClbP bioactivity that may be targeted
by drugs.

Materials and Methods

Strains, plasmids and media

Strains and plasmids used in this study are listed in
Table S1, and the primers are in Table S2. E. coli strains
and Staphylococcus aureus mu50 were grown at 37°C in
Mueller Hinton medium or on Luria–Bertani (LB) plates.
Amoxicillin (32μg/ml) (Sigma), kanamycin (50μg/ml)
(Sigma), chloramphenicol (25μg/ml), glucose (0.2%),
arabinose (0.2%), lactose (0.2%), isopropyl β-D-1-thioga-
lactopyranosid (1mM) (Euromedex) or tetracyclin (200ng/
ml) (Sigma) was added as required to the medium.

Cell induction assays of translocation pathway and
fractionation

Cell induction assays of translocation pathway were
performed as previously described.26–28 We used the
cold-sensitive secY-cs and yidC conditional mutants
CU164A and MYC-cs, in which protein export is partially
slowed down at 37°C and is severely affected upon
exposure to 23 °C. The following strains harboring
p61ClbPssGFP were incubated in LB–amoxicillin–glucose
(0.2%) medium at permissive temperature (37°C for cold-

sensitive strains) with shaking until early exponential
phase: MC4100A, MC1060 and MC1000 wild type;
conditional translocation mutant CU164A (∆secY) and
MYC-cs (∆yidC); HPT406A (SRP mutant), YLS-3 (∆mreB)
and YLS-24 (∆ftsZ) strains. The cultures were incubated
on ice for 3min and then kept at 23°C (nonpermissive
temperature) for 1h for conditional mutant induction. The
cells were harvested by centrifugation, washed once with
LB and resuspended in 0.2% LB–amoxicillin–arabinose
medium and incubated for a further 3h at 23°C with
shaking for induction of ClbPss-GFP expression.
Cellular fractionation experiments were performed as

previously described.26,27 Crude extracts were prepared
by centrifugation of 1ml culture at OD600nm=0.5. The
pellets were suspended in 0.1ml Tris–HCl buffer (40mM,
pH8.0) and 0.02ml of 1% protamine sulfate. Periplasm
and spheroplasts were prepared by lysozyme/ethylene-
diaminetetraacetic acid/cold osmoshock method and
separated by centrifugation. Membranes and cytoplasmic
soluble fractions were prepared from spheroplasts by
breaking the cells by sonication and separated by
ultracentrifugation at 120,000g′ for 90min. Protease
inhibitor Complete (Roche Diagnostics, Mannheim, Ger-
many) was added at the maximum recommended con-
centration in all buffers used.

Western-blot analysis

Western blots were performed with polyclonal rabbit
anti-GFP (Invitrogen) at a dilution of 1:10,000 and
monoclonal anti-RGS6His according to the manufacturer's
instructions (Qiagen). Western blots performed with
monoclonal rabbit anti-HA (Sigma) at a dilution of
1:1000, mice anti-alkaline phosphatase (Millipore) at a
dilution of 1:5000 and horseradish-peroxidase-tagged
goat anti-rabbit or goat anti-mouse secondary antibodies
(Cell Signaling) at a dilution of 1:10,000 according to the
manufacturer's instructions.

Monitoring of alkaline phosphatase activity

ClbP fused to alkaline phosphatase were obtained by
recombination using primers listed in Table S2. Cloning
experiments were performed with In-Fusion HD cloning kit
(Clontech) using the primers described in Table S2. E. coli
cells were grown on LB plates with amoxicillin (32μg/ml)
and 50μg/ml of 5-bromo-4-chloro-3-indolyl phosphate
(the chromogenic substrate of alkaline phosphatase
purchased from Sigma) at 30°C for 2days. The blue-
stained colony-forming units reveal the presence of the
PhoA alkaline phosphatase domain in the periplasm as
previously reported.15

Cloning and site-directed mutagenesis

fmtA-like gene was amplified from S. aureus strain
mu50. After a double digestion with NdeI and NotI (New
England Biolabs), PCR products were cloned in pET-
M13 (Bioscience) expression vectors. ClbP mutants were
obtained by site-directed mutagenesis using primers
listed in Table S2. Site-directed mutagenesis experi-
ments were performed with QuikChange™ Site-Directed
Mutagenesis Kit II (Stratagene, La Jolla, CA) using the
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mutagenic primers described in Table S2. The sub-
stitutions D334E, D336N, D334E-D336N, D334Q, D336L
and D334Q-D336L were individually introduced in ClbP
cloned into p33ClbP plasmid. The changes were
confirmed by double-stranded DNA sequencing. The
final p33clbP derivative vectors were used to transform
E. coli DH10B pBACpks∆clbP strain, which is defective
for ClbP production.

Eukaryotic cell culture, bacterial infections,
comet assay and cell cycle analysis

Cell assays were performed as previously described,
with minor modifications.1,5 For bacterial infections,
overnight LB–amoxicillin cultures of bacteria were diluted
in interaction medium [Dulbecco's modified Eagle's medi-
um, 10% decomplemented fetal calf serum (Lonza),
25mM Hepes (Sigma) and 32μg/ml amoxicillin]. Tetra-
cyclin was added to overnight cultures and interacting
medium to induce the expression of ClbP and derivatives.
Approximately 50% confluent HeLa cell cultures (Ameri-
can Type Culture Collection CCL2) were then infected with
a multiplicity of infection (number of bacteria per eukaryotic
cell) of 500. Cells were washed twice in phosphate-
buffered saline (pH7.4) 3h after inoculation and incubated
in Dulbecco's modified Eagle's medium, 10% fetal calf
serum and 200μg/ml gentamicin (Sigma) to stop the
infection and were kept until analysis. Cell morphology
was examined by Giemsa staining at 72h postinfection.
For cell cycle analysis, cellular suspensions were fixed and
permeabilized with 70% ethanol at 48h postinfection, then
treated with 50μg/ml propidium iodide and 250μg/ml
RNase A (Roche). DNA-content data were acquired with
an SLR II or FACScalibur flow cytometer (Becton
Dickinson) and analyzed with FlowJo software (Tree
Star). DNA breaks were analyzed by comet assay using
SYBR Green as fluorescent DNA staining agent as
described previously.29,30 Comets were scored with the
image analysis software CometScore™ (TriTek Corpora-
tion) using the mean comet tail moment (product of tail
length and fraction of DNA in the tail).

FmtA-like production and purification

pFmtA-like plasmid encodes the peptidase domain of
FmtA-like without the first 87 nucleotides and the last 384
nucleotides of the fmtA-like gene. These sequences
encode the signal peptide and three putative hydrophobic
transmembrane helices that were removed to improve
cytoplasmic expression and protein purification. E. coli
BL21(DE3)∆ampC transformed with pFmtA-like plasmid
was cultured in Terrific broth medium supplemented with
50μg/ml kanamycin, 0.4M D-sorbitol (MP) and 2.5mM
β-betaine (Sigma). The cell culture was grown at 37°C
with shaking up to reach an OD620nm=0.7. Overexpres-
sion of the fmtA-like encoding gene was induced with
0.2mM isopropyl β-D-thiogalactopyranoside overnight at
25°C with shaking. Cells were harvested by centrifugation
(10,000g for 10min at 4°C) and suspended in 20mM
Tris–HCl buffer (pH7.5). After addition of 5μg lysozyme
(2h at 4°C), the cells were disrupted by ultrasonic
treatment (four times for 30s, each time at 20W). The
extract was clarified by centrifugation at 14,000g′ for

60min at 4°C. After addition of 2mg DNase I (Roche) for
15min at room temperature, the supernatant (10,000g′ for
60min at 4°C) was dialyzed overnight against 20mM
Tris–HCl buffer (pH7.5) and filtered (0.22-μm filter)
(Millipore). Purification was carried out by ion-exchange
chromatography on a 10-ml HiTrap™ Q Sepharose™
high-performance column (GE Healthcare) equilibrated
with 20mM Tris–HCl (pH7.5) and eluted with a linear
NaCl gradient (0–1M). The FmtA-like-containing elution
peak (160mM NaCl) was then dialyzed 4h against 50mM
of 4-morpholineethanesulfonic acid buffer (pH6.0) and
purified by a second ion-exchange chromatography on a
HiTrap™ Q Sepharose™ high-performance column equil-
ibrated with 50mM of 4-morpholineethanesulfonic acid
buffer (pH6.0) and eluted with a linear NaCl gradient
(0–1M). The FmtA-like-containing elution peak (50mM
NaCl) was extensively dialyzed overnight against 5mM
Tris–HCl and 50mM NaCl buffer (pH7) and concentrated
by ultrafiltration to 10mg/ml for crystallization. The
concentration was carried out using YM-10000 centricon
(Millipore). The enzyme was more than 95% homoge-
neous as determined by Coomassie blue staining after
10% SDS-PAGE analysis.

Enzymatic activity

Standard photometric assays using p-nitroaniline-con-
jugated amino acids X-pNA (X: Gly, Gly-Gly, L-Ala, D-Ala,
D-Ala-D-Ala, Bz-Asn or L-Lys) as substrates were per-
formed at 25°C in 5mM Tris–HCl and 50mM NaCl, pH7.0,
containing 4mM of the substrate. Data were collected on
the UVICON930 system. Absorption coefficients at 405nm
of 9450M−1 cm−1 for X-pNA were used to calculate the
enzymatic activity. Km and kcat were determined from
kinetic data using ENCORA software (Kluyver laboratory).

Crystallization and structure determination

fmtA-like crystals were grown in hanging drops over a
well solution of 0.2M ammonium acetate (Sigma), 0.1M
sodium acetate trihydrate (pH4.6) (Sigma) and 30% (w/v)
polyethylene glycol 4000 (Sigma). Crystals reached a size
of 40μm×40μm×70μm within 4months. Before data
collection, crystals were immersed for about 30s in a
cryoprotectant solution [30% sucrose, 0.2M ammonium
acetate, 0.1M sodium acetate trihydrate (pH4.6) and 30%
(w/v) polyethylene glycol 4000] and were flashcooled in
liquid nitrogen. Data were collected using a Q315r ADSC-
CCD detector on European Synchrotron Radiation Facility
(ESRF) beamline ID-23-1 at the ESRF (Grenoble, France).
Reflections were indexed, integrated and scaled using
CCP4 package.31–33 The initial model was obtained by
molecular replacement with the program Phaser,34 and
the ClbP X-ray structures (PDB ID: 3O3V) were used as
search models. The structure was automatically and
manually refined with the REFMAC5 and Coot programs,
respectively.35,36 Cross-validation was used throughout,
and 5% of the data were used for the Rfree calculation. The
stereochemical quality of the models was monitored with
the PROCHECK program.37 Ramachandran plots were
calculated by RAMPAGE.16 Processing and crystallo-
graphic refinement statistics for FmtA-like crystal structure
are listed in Table S3 (PDB ID: 4GDN).
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Bioinformatic analysis and molecular modeling

ClbPprimary sequence (accession numberCAJ76284.1)
was analyzed using InterProScan.38 Signal peptide analy-
sis was performed using SignalP 4.0 server39 and lipoP 1.0
server.40 Transmembrane helix location was predicted
using TMHMM server† and TMBASE.41

Substitutions at position 334 and/or 336 were introduced
in ClbP structure using Chimera version 1.5.3‡ visualiza-
tion software and Dunbrack rotamer library.42 The models
were then protonated with PROPKA using the PDB2PQR
server,43 and the protons were subjected to energy
minimization (100 steps steepest descent) using the
MMTK routine under Chimera44 with AMBER parameters.
The quality and stereochemistry of the models were
evaluated using the program PROCHECK program.37

The APBS program19 was used to calculate the electro-
static surface potential map of protein models, which were
visualized with the Chimera program.
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Noncovalent Complexes of an Inactive Mutant of CTX-M-9 with the
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We determined the crystal structure of an inactive Ser70Gly mutant of CTX-M-9 in complex with the bulky
penicillin piperacillin at precovalent and posthydrolytic stages in the catalytic process. The structures obtained
at high resolution were compared with the corresponding structures for the small penicillin benzylpenicillin
and the bulky cephalosporin cefotaxime. The findings highlight the key role of the configuration of the carbon
adjacent to the acylamino group of the side chain of !-lactams in the precovalent recognition of substrates.

The production of !-lactamases is the predominant cause of
resistance to !-lactam antibiotics in Gram-negative bacteria.
These enzymes are divided on the basis of amino acid sequences
into four classes designated A to D, with class A !-lactamases
being the most prevalent in Enterobacteriaceae (1).

The oximino cephalosporins such as cefotaxime have been
used since the 1980s to overcome these resistance mechanisms
because of their relative stability to serine !-lactamases and
their broad antibacterial spectrum. These !-lactams typically
contain a bulky group such as a 2-(2-aminothiazole-4-yl)-2-
oximino substituent at position C-7 of the cephalosporin nu-
cleus, which prevents hydrolysis by serine !-lactamases. How-
ever, the intensive use of these molecules was quickly followed
by the emergence of extended-spectrum !-lactamases (ESBLs),
which can accommodate and hydrolyze such large !-lactams. The
CTX-M enzymes of the class A family, first described in 1989,
have spread worldwide since the late 1990s and are now the most
prevalent extended-spectrum !-lactamases (2, 3, 5, 6, 25, 29).

The hydrolysis process catalyzed by these enzymes is based
on an acid-base catalytic mechanism, as for the other class A
enzymes. It comprises three major steps (8, 9, 14, 19): the
formation of a precovalent encounter complex with the sub-
strate; the nucleophilic attack on the !-lactam ring by the
active serine residue resulting in an acyl-enzyme; and the nu-
cleophilic attack on this covalent complex by the catalytic water
molecule, which produces a transient noncovalent product-
enzyme complex and subsequently results in the release of
both the product and the active enzyme.

Several studies have looked at the crystal structure of
CTX-M enzymes in complexes with !-lactams or transition-
state analogs (8, 10, 11, 26). Surprisingly, CTX-M-9 efficiently
binds and hydrolyzes the large oximino cephalosporin cefo-
taxime despite its small active site. Recently, the structures of
benzylpenicillin and cefotaxime CTX-M-9 Michaelis com-

plexes revealed that the accommodation of the bulky cephalo-
sporin cefotaxime can be accommodated by a widening of the
catalytic pocket, which is not observed for the small molecule
benzylpenicillin (10). In this work, we determined the crystal
structure of an inactive Ser70Gly mutant of CTX-M-9 in com-
plex with the hydrolyzed and nonhydrolyzed forms of pipera-
cillin to investigate the recognition of this bulky penicillin by
CTX-M-type ESBLs. The structure shows that the size of the
substrate is not the exclusive determinant in the widening of
the catalytic pocket.

MATERIALS AND METHODS

Enzyme expression and purification. The replacement of the active serine
(Ser70) by an inactive Gly residue was performed in CTX-M-9 by site-directed
mutagenesis using a CTX-M-9-producing pET-9a-based expression vector (11).
DNA sequence was checked by gene sequencing. The mutated protein, desig-
nated CTX-M-9-S70G, was expressed in Escherichia coli BL21(DE3) (No-
vagene) as previously described (7). Briefly, E. coli was inoculated in 2" YT
medium (Qbiogene, Irvine, CA) supplemented with 30 #g/ml kanamycin for
aerobic growth at 37°C up to an A600 of 0.8. Expression was induced for 36 h at
30°C with 0.2 mM isopropyl-!-D-thiogalactopyranoside (Sigma Chemical Co., St.
Louis, MO). Bacteria were harvested with 20 mM morpholineethanesulfonic
acid (MES)-NaOH (pH 6.0). The cell pellet was disrupted by one cycle of
freezing and thawing, followed by sonication. After centrifugation (10,000 " g for
10 min and 18,000 " g for 60 min at 4°C), the clarified supernatant was loaded
onto an ion-exchange CM-Fast Flow column (100 ml; Amersham Pharmacia
Biotech, Orsay, France) equilibrated with 20 mM MES-NaOH (pH 6.0). Proteins
were eluted with a linear NaCl gradient (0 to 150 mM). The !-lactamase-
containing elution peak was loaded on a gel filtration Superose 12 column (25 ml;
Amersham Pharmacia Biotech) and eluted with a 5 mM Tris-HCl (pH 7.0) and
50 mM NaCl buffer. The protein was concentrated by ultrafiltration to 10 mg/ml
for crystallization. The protein concentration was estimated by the Bio-Rad
protein assay (Bio-Rad, Richmond, CA). Homogeneity was estimated to be more
than 98% by SDS-PAGE.

Crystallization. Crystals of CTX-M-9-S70G were obtained by vapor diffusion
in hanging drops, using microseeding techniques with CTX-M-9 crystals. To a
solution of 10 mg/ml protein in 5 mM Tris-HCl (pH 7.0) and 50 mM NaCl was
added an equal volume of 1.2 M potassium phosphate buffer (pH 8.2) as previ-
ously described (10). Crystals appeared within 24 to 48 h after equilibration at
20°C and were soaked overnight at 20°C with hydrolyzed and native !-lactams at
a concentration of 50 mM in 1.2 M potassium phosphate buffer (pH 8.2).
Piperacillin was purchased from Dakota Pharm. Hydrolyzed piperacillin was
obtained by 24 h of incubation with the wild-type CTX-M-9 at 30°C. Crystals
were cryoprotected with 30% sucrose in 1.2 M potassium phosphate (pH 8.2) and
flash frozen in liquid nitrogen.

* Corresponding author. Mailing address: Laboratoire de Bactéri-
ologie, 28 place H. Dunant, 63001 Clermont-Ferrand, France. Phone:
33 4 73 75 49 20. Fax: 33 4 73 75 49 22. E-mail: rbonnet@chu
-clermontferrand.fr.
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Data collection and structure determination. Data were collected on beam
line ID23-1 of the European Synchrotron Radiation Facility at Grenoble,
France. Reflections were indexed, integrated, and scaled using the HKL software
package (21). The space group of crystals was P21, with two molecules in the
asymmetric unit. Phases were calculated by molecular replacement with the
MolRep program (28) of the CCP4 package (24), using the apoenzyme struc-
ture of CTX-M-9 (9) with water molecules and ions removed. Marvin version
5.3.8 was used for drawing compound structures (ChemAxon). The structures
were refined with program Refmac5 (27) of the CCP4 package and Coot (12).
Cross-validation was used throughout, and 5% of the data were used for the Rfree

calculation. The stereochemical quality of the models was monitored with the
Procheck program (15), and the figures were generated by Chimera (22). Be-
tween 91.3 and 91.9% of residues, excluding proline and glycine, were in the
favored region, and 7.4 to 8.3% of residues were in the allowed region of
the Ramachandran plot (17).

Molecular modeling. The starting structure for simulations was taken from the
ultrahigh-X-ray structure of CTX-M-9 (9). The GROMACS package and the
geometric and charge parameters of the OPLSAA force field were used to carry
out all energy minimizations and molecular dynamics simulations (16). Topology
and RESP charges of hydrolyzed piperacillin were obtained from ab initio cal-
culations using GAMESS (HF/6-31G* theory level) with RED-II software.
Steered molecular dynamics (SMD) simulation was performed as previously
described (10).

Protein structure accession numbers. Coordinates and structure factors have
been deposited in the Protein Data Bank with accession numbers 3HRE, 3Q07,
and 3Q1F.

RESULTS AND DISCUSSION

Overall crystal structures. The residue Ser70 of CTX-M-9 is
responsible for the nucleophilic attack against the carbonyl
carbon of !-lactams, which forms a covalent bond with the
substrate resulting in the acyl-enzyme. Ser70 side chain can
also bind the carboxylate function resulting from !-lactam
hydrolysis. A Ser70Gly mutant of CTX-M-9 was therefore con-
structed to capture intact and hydrolyzed forms of piperacillin
in the binding site as noncovalent adducts. As expected, no
hydrolytic activity of this mutant against piperacillin was de-
tected by using a computerized microacidimetric method (7).

The structures were determined at high resolution (Table 1).
Two monomers were observed in the crystallographic asym-
metric unit. The final Rwork and Rfree varied from 14.4 to 15.4%
for the structure in complex with the intact form of piperacillin

and from 17.5 to 18.4% for the hydrolyzed form, respectively.
Electronic density maps confirmed the presence of the
Ser70Gly substitution and of the catalytic water molecule. This
water molecule was hydrogen bonded to the side chain of
Glu166 and Asp170 (2.5 to 2.9 Å) as observed in CTX-M-9
apoenzyme (2P74). Electronic density maps also revealed the
presence of ligands in each of the two active sites of the crys-
tallographic asymmetric unit. Densities compatible with the
dioxopiperazine cycle identified the piperacillin molecules.
Analysis of the structure of the crystal soaked with intact pip-
eracillin identified the intact and hydrolyzed forms of pipera-
cillin in the active site. However, the intact form, which harbors
a four-membered !-lactam, was the predominant adduct (80%
occupancy). Analysis of the structure of the crystal soaked with
hydrolyzed piperacillin identified only the hydrolyzed molecule
in the active site. The C$ atom root mean square deviation
(RMSD) calculated from the overlay of CTX-M-9-S70G
apoenzyme structure with the corresponding complex struc-
tures varied from 0.08 to 0.18 Å, showing that the insertion of
piperacillin in the catalytic pocket did not modify the overall
structure of the enzyme. In addition, the hydrogen bonds be-
tween the key residues of the binding site were similar to those
previously observed in CTX-M enzymes (Table 2).

Binding of piperacillin into the CTX-M-9-S70G active site.
The electrostatic interactions, previously identified as critical
for hydrolytic activity (8, 13, 14, 18, 26), were observed between
piperacillin and key residues of the catalytic pocket (Fig. 1A).
The oxygen atom of the !-lactam ring was located in an oxy-
anion hole formed by Ser70N and Ser237N. C-3 carboxylate
function interacted with conserved residues Ser130 and Thr235
of the active site. C-6 amide function interacted with the res-
idues at positions 104, 132, and 237. The other atoms of the
C-6 substituent did not establish additional electrostatic inter-
actions with the CTX-M-9-S70G protein. The dioxopiperazine
substituent of piperacillin adopted a positioning similar to that
of the cefotaxime methoximino group. The latter bulky group
can be accommodated only if the catalytic pocket is opened
and the conserved hydrogen bond between the residues N170

TABLE 1. Data collection and refinement statisticsa

Parameter CTX-M-9 S70G CTX-M-9
S70G/piperacillin

CTX-M-9
S70G/hydrolyzed

piperacillin

Space group P21 P21 P21

Cell dimensions
a, b, c (Å) 45.07, 106.29, 47.54 45.13, 106.34, 47.61 45.10, 106.61, 47.54
$, !, % (°) 90.00, 102.17, 90.00 90.00, 101.90, 90.00 90.00, 101.92, 90.00

Rmerge 0.047 (0.180) 0.048 (0.950) 0.064 (0.334)
I/&I 22.4 (5.4) 14.7 (5.9) 16.6 (3.5)
Completeness (%) 96.2 (91) 94.5 (90.1) 99.8 (98.4)
Redundancy 4.9 (4.8) 5.0 4.9
Resolution (Å) 42.6–1.5 19.47–1.50 19.20–1.50
No. of reflections 74,760 62,848 66,447
Rwork/Rfree 0.156/0.184 0.145/0.175 0.144/0.176

RMSD
Bond length (Å) 0.008 0.010 0.011
Bond angle (°) 1.536 1.623 1.287
a Values in parentheses are for the highest-resolution shell. One crystal was used for each data set.
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and D240 is broken (10). The binding of piperacillin did not
induce such conformational change, although the dioxopipera-
zine substituent is bigger than the methoximino group (vol-
ume, 265 versus 153 Å3). This paradox can be explained by the
configuration of the $-carbon of the carbonyl of the C-6/C-7
side chain harboring these two substituents. The imino sp2 of
the $-carbon of the side chain of cefotaxime imposes a planar
configuration on the carbons harboring the aminothiazol me-
thoximino groups, which are difficult to accommodate and
open the CTX-M-9 binding site. The sp3 hybridization of the
$-carbon of the side chain of piperacillin confers a tetrahedral
configuration to the C bearing the benzyl dioxopiperazine
group, in which the H atom is oriented toward the !3 strand
and allows the accommodation of the substituents without
notable constraint (Fig. 2). The steric hindrance of the C-6/7
substituent of !-lactams is reported as an important factor in
the resistance to !-lactamases (11, 18, 23). Our crystallo-
graphic data reveal that the presence of a bulky side chain is
not sufficient to explain a restricted recognition of substrate by
the class A enzymes; topographic constraints must also be

imposed on substituents of the side chain. In oximino cepha-
losporins, this constraint is supplied by the imino group, in
which the $-carbon adjacent to the acylamino group adopts a
planar hybridization (sp2), which puts the substituents in steric
hindrance with the !3 strand and * loop (Fig. 2). In contrast,
the accommodation of the C-6 substituent of piperacillin oc-
curs without notable constraint. Accordingly, the effect linked
to the modifications of the C-6 substituent in penicillins is
slight when considering the Km values (25 and 20 #M for
benzylpenicillin and piperacillin, respectively [2]).

However, the positioning of the C-6 side chain of the pip-
eracillin toward the !3 strand, to avoid steric hindrance be-
tween the dioxopiperazine cycle and the residue Pro167 of the
* loop, induces an 0.7-Å shift in the opposite direction of its
thiazolidine ring toward Asn132, in comparison with ben-
zylpenicillin. Consequently, the interactions of the C-3 carbox-
ylate functions of piperacillin and benzylpenicillin were differ-
ent. Piperacillin C-3 carboxylate was at a hydrogen bond
distance of Ser237O% (2.6 to 2.8 Å), unlike benzylpenicillin C-3
carboxylate (4.0 to 4.4 Å). Interestingly, no hydrogen bond was

FIG. 1. Key polar interactions observed with crystallographic structures between CTX-M-9-S70G and piperacillin (A), benzylpenicillin (B),
cefotaxime (C), hydrolyzed piperacillin (D), and hydrolyzed benzylpenicillin (E). Carbon atoms are in green for the protein or in yellow for the
adduct; oxygen atoms are red, and nitrogen atoms are blue. The $-carbon of the carbonyl of the side chain of !-lactams is magenta.
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established between the C-3 carboxylate function of piperacil-
lin and lysine 234, in contrast to penicillin and cefotaxime (3.7
versus 3.0 and 3.2 Å, respectively; Fig. 1A and 1B). Lysine 234
is conserved among the class A !-lactamases; it belongs to the
KTG motif. This cationic residue binds the C-3 carboxylate
common to most !-lactamase substrates and is important for
the stabilization of the transition state in acylation, much more
so than for the complementarity between the enzyme and the
substrate ground states, which is responsible for the initial
binding (4). The protonated lysine of the KTG motif is also
important in penicillin-binding proteins, in which it aids in the
proper positioning of the substrate during acyl-enzyme com-
plex formation (30). The absence of a bond between the lysine

234 and the C-3 carboxylate of piperacillin can affect the acy-
lation and may be therefore involved in the decrease of the kcat

value observed for piperacillin in comparison to those mea-
sured for penicillin and cefotaxime (110 s+1 versus 295 s+1 and
450 s+1, respectively) (2).

Product release from CTX-M binding site. In the structure
in complex with the hydrolysis product of piperacillin, the C-7
carbonyl function of the !-lactam ring was replaced by a car-
boxylate function, which interacted with active-site residues
(Fig. 1D) as observed in the complex structure of CTX-M-9-
S70G with hydrolyzed benzylpenicillin (Fig. 1E). Because of
electrostatic repulsion between this carboxylate function and
the C-3 carboxylate function of the thiazolidine ring, the thia-
zolidine ring of both hydrolyzed penicillins rotated ,60°. It
disrupted interactions with residues Ser130 (5.5 to 5.6 Å) and
Thr235 (4.8 to 5.0 Å) for piperacillin, but the hydrogen bond
with the O' atom of Ser237 (2.9 Å) was conserved. To com-
plete the crystallographic data, the release of hydrolyzed pip-
eracillin was investigated by steered molecular dynamics
(SMD) simulations. The thiazolidine ring rotated 180° over the
!3 strand, and the interactions between the C-3 carboxylate
group of the thiazolidine ring and the electropositive region of
the CTX-M binding site (Ser130, Lys234, Thr235) were dis-
rupted. During this rotation, the C-3 carboxylate group inter-
acted with Ser237 until the hydrolyzed piperacillin exited from
the active site. Piperacillin and cefotaxime are therefore ex-
pelled from the active site of CTX-M-9 by a closely related
mechanism (10). However, the differences in the structures of
the penicillin and cephalosporin products may be involved in
the higher turnover of CTX-M against cephalosporins than
against penicillins (kcat - 3,000, 450, 295, and 110 s+1, respec-
tively, for cephalothin, cefotaxime, benzylpenicillin, and pip-
eracillin [2]). Indeed, the carbon adjacent to the carboxylate
function of cephalosporins, such as cefotaxime, adopts a planar
hybridization sp2 and that of penicillins adopts a tetrahedral
hybridization sp3. Consequently, the orientation of cephalo-
sporin carboxylate function is in the plane of the 6-membered
ring. Because of this, the rotation of the ring observed with
penicillin-derived products may create a steric clash between
carboxylate of cephalosporins and the Ser237 side chain. This
steric conflict, absent in penicillins, can help an efficient auto-
expulsion of cephalosporin-derived product.

In conclusion, we determined the crystal structure of CTX-
M-9-S70G in complex with intact and hydrolyzed forms of
piperacillin. The findings revealed the determinants of the
interaction between the CTX-M binding site and piperacillin at
precovalent and posthydrolytic steps of the catalytic process.
From these data, we show that the configuration of the $-car-
bon of the carbonyl of the side chain of !-lactams is crucial for
their accommodation and that the absence of a bond between
Lys234 and the C-3 carboxylate function of piperacillin could
explain, in part, a lower catalytic activity of the CTX-M en-
zymes against this penicillin.
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FIG. 2. Schematic representation of the $-carbon of the carbonyl
of the C-6/C-7 side chain of benzylpenicillin, cefotaxime, and pipera-
cillin, in relation to the !3 strand and * loop of CTX-M-9. The
$-carbon of cefotaxime adopts planar (sp2) hybridization; the $-car-
bon of penicillins adopts a tetrahedral (sp3) hybridization.
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Characterization of the Inhibitor-Resistant SHV !-Lactamase SHV-107
in a Clinical Klebsiella pneumoniae Strain Coproducing GES-7 Enzyme

Vera Manageiro,a Eugénia Ferreira,a Antony Cougnoux,d Luís Albuquerque,b Manuela Caniça,a and Richard Bonnetc,d

National Reference Laboratory of Antimicrobial Resistances, Department of Infectious Diseases, National Institute of Health Dr. Ricardo Jorge, Lisbon, Portugala;
Laboratory of Microbiology, Centro Hospitalar de Coimbra, EPE, Coimbra, Portugalb; CHU Clermont-Ferrand, Laboratoire de Bactériologie, Clermont-Ferrand, Francec; and
Clermont Université, Université d’Auvergne, Evolution des Bactéries Pathogènes et Susceptibilité de l’Hôte, Clermont-Ferrand, Franced

The clinical Klebsiella pneumoniae INSRA6884 strain exhibited nonsusceptibility to all penicillins tested (MICs of 64 to >2,048
!g/ml). The MICs of penicillins were weakly reduced by clavulanate (from 2,048 to 512 !g/ml), and tazobactam restored pipera-
cillin susceptibility. Molecular characterization identified the genes blaGES-7 and a new "-lactamase gene, blaSHV-107, which en-
coded an enzyme that differed from SHV-1 by the amino acid substitutions Leu35Gln and Thr235Ala. The SHV-107-producing
Escherichia coli strain exhibited only a "-lactam resistance phenotype with respect to amoxicillin, ticarcillin, and amoxicillin-
clavulanate combination. The kinetic parameters of the purified SHV-107 enzyme revealed a high affinity for penicillins. How-
ever, catalytic efficiency for these antibiotics was lower for SHV-107 than for SHV-1. No hydrolysis was detected against
oxyimino-"-lactams. The 50% inhibitory concentration (IC50) for clavulanic acid was 9-fold higher for SHV-107 than for SHV-1,
but the inhibitory effects of tazobactam were unchanged. Molecular dynamics simulation suggested that the Thr235Ala substitu-
tion affects the accommodation of clavulanate in the binding site and therefore its inhibitory activity.

"-Lactamases are the most important mechanism of !-lactam
drug resistance in Gram-negative bacteria. They hydrolyze

and inactivate !-lactams and are divided into four major classes
(A to D) on the basis of their sequence (1). Class B is composed of
metalloenzymes which require the presence of zinc cations for
activity; classes A, C, and D are hydrolases with an active-site ser-
ine (1, 5). Class A enzymes comprise several enzyme families, in-
cluding the clinically relevant !-lactamases TEM-1 and SHV-1
(35). These enzymes confer resistance to penicillins and to nar-
row-spectrum cephalosporins but are inhibited by !-lactamase
inhibitors such as clavulanate, which have been developed to
evade the activity of these !-lactamases (17, 38).

However, the broad-spectrum !-lactamases TEM-1, TEM-2,
and SHV-1 have acquired point mutations in key positions, often
near the active site, that have given rise to (i) TEM/SHV-type
extended-spectrum !-lactamases (ESBLs), which hydrolyze oxy-
imino-!-lactams; (ii) TEM/SHV-type inhibitor-resistant !-lac-
tamases; and (iii) complex mutant TEMs (CMTs), which can
combine resistance to !-lactam inhibitors and activity against
oxyimino-!-lactams (4, 11, 12, 23, 34). In addition, many recent
reports have described the emergence of class A ESBLs belonging
to other families, such as GES, VEB, PER, and the worldwide-
disseminated CTX-M family (2, 21). The GES family, specifically,
GES-1, has also been reported in many areas including Portugal
(28).

Since 1992, about 35 inhibitor-resistant TEMs (IRTs) and 11
CMTs have been found (http://www.lahey.org/Studies/). How-
ever, only six inhibitor-resistant SHVs (IRSs) have been detected
clinically so far, mainly in Klebsiella pneumoniae strains, in differ-
ent countries (8, 13, 14, 26, 31, 37) (Table 1). No complex mutant
SHV has been encountered, which is surprising since SHV en-
zymes are usually more susceptible to inactivation by clavulanate
than TEM, due to differences in the enzyme active sites (4, 11). In
the SHV family, naturally occurring inhibitor-resistant pheno-
types harbor substitutions at positions Met69 (SHV-49), Ser130
(SHV-10), Arg187 (SHV-26), and Lys234 (SHV-56, SHV-72, and

SHV-84) (numbering according to the Ambler classification) (1,
11) (Table 1). Further investigations of most enzymes and the
corresponding substitutions have been performed. However, the
recently reported enzyme SHV-107 (AM941848) (28), which is
suspected to belong to the IRS group, has not been characterized.

In this study, we report in a clinical K. pneumoniae strain the
coexpression of the ESBL GES-7 and a new IRS-type enzyme
called SHV-107, which, compared to SHV-1, harbors the substi-
tutions Leu35Gln and Thr235Ala. The kinetic constants of SHV-
107 were determined, and molecular modeling was undertaken to
investigate the role of Thr235Ala in the resistance to clavulanate.

MATERIALS AND METHODS
Bacterial strains and plasmid. K. pneumoniae INSRA6884 was isolated in
2006 from the sputum of a 92-year-old woman in an internal medicine
service at the Centro Hospitalar in Coimbra, Portugal (28). The Esche-
richia coli DH5" !ampC strain and E. coli BL21(DE3) were used for initial
cloning experiments and overexpression of the !-lactamase-encoding
gene, respectively. E. coli C600 was used for mating-out assays. Plasmid
pBK-CMV (Stratagene, Amsterdam, The Netherlands) was used for clon-
ing experiments (9).

Antimicrobial susceptibility testing and ESBL detection. An agar di-
lution method and criteria according to the French Society of Microbiol-
ogy (SFM) (7) were used to determine the MICs of the antibiotics listed in
Table 2.

Analytical IEF. !-Lactamases were characterized by isoelectric focus-
ing (IEF) as previously described (6), with strains E. coli C600 (SHV-1, pI
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7.6), K. pneumoniae INSRA5767 (TEM-24, pI 6.5, and SHV-1, pI 7.6), and
E. coli INSRA7813 (GES-1, pI 5.8) as standards.

DNA amplification and sequencing of "-lactamase genes. !-Lactamase
genes blaSHV, blaOXA, blaTEM, blaCTX, and blaGES were detected by PCR am-
plification and then purified and sequenced as previously described (28).

blaGES-7 gene transfer. Direct transfer of the !-lactam resistance phe-
notype and selection of transconjugants were performed as described pre-
viously (29).

Cloning. The blaSHV-107 gene was cloned in the plasmid pBK-CMV
and transferred as previously described (31). The recombinant pBK-
SHV-107 plasmid was transformed by electroporation into the E. coli
BL21(DE3) strain. Transformants were selected with 30 #g/ml of kana-
mycin and 50 #g/ml of amoxicillin. The orientation of the inserted genes
was confirmed as described elsewhere (31).

Purification of "-lactamase. SHV-107 was produced from E. coli
BL21(DE3) in LB broth, supplemented with 30 #g/ml kanamycin, 16

TABLE 1 Comparison of amino acid substitutions, inhibitory properties, and epidemiology of IRS !-lactamases

!-Lactamase

Amino acid at position no.:a
IC50 (#M)
(CLA/TAZ)b Strainc Country (yr)d Reference(s)8 35 54 69 130 140 146 187 192 193 234 235 238 240

SHV-1 I L G M S A A A K L K T G E 0.17/0.11 K. pneumoniae Switzerland (1972) 36
SHV-10 Del G R N V S K 6.9/1.3 E. coli Greece (1997) 37
SHV-26 T 0.48/NDe K. pneumoniae Taiwan (2001) 8
SHV-49 I 1.5/2.5 K. pneumoniae France (2004) 13
SHV-56 Q R 2.5/0.75 K. pneumoniae France (2008) 14
SHV-72 F V R 1.72/0.08 K. pneumoniae Portugal (2008) 31
SHV-84 R 2.21/0.03 E. coli Portugal (2010) 26
SHV-107 Q A 1.53/0.11 K. pneumoniae Portugal (2009) 28; this study
a Numbering according to Ambler et al. (1).
b Values of clavulanate (CLA) and tazobactam (TAZ) for the different IRS !-lactamases. SHV-1, SHV-72, and SHV-84, SHV-10, and SHV-107 values were determined using 200
#M ticarcillin, 50 mM nitrocefin, and 200 #M penicillin, respectively, which were incubated with the inhibitor for 5 min at 37°C at pH 7; SHV-49 and SHV-56 values were
determined by benzylpenicillin (100 #M) hydrolysis after 3 min of preincubation at 30°C; and SHV-26 values were determined after 10 min of preincubation of nitrocefin with the
clavulanate at room temperature. IC50, 50% inhibitory concentration.
c Strain producing IRS !-lactamase, in the first report.
d Country that first reported the !-lactamase, and year (in parentheses).
e ND, not determined.

TABLE 2 MICs of !-lactam antibiotics for the K. pneumoniae clinical strain producing the SHV-107 enzyme, recipient, and transformanta

Antimicrobial drug

MIC (#g/ml) for strain:

K. pneumoniae
INSRA6884
(SHV-107 " GES-7)

E. coli
BL21(DE3)

E. coli
BL21(DE3)
(pBK-SHV-107) E. coli C600

E. coli C600
(GES-7)

Amoxicillin 2,048 $2 256 $2 256
Amoxicillin " CLAb 512 $2 64 $2 8
Ticarcillin #2,048 $2 128 $2 2,048
Piperacillin 64 1 8 0.5 4
Piperacillin " TAZc 4 1 1 0.5 0.5
Amdinocillin 1 $0.015 $0.015 $0.015 0.25
Cephalothin 128 1 1 4 32
Cefuroxime 64 0.5 1 2 16
Cefoperazone 8 $0.25 $0.25 $0.25 0.5
Ceftazidime 128 0.06 0.06 0.06 32
Ceftazidime " CLA 8 0.03 0.03 $0.015 0.5
Ceftriaxone 4 $0.015 $0.015 $0.015 0.5
Ceftriaxone " CLA 0.5 $0.015 $0.015 $0.015 $0.015
Cefotaxime 4 $0.015 $0.015 0.03 0.5
Cefotaxime " CLA 0.25 $0.015 $0.015 $0.015 0.03
Aztreonam 2 $0.015 $0.015 0.06 1
Aztreonam " CLA 0.125 $0.015 $0.015 0.03 0.03
Cefepime 0.25 $0.015 $0.015 $0.015 0.06
Cefoxitin 4 2 2 2 2
Imipenem 0.25 0.25 0.25 $0.06 $0.06
Kanamycin 4 $0.125 $0.125 $0.125 $0.125
Nalidixic acid 4 $0.003 $0.003 4 4
Ciprofloxacin 0.03 $0.003 $0.003 0.007 0.007
Trimethoprim 0.5 $0.125 $0.125 $0.125 $0.125
a E. coli BL21(DE3)(pBK-SHV-107) and E. coli C600 (GES-7) were a transformant and conjugant, respectively, of K. pneumoniae INSRA6884 (harboring SHV-107 plus GES-7
enzyme).
b CLA, clavulanate at a fixed concentration of 2 #g/ml.
c TAZ, tazobactam at a fixed concentration of 4 #g/ml.
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#g/ml ticarcillin, and 0.1 mM IPTG (isopropyl-!-D-thiogalactopyrano-
side; Sigma Chemical Co., St. Louis, MO), overnight at 30°C. The enzyme
was extracted by ultrasonic treatment, and the clarified supernatant was
purified as described elsewhere (3, 31).

Determination of "-lactamase kinetic constants. The Michaelis con-
stant (Km) and catalytic activity (kcat) of SHV-107 and the concentrations
of the inhibitors (clavulanate and tazobactam) required to inhibit enzyme
activity by 50% (IC50s) were determined as previously described (3, 31).
Specific activity and IC50s were monitored with penicillin G (200 #M) as
the reporter substrate. The inhibitor kinetics with clavulanate were deter-
mined under steady-state conditions for SHV-1 and SHV-107 as previ-
ously described (18, 27). The enzyme activity was monitored with a UV-
1800 spectrophotometer (Shimadzu, Champs sur Marne, France) in
phosphate-buffered saline (PBS) 20 mM (pH 7.4) at 25°C by using 100
#M chromogenic substrate nitrocephin (!%, 17,400 M$1 cm$1 at 482
nm) (Sigma-Aldrich, France) as the reporter substrate. The kinetic con-
stants were determined three times for each subtract tested.

Molecular modeling. The structural model of SHV-107 was con-
structed from the crystal structure of SHV-1 using Chimera (24). Molec-
ular dynamics simulations (MDSs) were performed as previously de-
scribed with GROMACS software package, version 4.0 (40), using the
parameters of the OPLSAA force field (22) in a periodic cubic box, as
previously described (10). The AutoDock 4.0 package was used to per-
form molecular docking (33). Coordinates for clavulanate structure were
obtained using CACTVS (http://www2.ccc.uni-erlangen.de/software
/cactvs/) and the CORINA server (19). Structure optimization was calcu-
lated at the 6-31G** level using the Gamess quantum chemistry software
(39). All the torsion angles in clavulanate were set free to perform flexible
docking, and the Gasteiger-Hückel atomic charge was assigned. Kollman
united atom partial charges were assigned for the receptor, which was kept
rigid during the docking study. Water molecules, ions, and ligands were
removed, except the catalytic water molecule. The empirical free-energy
function and Lamarckian genetic algorithm were used for docking with
the following settings: a maximum number of 25,000,000 energy evalua-
tions, an initial population of 150 randomly placed individuals, a maxi-
mum number of 27,000 generations, a mutation rate of 0.02, a crossover
rate of 0.80, and an elitism value (number of top individuals that auto-
matically survive) of 1. For the local search, the Solis and Wets algo-
rithm was used with a maximum of 300 iterations per search; 100
independent docking runs were performed for each docking experi-
ment. Results were clustered according to default root mean square
deviation (RMSD) criteria.

RESULTS AND DISCUSSION
General characteristics of K. pneumoniae INSRA6884. In this
study, we characterized a clinical K. pneumoniae strain isolated in

a Portuguese hospital coexpressing two different !-lactamases,
the IRS enzyme SHV-107 and the ESBL GES-7, of pIs 7.5 and 6.9,
respectively.

Phenotypic characterization. The transconjugant E. coli C600
(GES-7) acquired resistance only to amoxicillin, ticarcillin, ceph-
alothin, cefuroxime, and ceftazidime, in contrast to the clinical
strain, which was resistant to all penicillins and all cephalosporins
tested except cefepime and cefoxitin (Table 2). The addition of
clavulanate drastically reduced the MIC value of oxyimino-
cephalosporins and aztreonam in both the transconjugant and the
clinical strains. Like the clinical strain, E. coli BL21(DE3)(pBK-
SHV-107) acquired resistance to amoxicillin and ticarcillin and
exhibited a synergy of amoxicillin and piperacillin in combination
with clavulanate (2-fold) and tazobactam (8-fold), respectively
(Table 2).

"-lactamase analysis. We report for the first time the GES-7
!-lactamase isolated in Portugal. Although not associated with
class 1 integrons (data not shown), the gene encoding this
!-lactamase was present in a conjugative plasmid. The deduced
amino sequence of blaGES-7 differed from that of GES-1 (1) by
Glu107Lys and Leu125Ala substitutions (Ambler numbering).
SHV-107 enzyme, an IRS !-lactamase (IC50 & 1 #M), is the sev-
enth member of this subgroup, which is characterized by the ex-
pression of resistance to clavulanate (Table 1). This enzyme dif-
fered from SHV-1 by the amino acid substitutions Leu35Gln and
Thr235Ala (Table 1) (28). The first substitution, Leu35Gln, fre-
quently encountered and observed alone in the SHV-11 enzyme
(30), is known to have no significant impact on kinetic constants
(32). To our best knowledge, the second substitution is the first
natural substitution reported at position 235 in class A enzymes
(Table 1). In these enzymes, Thr235 residue is part of a conserved
element (Lys234-Ser/Thr235-Gly236). It is situated on the !3
strand of a !-sheet in the "/! domain and forms a major wall of
the catalytic cavity site (10). The hydroxyl function of Ser/Thr-235
contributes to the binding of the conserved C3/C4 carboxylate
function of !-lactams (41).

Enzymatic parameters and properties of "-lactamase SHV-
107. After purification by ion exchange and gel filtration, the pu-
rity of !-lactamase SHV-107 was estimated to be &98% on a
sodium dodecyl sulfate-polyacrylamide gel. The band of 28.8 kDa
corresponds to the molecular mass deduced from the amino acid
sequence (data not shown).

TABLE 3 Comparative kinetic parameters for SHV-1 and SHV-107 !-lactamases

Antibiotic

Kinetic parameters of enzyme

SHV-1b SHV-107c

Km (#M)a kcat (s$1)a

kcat/Km

(#M$1 · s$1) Km (#M)a kcat (s$1)a

kcat/Km

(#M$1 · s$1)

Penicillin G 23 % 0.4 1,937 % 82 84 11 % 0.9 378 % 6 34
Amoxicillin 31 % 1 1,044 % 10 34 42 % 4 657 % 10 16
Ticarcillin 11 % 3 220 % 49 20 23 % 12 51 % 7 2
Piperacillin 24 % 0.5 1,490 % 96 62 31 % 0.4 412 % 87 13
Cephalothin 40 % 1 128 % 33 3 179 % 9 &0.1 &0.001
Ceftazidime 142 % 3 &0.1 NDd ND &0.1 ND
Cefotaxime 257 % 21 &0.1 ND ND &0.1 ND
a Values are means % standard deviations.
b The kinetic constants for SHV-1 are from reference 31.
c E. coli BL21(DE3)(pBK-SHV-107) was the transformant producing SHV-107.
d ND, not determinable, because the hydrolysis rates were too low.
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We observed that the substitution Thr235Ala altered SHV-107
kinetic constants against !-lactams without dramatic effects on
the resistance to penicillins. Two-fold changes or less between the
SHV-1 and SHV-107 !-lactamases were obtained for Km values
for penicillins (11 to 31 #M and 11 to 42 #M, respectively) (Table
3). Catalytic efficiency against penicillins was 2- to 9-fold lower for
SHV-107 (kcat/Km, 2.2 to 34.4 #M$1 · s$1) than for SHV-1 (kcat/
Km, 20.0 to 84.2 #M$1 · s$1) (Table 3). Amoxicillin, with a kcat

value of 657 s$1, was the best substrate for SHV-107. Likewise,
previous enzymatic studies of TEM-1 and its isogenic mutant
Ser235Ala showed similar results for penicillins, although the mu-
tant had greatly reduced cephalosporinase activity (15, 20). In the
SHV !-lactamase family, residue Thr235 is also critical for cepha-
losporinase activity, because its replacement by Ala235 in SHV-
107 leads to severe impairment of the catalytic constant against
cephalosporins, as observed in TEM-type enzyme (15, 20). Km

values were 4-fold higher for cephalothin or not determinable for
the other cephalosporins, because the hydrolysis rate was too low.

It is noteworthy that amoxicillin, ticarcillin, and piperacillin
have similar kinetic parameters, but production of SHV-107
!-lactamase increases the MIC by factors of #128, #64, and 8,
respectively. In contrast, Ala235 residue, although it contributes
to a loss of activity, seems to have no influence in the MIC of
cephalothin. These discrepancies between phenotypic and bio-
chemical values could result from the fact that the MIC of a
!-lactam for !-lactamase-producing bacteria correlates not only
the catalytic efficiency of the enzyme but also its concentration in
the periplasm and the penetration of the antibiotic through the
outer membrane, as noted before (25).

IC50 results showed that tazobactam was 14-fold more active
than clavulanate against the SHV-107 enzyme, as it has a triazole
group at the C2 !-methyl position, which led to the improvement
of IC50s (11) (Table 1). IC50s of clavulanate were 9-fold higher for
SHV-107 than for SHV-1, and no loss of sensitivity to tazobactam
was observed. The Thr235Ala substitution affected the suscepti-
bility to clavulanate and consequently the susceptibility to the
combination of amoxicillin-clavulanate. Similarly, three IRS en-
zymes, SHV-56, SHV-72, and SHV-84, which presented an amino
acid substitution in the vicinity of position 235, showed decreased
susceptibility to clavulanate (14, 26, 31). Molecular dynamics sim-
ulations suggested that the Lys234Arg substitution observed in
this mutant probably affects the positioning of the Ser130 side
chain, a key element in the inhibition reaction mediated by clavu-
lanate (31).

SHV-1 and SHV-107 inhibitor kinetics with clavulanate were
further investigated (Table 4). Ki for clavulanate was almost 9-fold
higher for SHV-107 than for SHV-1 (1.82 #M versus 0.21 #M).
kinact (inactivation constant) and kcat values were closely similar
for both enzymes. Consequently, the second-order rate constants,
kinact/Ki and kcat/Ki, were 10-fold lower for SHV-107 than for
SHV-1, because of the increase in Ki.

Molecular modeling. We investigated the recognition of cla-
vulanate by the SHV-107 binding site using molecular modeling
tools to explain the role of the Thr235Ala substitution in resis-
tance against clavulanate. The introduction of the Thr235Ala sub-
stitution caused no overall or large-scale deviation of dynamic
properties. Likewise, the survey of residues and water molecules
located in the vicinity of position 235 revealed no dramatic change
in this area (data not shown). For SHV-1, all docking experiments
provided a similar conformation and positioning of clavulanate in
the catalytic pocket (RMSD value for clavulanate atoms of &1 Å).
The oxygen atom of the !-lactam carbonyl function was at a hy-
drogen bond distance of the Ser70 and Ala237 N atoms (2.9 and
2.8 Å, respectively), which form the oxyanion hole. The C3 car-
boxylate function of clavulanate established electrostatic interac-
tion with Ser130 and Thr235 (2.7 to 2.9 Å). For SHV-107, 98% of
clavulanate-docking experiments provided similar positionings of
clavulanate in the SHV-107 catalytic pocket (RMSD value for cla-
vulanate atoms of &1 Å). However, the positioning of clavulanate
in SHV-107 was clearly different from that in SHV-1. Clavulanate
was flipped (Fig. 1). Consequently, the oxygen atom of the
!-lactam carbonyl function did not interact with the oxyanion
hole. Instead, Ser70 and Ala237 N atoms and the Ala237 O atom
shared hydrogen bonds with the C2 substituent of clavulanate (2.8
to 3.0 Å), and the !-lactam ring was accommodated in the vicinity
of position 244. It emerges from these results that Thr235 favors
the interaction of !-lactam carbonyl function with the oxyanion
hole. This interaction is a key factor in active serine acylation by
clavulanate and therefore in the inhibition process mediated by
this inhibitor. The Thr235Ala substitution may therefore affect
the correct orientation of clavulanate in the binding site and con-
sequently the inhibitory activity of clavulanate. This possibility is
supported by the increase in clavulanate Ki with SHV-107.

Conclusion. Our findings show that mutations at Thr235 of
the SHV-1 !-lactamase contribute to decreased susceptibility to
!-lactamase inhibitors. Given the increasing number of new en-
zymes conferring resistance to !-lactamase inhibitors, further in-
vestigations should be undertaken on IRS enzymes. This emer-

TABLE 4 Clavulanate kinetic parameters of SHV-1 and SHV-107 !-lactamases

!-Lactamase Ki (#M)a kinact (s$1)a

kinact/Ki

(#M$1 · s$1) kcat (s$1)a

kcat/Ki

(#M$1 · s$1) kcat/kinact

SHV-1 0.21 % 0.06 0.050 % 0.007 0.23 0.94 % 0.13 4.48 19
SHV-107 1.82 % 0.17 0.042 % 0.009 0.02 0.75 % 0.11 0.41 18
a Values are means % standard deviations.

FIG 1 Clavulanate positioning in SHV-1 (A) and SHV-107 (B) binding sites
after docking experiments using AutoDock. Carbon atoms are in yellow for the
protein or in green for clavulanate; oxygen atoms are red and nitrogen atoms
blue. Hydrogen bonds are indicated by dashed lines.
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gence may be the consequence of the widespread use of penicillins
with !-lactamase inhibitors (J01CR) in different European coun-
tries, a practice that needs to be reassessed and modified (16).
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