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OXA-48 carbapenemase has rapidly spread in many countries worldwide with several OXA-48-variants being described, differing by a few 
amino acid (AA) substitutions or deletions, mostly in the β5-β6 loop. While single AA substitutions have only minor impact on OXA-48 hy-
drolytic profiles, others with 4 AA deletions result in loss of carbapenem hydrolysis and gain of expanded-spectrum cephalosporin (ESC) hy-
drolysis. We have replaced the β5-β6 loop of OXA-48 with that of OXA-18, a clavulanic-acid inhibited oxacillinase capable of hydrolyzing ESCs 
but not carbapenems. The hybrid enzyme OXA-48Loop18 was able to hydrolyze ESCs and carbapenems (although with a lower kcat), even 
though the β5-β6 loop was longer and its sequence quite different from that of OXA-48. The kinetic parameters of OXA-48Loop18 were in 
agreement with the MIC values. X-ray crystallography and molecular modeling suggest that the conformation of the grafted loop allows the 
binding of bulkier substrates, unlike that of the native loop, expanding the hydrolytic profile. This seems to be due not only to differences in AA 
sequence, but also to the backbone conformation the loop can adopt. Finally, our results provide further experimental evidence for the role of 
the β5-β6 loop in substrate selectivity of OXA-48-like enzymes and additional details on the structure-function relationship of β-lactamases, 
demonstrating how localized changes in these proteins can alter or expand their function, highlighting their plasticity.  

Carbapenemase, expanded-spectrum cephalosporins, β5-β6 loop, oxacillinases. 

 

Ambler class D β-lactamases (DBLs), also known as oxa-
cillinases, are active site serine β-lactamases like the Ambler classes 
A and C 1,2. DBLs form a very heterogeneous family of enzymes, dif-
fering both at genetic and biochemical levels, with enzymes pos-
sessing low sequence identities and various substrate profiles going 
from narrow- to extended-spectrum of hydrolysis, sometimes in-
cluding carbapenems 3. The Carbapenem-Hydrolyzing class D β-
Lactamases (CHDLs) may be divided in three groups: i) OXA-48 
from Enterobacteriaceae; ii) OXA-23/-40/-58/-143 reported mostly 
from Acinetobacter baumannii and iii) OXA-198 from P. aeruginosa 4. 
None of these enzymes possess the ability to hydrolyze significantly 
both expanded-spectrum cephalosporins (ESCs) and carbapenems 
and the hydrolysis of carbapenems by CHDLs remains low, due to 
their poor catalytic efficiency towards those β-lactam molecules 5.  

 β-Lactamases of OXA-48-type are the most worrisome, 
given their rapid spread in many countries worldwide and their pro-
pensity to evolve by mutations leading to various phenotypic expres-
sions 6. Although OXA-48 hydrolyzes penicillins at a high level and 

carbapenems at a low level, it shows (almost) no activity against 
ESCs 7. OXA-48 producers, initially described in K. pneumoniae iso-
lates from Turkey in 2004, have since been extensively reported 
from all continents 8–10. OXA-48 represents 85% of the car-
bapenemases isolated in France 11 and numerous outbreaks have 
been described with associated high mortality rates 12. Since the first 
identification of OXA-48, different variants have been reported, dif-
fering by few amino acid substitutions or deletions. For a complete 
list of variants see the Beta-Lactamase DataBase 2 
(http://bldb.eu/BLDB.php?class=D#OXA) and the “Bacterial An-
timicrobial Resistance Reference Gene Database” 
(https://www.ncbi.nlm.nih.gov/pathogens/isolates#/refgene/). In 
addition, a large-scale analysis of genomic data revealed an addi-
tional unexpected variety of OXA-48-like enzymes 13. Whereas some 
OXA-48-variants with single amino acid substitutions have similar 
hydrolytic activities as OXA-48, others, such as OXA-163 14,15, OXA-
24716, or OXA-40517,18, have a four amino acid (AA) deletion that re-
sults in the loss of carbapenem- hydro  
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Figure 1. A) Sequence alignment of the β5-β6 loops of OXA-48, OXA-18, OXA-405 and OXA-10.  B) Antibiograms of E. coli TOP10 harboring 
plasmids pTOPO-OXA-48, pTOPO-OXA-48Loop18, and pTOPO-OXA-18. TPZ: Piperacillin-tazobactam, PRL: Piperacillin, TIC: Ticarcil-
lin, AML: amoxicillin, ETP: Ertapenem, TIM: Ticarcillin-clavulanic acid, CAZ: Ceftazidime, TEM: Temocillin, FOX: Cefoxitin, IPM: 
Imipenem, AMC: Amoxicillin-clavulanic acid, CTX: Cefotaxime, MOX: Latamoxef, MEM: Meropenem, ATM: Aztreonam, FEP: Cefepime. 
Blue circles show carbapenem inhibition zones of OXA-48, red circles show ceftazidime inhibition zones of OXA-48. 

 

 

lysis and gain of ESC hydrolysis 7,14,16,17. They actually exhibit a sub-
strate profile that is similar to that of OXA-18, an OXA-Extended-
Spectrum β-lactamase (OXA-ESBL) identified in P. aeruginosa, with 
the difference that they are not susceptible to clavulanic acid inhibi-
tion19. 

 Until now, more than 175 crystal structures of different 
class D sub-families have been deposited in PDB database 2. Despite 
a remarkable sequence divergence between these oxacillinases, their 
overall fold is similar and the active site elements are well conserved 
20. Previously, it was described that the orientation and size of the β5-
β6 loop of OXA-48 is different from that of OXA-10, a class D β-
lactamase with no activity against carbapenems, suggesting a major 
role of this loop in carbapenem hydrolysis 20,21. The replacement of 
the β5-β6 loop in OXA-10 by that of OXA-48 turned the chimeric 
enzyme into a carbapenemase 20,21. This loop is close to the active site 
and connects two β-strands which delimit one side of the active site 
in OXA-48, one of them including the catalytically-relevant con-
served KTG residues 20. Alignment of the β5-β6 loop of OXA-48 
with that of OXA-10, OXA-405 and OXA-18 is shown on Fig. 1A. 
Not only the length and the sequence of the loops are different, but 
also the hydrolysis profiles of these enzymes. Reducing the length of 

the loop of OXA-48 by 4 AAs results in an enzyme that lost car-
bapenem hydrolysis, but gained ESC, as well as aztreonam, hydro-
lytic activity 17,18. OXA-10 has a longer loop and displays a broad-
spectrum profile with no significant carbapenem and low-level ESC 
hydrolysis. The loop of OXA-18 is even longer, and this enzyme dis-
plays high level of ESC and aztreonam hydrolysis, and shows a 
strong clavulanic acid inhibition, which is unusual for oxacillinases 3. 

 To further analyze the role of the β5-β6 loop of OXA-48 
carbapenemase in respect to the carbapenem-hydrolysis, as well as 
ESC hydrolysis, we substituted the β5-β6 loop of OXA-48 with that 
of the OXA-ESBL, OXA-18. We evaluated the hydrolysis profile of 
this OXA-48Loop18 hybrid enzyme and determined its crystallo-
graphic structure that constituted the starting point for covalent 
docking and molecular dynamics simulations, in order to explain the 
observed profile. 

 

Results 

Alteration in the susceptibility profile of OXA-48 

 The antimicrobial susceptibility profiles, determined by 
disk diffusion (Fig. 1B) and minimal inhibitory concentrations 
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(MICs) for several β-lactams, conferred by OXA-48, OXA-18 and 
the hybrid OXA-48Loop18, was obtained by cloning the corre-
sponding genes in pCR-Blunt II-Topo kit (Invitrogen) and express-
ing them into E. coli TOP10 (Table 1). The three proteins conferred 
resistance to penicillins. OXA-18 conferred, as previously described 
19, a typical ESBL profile e.g. resistance to ESCs and a synergy image 

between ESC and clavulanic acid on a disk diffusion antibiogram. E. 
coli Top10 (pTOPO-OXA-18) presented very low MIC values for 
carbapenems. On the other hand, OXA-48 conferred a reduced sus-
ceptibility to carbapenems and very low MIC values for ESCs 8.  

 

 

 

Table 1.  MICs of β-lactams for E. coli TOP10 pTOPO-OXA-48, E. coli TOP10 pTOPO-OXA-48Loop18, E. coli TOP10 pTOPO-OXA-18 
and E. coli TOP10. 

  MIC (mg/L) 

Antibiotic 

E. coli TOP10  E. coli TOP10  

(pTOPO-OXA-48) 
(pTOPO-OXA-

48Loop18) 
(pTOPO-OXA-18)  

Amoxicillin >256 >256 >256 2 

Amoxicillin 
+ CLAa 

>256 32 8 2 

Piperacillin >256 >256 >256 1.5 

Cefotaxime 0.75 0.19 >32 0.06 

Ceftazidime 0.19 48 >256 0.12 

Cefepime 0.19 2 12 0.023 

Imipenem 0.75 0.38 0.25 0.25 

Meropenem 0.25 0.094 0.047 0.016 

Ertapenem 0.25 0.25 0.094 0.003 

Temocillin >1024 64 96 4 

Aztreonam 0.047 8 >256 0.047 

     
aCLA, clavulanic acid (2mg/L). 

 

Figure 2. Crystal structure of OXA-48loop18. A) Overview of crystal structure. For clarity, only the backbone atoms and their electron density is shown, de-
picted at 2.0 σ. Chains A and B are colored green and cyan, respectively. β5-β6 and β7-α10 loops, which are depicted in orange and magenta, respectively, are 
more flexible than the rest of the protein, as evidenced by their weaker electron density. B) Active site cavity of chain B. Backbone represented as cyan ribbon, 
relevant residues are shown as cyan sticks, hydrogen bonds as orange dashed lines, and sulfate anions as yellow and red sticks. OSE: O-sulfo-serine. KCX: 
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carbamylated lysine. Electron density is represented at 1.0 σ, so as to evidence electron density around partially occupied OSE, sulfate, and waters (see results). 
Water molecules are represented as blue spheres to evidence their superposition with the sulfate molecules. C) β5-β6 loop of chain B. Electron density is repre-
sented at 1.0 σ for the β5-β6 loop, showing weaker but clear electron density that allows for the backbone as well as for most sidechains to be modelled. Hydrogen 
bonds show the further extension of the β5 and β6 strands. 

 

 

 

Table 2. Steady-state kinetic parameters of β-lactamases OXA-48, OXA-48Loop18 and OXA-18. 

 

Errors for determined kinetic values were below 10%. NH, Hydrolysis could not be detected with concentrations of substrate and enzymes up 
to 1000 µM and 400 nM, respectively.  
a values were from Docquier et al20 

 

 

Interestingly, E. coli Top10 (pTOPO-OXA-48Loop18) presented a 
susceptibility profile that seems to be a combination of both. It was 
resistant to penicillins, ceftazidime and presented a reduced suscep-
tibility to cefepime (MIC 2 mg/L). Additionally, a synergy with 
clavulanic acid was also observed but not as marked as with E. coli 
Top10 (p- TOPO-OXA-18). At the same time, it showed lower 
MIC values for carbapenems as compared to those of E. coli Top10 
(pTOPO-OXA-48) but higher than those of E. coli Top10 
(pTOPO-OXA-18). In a similar manner, MIC values for aztreonam 
ranged between the two native enzymes, while for temocillin the hy-
brid mutant presented the lowest value. 

 

Kinetic analysis 

 To evaluate the biochemical properties, steady-state ki-
netic parameters were determined to compare the catalytic efficien-
cies of OXA-48 with that of OXA-18 and OXA-48Loop18 (Table 2). 
The catalytic efficiency for ampicillin was highest for OXA-48, fol-
lowed by that of OXA-18 and OXA-48Loop18. In the last two cases, 
the reduced catalytic efficiencies were due to lower kcat values, even 
though the Kms were at least 10-fold lower. Unlike OXA-48, OXA-
48Loop18 was able to hydrolyze ceftazidime, but with lower cata-
lytic efficiency than OXA-18. These kinetic data were in agreement 
with the observed MIC values. For imipenem, the highest catalytic 
efficiency was observed with OXA-48, whereas that of OXA-
48Loop18 was 100-fold lower, as a result of a 10-fold higher Km and 
a 10-fold lower kcat. Interestingly with meropenem, and even more 
with ertapenem, these hydrolytic differences between OXA-48 and 

OXA-48Loop18 were less important. For ertapenem, similar values 
were found as a consequence of 10-fold lower Km for OXA-
48Loop18, even though the kcat was 6-fold lower. These small differ-
ences were enough to increase the MIC values of E. coli expressing 
OXA-48Loop18 from 0.094 mg/L (conferred by OXA-18) to 0.25 
mg/L, a value comparable to that conferred by OXA-48. 

 

Thermostability analysis 

 In order to evaluate the differences in the stability of OXA-
48 and OXA-48Loop18, thermal denaturation by differential scan-
ning calorimetry (DSC) was performed. Replacement of the β5-β6 
loop of OXA-48 by the one of OXA-18 induced a decrease in the sta-
bility of the protein, which was reflected in a shift of the midpoint 
melting temperatures (Tm) from 56.8 °C to 41.1 °C.  

 

OXA-48Loop18 crystallization and X-ray crystallography 

 OXA-48Loop18 structure was obtained with a 2.38 Å res-
olution (Table 3). The asymmetric unit contained two protein 
chains, A and B, with 252 residues each. They presented a classic 
class D β-lactamase fold, with an α-helical region and a mixed α-he-
lix/β-sheet region. 96% of all residues were inside the favored re-
gions of the Ramachandran plot, and 4% in the allowed regions. 
Clear electron density was observed throughout the protein (Fig. 
2A), with average B-factors of 58.58 for the backbone of both chains, 
except for loops β5-β6 in chain A (average backbone B-factors: 
121.22) and β7-α10 for both chains (average backbone B-factors of 

Substrate 
Km(µM)   kcat (s-1)   kcat/Km (mM-1 s-1) 

OXA-48a 
OXA-

48Loop18 
OXA-18   OXA-48a OXA-

48Loop18 
OXA-

18 
  OXA-48a 

OXA-
48Loop18 

OXA-18 

Ampicillin 395 43 8  955 4 2.1  2418 92 259 

Cefalotin 195 124 42  44 0.5 34  226 4.3 804 

Cefoxitin >200 77 9  >0.05 0.004 0.302  0.3 0.05 35 

Ceftazidime N.H >1000 44  N.H >0.2 10  N.H 0.2 236 

Cefotaxime >900 >1000 54  >9 >3.1 62  10 2.4 1158 

Cefepime >550 357 78  >0.60 0.4 19  1.1 1.1 248 

Imipenem 13 109 13  5 0.4 0.006  369 3.2 0.5 

Meropenem 11 16 71  0.07 0.01 0.01  6 0.7 0.2 

Ertapenem 100 15 12  0.13 0.02 0.01  1.3 1.1 0.9 

Aztreonam N.H >1000 14   N.H >1.3 3.3   N.H 0.7 234 
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109.74 and 105.34), where it was weaker. The structure contained 
several ordered water molecules, sulfate and fluoride from the crys-
tallization solution, and glycerol from the cryoprotectant. 

 Excluding the exchanged loop, OXA-48Loop18 showed 
the same overall conformation as OXA-48 (PDB 4S2P)22, with a Cα 
RMSD of 0.464 Å (Fig. S1). Active site residues (Fig. 2B) adopted 
the same conformation as in OXA-48. The grafted β5-β6 loop 
adopted a more relaxed and elongated conformation (Fig. 2C), ex-
tending the β5 and β6 strands, protruding away from the active site 
cavity. Residues 211 through 214, at the beginning of the β5-β6 loop, 
were displaced (Cα shifts of 0.56 Å, 0.75 Å, 3.12 Å and 6.64 Å, re-
spectively, Fig. 3A), shifting closer to the Ω-loop and β6 strand. With 
the β5-β6 loop exchange, a cavity wall was lost with the lack of R214 
(Fig. 3B), and the Y211T exchange created a shallow cleft close to 
the β5 strand. The sharp turn of the native β5-β6 loop imposed by 
the cis-peptide bond in OXA-48 by P217 does not occur in OXA-
48loop18, where A222 took its place (Fig. 3A). In chain A the distal 
portion of β5-β6 loop folded back towards the Ω-loop, while in chain 
B it adopted an elongated conformation, extending away from the 
protein (Fig. S2 and Fig. 2C). In chain B, the loop replacement 
seemed to  

 

 
Figure 3. Superposition of OXA-48Loop18 and OXA-48 structures. 
A) Conformation of the β5-β6 loop of OXA-48 (magenta sticks) and 
OXA-48Loop18 (cyan sticks). Differences in conformation adopted 
translate into a 6.64 Å shift in the Cα of residue 214 (R214 in OXA-
48). A yellow arrow points towards the cis peptide bond before P217 
in OXA-48, and a green arrow towards the equivalent bond before 
A222 in OXA-48Loop18, which is in trans configuration. B) Active 
site cavity environment of OXA-48Loop18 (cyan surface), with 
OXA-48 (magenta sticks) superposed. Active site S70 is colored in 
yellow for reference. Notice how the OXA-48 structure emerges 
from the OXA-48Loop18 surface, demonstrating that the active site 
cavity of OXA-48 is narrower than that of OXA-48Loop18. 

 

cause a slight shift in the adjacent β7-α10 loop. In chain A, this loop 
seemed to close on the active site cavity, aided by the unwinding of 
the N-terminus of α10 helix. Crystal packing seems to play a role in 
determining the conformations observed in the crystal. The β5-β6 
loop of chain B contacts the α5-helix of chain A in a neighboring 
asymmetric unit. The fact that different conformations can be ob-
served for the β5-β6 and β7-α10 loops while the enzyme's overall 
conformation is maintained, their weaker electron density, and the 
fact that native OXA-48 structures show a conserved conformation 
for these loops, all suggest that they may be more flexible in the 
OXA-48Loop18 structure than those of native OXA-48. Overall, the 
loop exchange seemed to cause the active site cavity to become wider 
(Fig. 3B). Homology modelling with Modeller 23 suggested the 

native β5-β6 loop of OXA-48 could not adopt the conformation ob-
served in OXA-48Loop18 to widen the active site cavity, as it would 
require a trans E216-P217 bond, breaking the R214-D159 salt 
bridge 20, and breaking the last three hydrogen bonds between the β5 
and β6 strands, given its short length. 

 S70 has been partially modelled as O-sulfo-L-serine 
(OSE) in both chains, with an occupancy of 0.5 (Fig. 2B). Other ex-
amples of serine sulfonylation can be found in the PDB (PDB codes 
5V8D, 1EA7, 1YLN, 4HF7), but this is the first example on a β-lac-
tamase. Another sulfate was modelled at 0.5 occupancy in the cavity, 
making hydrogen bonds with R255, T209, T211 and S118. Only the 
sulfate anion or the OSE is proposed to occupy the active site cavity 
at any given protein monomer in the crystal. 

 The serine sulfonylation seems to block the catalytic resi-
due and active site cavity. However, the enzyme has been proven to 
be active by in vivo and in vitro assays, and the overall conformation 
is almost the same as that of native OXA-48. Previous reports have 
suggested it to be an in-situ modification that does not affect the pro-
tein conformation, occurring during crystallization from HEPES 24 
or sulfate 25, in equilibrium with serine. It is therefore most likely the 
case here as well, as the modification did not occur until crystalliza-
tion under these conditions was attempted and did not affect the bi-
ochemical or structural properties of the enzyme. Nevertheless, this 
modification is interesting from a crystallographic point of view 
given that it has never before been reported on a β-lactamase. 

 

Covalent docking of β-lactams on OXA-48Loop18 and comparison 
with OXA-48 

 To explore the differences in Km for ceftazidime and 
imipenem, acyl-enzyme complexes were created by covalent dock-
ing, for both enzymes. For the ceftazidime/OXA-48 complex, only 
unrealistic solutions were obtained with GOLD 26, showing severe 
clashes or an  

 

 
Figure 4. Docking of ceftazidime on OXA-48Loop18. A) Docking 
conformation of ceftazidime on OXA-48Loop18, making hydrogen 
bonds to S70 (in red), S118 (in orange), T209 (in blue), R255 (in 
purple), T211 (in yellow), and S213 (in green). The docking con-
formation is similar to the one observed for the complex of OXA-225 
with ceftazidime (PDB code 4X55)27. B) Superposition of OXA-48 
on OXA-48Loop18 with ceftazidime docked. Only OXA-48 (cyan 
sticks) and ceftazidime (green sticks) are shown for simplicity. Over-
laps between the R1 sidechain of ceftazidime and residues 211-214 
of OXA-48 can be observed, represented as thin orange lines that 
range from 2.0 to 0.6 Å. This implies that OXA-48 cannot accommo-
date ceftazidime as OXA-48Loop18 does. 
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Figure 5. Flexibility of OXA-48Loop18. A) RMSF analysis of the OXA-48 and OXA-48Loop18 molecular dynamics simulations, expressed as 
Cα B-factors. OXA-48Loop18 shows an increased flexibility over most of the protein sequence. Notice the increase of flexibility on the β5-β6 
and β7-α10 loops, and around L158 (regions delimited by dashed lines in the graph). B) Relative flexibility of OXA-48Loop18 compared to 
OXA-48. Notice the almost 50% increase in L158 flexibility, which may go unnoticed by looking at the absolute B-factor graph. C) Surface 
representation of OXA-48Loop18 with imipenem (magenta sticks), showing the parts with increased flexibility that surround and form the 
active site cavity. Increased flexibility has been depicted in yellow (moderate increase) and green (higher increase). Certain parts of the enzyme 
show decreased flexibility (colored red), such as the back of the Ω-loop and G251 in the β7-α10 loop. S70 surface is colored in cyan, for refer-
ence.  

 

impossibly inverted orientation of the substrate. This was expected, 
as the OXA-48 cavity is supposed to be too small to bind ceftazidime. 
For OXA-48Loop18, ceftazidime could be docked in a coherent 
conformation with conserved interactions (Fig. 4A), similar to the 
OXA-160 and OXA-225 complexes (PDB codes 4X56 and 4X55) 27. 
Superposing OXA-48 on the obtained complex illustrates how the 
native β5-β6 loop posed a steric impediment for binding ceftazidime 
(Fig. 4B), with severe clashes between the R1 substituent and Y211, 
S212, T213, and R214. Superposing OXA-48Loop18 on the availa-
ble imipenem/OXA-48 complex (PDB 5QB4)28 showed that minor 
clashes would occur between the R1 substituent and S118, V120, 
and L158 on OXA-48Loop18. Docking imipenem on OXA-
48Loop18 showed a slight shift that would resolve the clashes.  

 

Molecular dynamics simulations of OXA-48 and OXA-48Loop18 

 Molecular dynamics (MD) simulations of both enzymes 
were performed (10 ns each), both in the apo form and as covalent 
complexes with imipenem. Chain B was chosen for OXA-48Loop18, 
and  chain A for  OXA-48 (PDB 4S2K)22. OSE was replaced by 
SER70 in OXA-48Loop18, and ions and buffer molecules were re-
moved from the starting structures. Simulations were run to assess if 
the loop exchange affected the dynamic behavior of the rest of the 
protein as well as itself, which may serve to explain the hydrolytic 
spectrum expansion. Simulations show that the grafted β5-β6 loop 
was more flexible than that of OXA-48, and may alternate between 
the two conformations observed in the crystal structure.  
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Figure 6. Water molecules flow into the active site cavity. A) In OXA-48/imipenem complex, the access to the hydrolytic water pocket in OXA-
48 seems to be through a channel above L158, hopping on 4 to 5 conserved sites. B) In OXA-48Loop18/imipenem complex, the access to the 
hydrolytic water pocket seems to be more direct, hopping on 3 or 4 conserved sites, arriving from the β face of the substrate. Arrows represent 
water transitions (hops) between consensus positions. Arrow color is indicative of relative hopping rates: red, orange, yellow, green and blue, 
from faster to slower hopping rates. Two-headed arrows are colored as the faster rate arrow head is. Attacking water distance to scissile bond 
attack center is shown as red dashed lines. Imipenem is represented in yellow sticks. 

 

 

Root  mean square fluctuation (RMSF) analysis also revealed that 
other parts delimitating the cavity showed increased flexibility, such 
as the β7-α10 loop, K223 at the end of the β5-β6 loop (K218 in 
OXA-48), L158 on the Ω-loop, the α3-α4 loop, comprising I102 and 
W105 and the α4-α5 loop, comprising S118 and V120 (Fig. 5A and 
5B). 

 MD simulations of the covalent complexes with 
imipenem were also performed. Results were coherent with the ap-
oenzyme MD simulations: several parts of OXA-48Loop18 showed 
increased flexibility compared to OXA-48, even when covalently 
bound to imipenem: the α4-α5 loop, α3- α4 loop, the W157-L158-
D159 portion of the Ω-loop, the whole β5 strand, the β5-β6 and β7-
α10 loops, as well as other regions around the protein surface. The 
largest increases could be observed for L158, L214-K221 (β5-β6 
loop), and N243-L254 (β7-α10 loop) (Fig. 5C). 

 The HOP package 29 was used to analyze the dynamic wa-
ter network around the proteins during MD simulations (Fig. S3), 
to explore how the turnover rate of imipenem may be affected. The 
amount of consensus sites found for apo OXA-48 (186 sites) was 
significantly higher than for apo OXA-48Loop18 (52 sites), which 
may be related to the increased flexibility of OXA-48Loop18. How-
ever, a smaller difference between them (191 vs. 126) was observed 
when imipenem was bound. Also, hops between sites seemed to be 
more discrete for OXA-48Loop18 than for OXA-48, whether in the 
apo form or in complex with imipenem (Fig. S3). 

 The HOP analysis also revealed conserved water posi-
tions in the active site cavity of OXA-48, and how these positions 
were displaced upon binding of imipenem (Fig. S4), which supports 
the hypothesis that the R1 group of carbapenems pushes the 

attacking water away from an optimal attacking position 30. HOP 
analysis could also elucidate the path for accession of a water mole-
cule to the hydrolytic water position, which could affect the likeli-
hood of this position being populated, and therefore the turnover 
rate. In the case of OXA-48 (Fig. 6A) water molecules accessing this 
cavity could originate from the bulk solvent or conserved positions 
around the Ω-loop surface and were most likely to enter through a 
channel between V120, L158 and Q124, by hydrogen bonding the 
following residues: R214 sidechain, S155 sidechain or F156 back-
bone, Q124 sidechain, W157 sidechain, and finally KCX73, about 2 
Å above the hydrolytic water pocket. The final access to this pocket 
seemed to be allowed by the movement of the L158 sidechain and 
the imipenem’s R1 sidechain. These movements may be directly in-
fluenced by the loop exchanged, as it has been proposed that a hy-
drophobic patch between the β5-β6 loop and the Ω-loop may inter-
act with the R1 sidechain to help it turn 20, and a similar interaction 
was proposed for L166 in the case of OXA-23/meropenem complex 
31. During the MD simulation of OXA-48 it was also observed that 
S118 could turn and make a hydrogen bond with the R1 sidechain, 
which is possibly participating in this turning event. 

 In the case of OXA-48Loop18, the access to the active site 
seemed to be through a different path (Fig. 6B), not hopping over 
the protein surface like in OXA-48. The R214 sidechain at the edge 
of the entering channel was not present in this β5-β6 loop, and the 
backbone of the Ω-loop was more flexible (Fig. 5B). Water mole-
cules reaching the hydrolytic water pocket seemed to originate from 
the bulk solvent close to the α face of imipenem, hopping through 
two consensus positions next to the R1 sidechain, later binding 
KCX73 and then accessing the pocket below. Notably, unlike for the 
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OXA-48/imipenem complex MD simulation, an exit path was ob-
served in the case of OXA-48Loop18/imipenem complex for the hy-
drolytic water, passing between L158, imipenem, and S212 (Fig. 
6B).  

 Another factor influencing the turnover rate, evidenced by 
the HOP analysis, was the likelihood of a water molecule being in the 
right position to be activated and to attack the scissile bond. In the 
case of OXA-48 and OXA-48Loop18 with imipenem, the average 
position adopted by the hydrolytic water molecule inside the pocket 
and the average conformation of the covalently bound imipenem 
seemed to be different (Fig. 7). For OXA-48, the water molecule av-
erage position had an occupancy of 0.60, and is situated 3.67 Å away 
from the β-lactam carbon, at an angle of 70.8° from the ester bond 
plane. For OXA-48Loop18, the same pocket contained a water mol-
ecule average position with an occupancy of 0.52, positioned 4.54 Å 
away from the β-lactam carbon, and at an angle of 59.0° from the es-
ter bond plane.  

 

Discussion  

 

 The β5-β6 loop appears to have a profound influence on 
the hydrolytic profile of class D β-lactamases 20,21. Deletions on this 
loop and loop exchange experiments have already been described to 
alter the hydrolytic profile, being able to turn non-carbapenemases 
into carbapenemases, as well as the opposite 7,21. The mechanisms by 
which β-lactamases achieve this can depend on the enzyme charac-
teristics and the substrates in question. Substitutions of residues that 
may pose a steric impediment for the binding of substrates for 
smaller or more flexible residues can also occur, as well as mutations 
that may allow favorable new interactions with a certain substrate to 
be made 32. The β5-β6 loop of OXA-48 has already been proposed to 
be an impediment for the binding of big substrates such as ex-
panded-spectrum cephalosporins, as well as intervening in the turn-
over rate of carbapenems by interacting with the R1 sidechain to fa-
cilitate rotation and allow the water molecule to perform deacylation 
20.  

 In this work, we successfully transferred the β5-β6 loop of 
an expanded-spectrum cephalosporinase, OXA-18, to the car-
bapenemase OXA-48. Unexpectedly, the hybrid enzyme OXA-
48Loop18 was able to hydrolyze not only cephalosporins, but still 
carbapenems as well (alhough with a lower kcat), even though the β5-
β6 loop was longer and its sequence quite different from that of 
OXA-48. These results give further evidence not only of the partici-
pation of the β5-β6 loop in the carbapenem  

 

 
Figure 7. Conserved water site in the hydrolytic water pocket. Con-
served water position as determined by HOP analysis for OXA-
48/imipenem complex (magenta) and OXA-48Loop18/imipenem 
complex (cyan). The conserved position for the OXA-48Loop18 en-
zyme is farther from both the activating KCX73 and the scissile 
bond, and at a less favorable angle (59.0° instead of 70.8°). Only 
imipenem, KCX73 and S70 are shown for simplicity. 

 

hydrolysis 20,21 but also of its influence on the hydrolysis of bulkier β-
lactams (e. g. ceftazidime). 

According to the stability-activity tradeoff model, larger 
substrates are recognized by the introduction of stability defects that 
increase the ground-state size of the enzyme active site or its ability 
to flex when confronted by the larger substrates, facilitating the hy-
drolysis of the bulkier substrates 15,33. Here, the grafted loop allows 
the enzyme to hydrolyze a larger substrate, causes a loss in the ther-
mal-stability of the protein, and a higher degree of flexibility is ob-
served in the MD simulations. Therefore, this tradeoff seems to be 
playing a role in the hydrolytic profile expansion as well. However, 
more localized effects could be taking place as well. The increased 
flexibility of L158, for example, may also collaborate in admitting 
larger substrates into the active site cavity of OXA-48Loop18 27. 

 We also present here crystallographic and molecular 
modeling results that support the hypothesis that the β5-β6 loop of 
OXA-48 is probably an impediment for the binding of ceftazidime 
or other bulky substrates, such as aztreonam, regarding mostly the 
R1 substituent of β-lactams which is positioned towards the β5-β6- 
and Ω-loops. Indeed, these two substrates present different R2 sub-
stituents but the same R1 sidechain, and their interaction with the 
enzyme seems to be affected in a similar way. This steric impediment 
derives not only from the presence of R214 and other sidechains, but 
also from the backbone conformation that the whole β5-β6 loop 
adopts, caused by its shortness, the turn imposed by the cis bond of 
P217 and the R214-D159 salt bridge. These are not present in the 
longer, grafted loop. It therefore adopts a more relaxed confor-
mation, not causing these unfavorable interactions, thus explaining 
the extended hydrolytic profile observed for this mutant 34. It is note-
worthy that, compared to ceftazidime, there is a difference in behav-
ior respecting other cephalosporins with a similar but more compact 
R1 substituent such as cefotaxime or cefepime. These seem to fit 
OXA-48 already, and so their affinity is almost unaffected by the loop 
exchange. Possibly, they fit into OXA-48 with the more compact R1 
substituent in a different orientation as ceftazidime, and slightly 
shifted, avoiding the steric impediment ceftazidime seems to suffer. 
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 The Km of imipenem, a relatively smaller substrate, is also 
affected by the loop exchange. Superposition of the OXA-
48/imipenem complex (PDB 5QB4)28 on OXA-48Loop18 shows 
slight clashes between the imipenem and L158, V120 and S118 
sidechains. Covalent docking of imipenem on OXA-48Loop18 is 
highly similar but slightly shifted, to avoid these light overlaps. But 
the 10-fold increase in Km may also be due to the same widening and 
increased flexibility of the active site cavity that now allow bulkier 
substrates to enter. Unlike for ceftazidime, it may have a negative im-
pact on the affinity for a small substrate such as imipenem, for which 
the OXA-48 structure with its narrower cavity was already well 
adapted. 

 The loop exchange affects turnover rates as well. The 6-α-
hydroxyethyl substituent of carbapenems is supposed to prevent the 
attacking water from hydrolyzing the acyl-enzyme complex, and in 
the case of OXA-48 it has been proposed that the β5-β6 loop aids to 
rotate this group, allowing the water molecule to approach the scis-
sile bond 20. With the loop exchange, not only is the primary se-
quence different (T213 is replaced by S213), but the conformation 
it adopts is different too, so it is possible that it can no longer provide 
a hydrophobic patch to aid the R1 group to rotate, which probably 
impacts the turnover rate for imipenem. Another factor influencing 
turnover rate is how likely it is that a water molecule will hydrolyze 
the acyl-enzyme complex. In this respect, the HOP analysis shows 
several interesting differences between OXA-48 and OXA-
48Loop18 acyl-enzyme complexes with imipenem, concerning the 
dynamic water network behavior in the active site. The route a water 
molecule is most likely to follow to enter the active site cavity on 
both enzymes is different, which can affect the availability of an at-
tacking water molecule in the active site. Furthermore, the hop that 
allows the attacking water molecule to exit its pocket in the OXA-
48Loop18 simulation may also contribute to the decrease of turno-
ver rate for imipenem. At the same time, it probably alters the hydro-
gen bond network between water molecules and residues inside the 
active site, which can influence the position and energy of the attack-
ing water. The attacking water in particular presents an equilibrium 
position relative to the acyl moiety that is different in both enzymes. 
It is closer and at a better angle for attack in OXA-48, which may ex-
plain the higher turnover rates compared to OXA-48Loop18. The 
β5-β6 loop does not seem to interact directly with the hydrolytic wa-
ter molecule, but it may exert its effect by changing the hydrogen 
bond network along with the water path alterations proposed by the 
HOP analysis, or via neighboring residues and groups that do con-
tact the hydrolytic water. The β5-β6 loop has been proposed to in-
teract with the R1 substituent on carbapenems 20, and the latter with 
the hydrolytic water 30. The loop exchange also causes changes in the 
flexibility of L158 and the position of the β5 strand, which contacts 
A69, both residues neighboring the attacking water. 

Considering that the entire β5-β6 loop of OXA-48 was re-
placed for a 5 AA longer one, with a different amino acid composi-
tion, and that imipenem hydrolysis was still observed, our results 
suggest that the presence of the exact β5-β6 loop of OXA-48 or sim-
ilar is not absolutely fundamental for the hydrolysis of carbapenems. 
Its three-dimensional conformation however, may be. It was shown 
that OXA-48 and OXA-24, both CHDLs, present the  

 

 
Figure 8. β5-β6 loop conformation of OXAs with different hydro-
lytic profiles. β5-β6 loop conformation adopted by different OXA 
type enzymes. Red: OXA-10, green: OXA-163, blue: OXA-181, yel-
low: OXA-245, magenta: OXA-405, cyan: OXA-48, orange: OXA-
51. Of note the almost identical conformation of the OXA-181, 
OXA-245 and OXA-48 loops. 

 

same conformation of the β5-β6 loop 20. The same situation is ob-
served in the crystal structure of OXA-181 and OXA-245 15. At the 
same time, the superposition of OXAs with expanded-spectrum 
cephalosporinase activity and non-carbapenemase activity shows 
heterogeneity in the disposition of the β5-β6 loop (Fig. 8). This 
might suggest, firstly, that only the OXAs with the β5- β6 loop in the 
OXA-48 loop conformation, or close to it, would be able to hydro-
lyze carbapenems efficiently, while OXAs presenting different loop 
conformations would hydrolyze expanded spectrum cephalospor-
ins. Secondly, there are loop sequences that produce intermediate 
states (expanded hydrolysis spectrum), such as for our hybrid pro-
tein, that can hydrolyze both types of substrates (although with a 
lower kcat for carbapenems), with a β5-β6 loop quite different in pri-
mary sequence from the one of OXA-48, but more similar in orien-
tation to it than the β5-β6 loop of other OXAs, such as OXA-10. 
Lastly, if only the modification of the β5-β6 loop of OXA-48 is suffi-
cient for it to start hydrolyzing expanded-spectrum cephalosporins, 
this suggests that the rest of the enzyme active site residues present 
a pertinent configuration and conformation for the acylation and 
deacylation process of cephalosporins. 

 Our results provide further evidence that the β5-β6 loop 
of OXA-48 would influence the hydrolytic profile, presenting a steric 
impediment for cephalosporins or other bulky substrates 34. Moreo-
ver, the loop exchange seems to have an effect on kcat, for imipenem 
at least, by altering the attacking water occupancy within the pocket, 
and its position relative to the substrate. Subsequent experiments 
would provide further evidence to corroborate how the β5-β6 loop 
sequence affects the β-lactamase function, in terms of turnover rate 
and affinity for its substrates. 
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Methods 

Bacterial strains. 

 K. pneumoniae 11978 was used as a reference strain for 
OXA-48 cloning experiments 8. P. aeruginosa Mus was used as a ref-
erence strain for OXA-18 cloning experiments 19. 

Antimicrobial agents, susceptibility testing. 

 Antimicrobial susceptibilities were determined by disk 
diffusion technique on Mueller-Hinton agar (Bio-Rad, Marnes-La-
Coquette, France) and interpreted according to the EUCAST 
breakpoints, updated in 2018 (http://www.eucast.org). Minimal in-
hibitory concentration (MIC) values were determined using the 
Etest technique (BioMérieux, Paris, France). 

PCR and cloning experiments.  

 Whole-cell DNAs of K. pneumoniae 11978 isolate and of 
P. aeruginosa Mus were extracted using the QIAamp DNA minikit 
(Qiagen, Courtaboeuf, France) and were used as template for PCR 
using the following primers: preOXA-48A (5’-
TATATTGCATTAAGCAAGGG-3’), cloningOXA-48B (5’-
AAAAGGATCCCTAGGGAATAATTTTTTCCTGTTTGAGC
A -3’), preOXA-18Fw (5’-AAAACATATGCAACGGAGCCTGT-
3’) and preOXA-18Rv (5’-
AAAAGGATCCTCAGAAGTTTTCCG ACAGG-3’) in order to 
amplify blaOXA-48 and blaOXA-18 genes, respectively. The hybrid gene of 
OXA-48Loop18 was constructed by overlapping PCR with partially 
overlapping primers. The first PCRs were done using preOXA-48A 
primer with P_inside_48Loop18_B (5'-ACCGGTTCGCTT 
TCCGATGCCAAGGGCGGCAAGGCGAAGATT 
GCTGGTGGGTC-3') and cloning OXA-48B primer in combina-
tion with P_inside_48Loop18_B (5'-
ACCGGTTCGCTTTCCGATGCCAA 
GGGCGGCAAGGCGAAGATTGGCTGGTGGGTC-3'). The 
products of these PCR were then purified using GeneJET PCR Pu-
rification Kit (Thermo Scientific™, Montigny-le-Bretonneux, 
France) and mixed for being used as template for a second PCR us-
ing the primers preOXA-48A and cloningOXA-48B. The amplicons 
obtained in all cases were then cloned into the pCR®-Blunt II-
TOPO® plasmid (Invitrogen, Illkirch, France) downstream from the 
pLac promoter, in the same orientation. The recombinant pTOPO-
OXA plasmids were electroporated into the E. coli TOP10 strain. 
The electroporants were plated on a TSA plate containing kanamy-
cin (50 ug/ml). The blaOXA-48Loop18 gene fragment corresponding to 
the mature β-lactamase was cloned into the expression vector 
pET41b (+) (Novagen, VWR International, Fontenay-sous-Bois, 
France) using the PCR generated fragment with primers INF-OXA-
48Fw (5’-
AAGGAGATATACATATGGTAGCAAAGGAATGGCAAG-3’) 
and INF-OXA-48Rv (5’-
GGTGGTGGTGCTCGAAGGGAATAATTTTTTCCTGTTTG
AG-3’) and the NEBuilder® HiFiDNA Assembly Cloning Kit (New 
England BioLabs®Inc, United Kingdom), following the manufac-
turer’s instructions. Recombinant plasmid pET41-OXA-48Loop18 
was transformed into chemocompetent E. coli strain BL21 (DE3).  

 Recombinant plasmids were extracted using the Qiagen 
miniprep kit and both strands of the inserts were sequenced using 
M13 primers, for the pCR®-Blunt II-TOPO® plasmid (Invitrogen, 
Illkirch, France), and T7 primers, for pET41b(+) (Novagen, VWR 
International, Fontenay-sous-Bois, France), with an automated se-
quencer (ABI Prism 3100; Applied Biosystems). The nucleotide se-
quences were analyzed using software available at the National 

Center for Biotechnology Information website 
(http://www.ncbi.nlm.nih.gov). 

β-Lactamase purification.  

 An overnight culture of E. coli strain BL21 (DE3) harbor-
ing pET41b-OXA-48Loop18 was used to inoculate 2 L of LB broth 
containing 50 mg/L kanamycin. Bacteria were cultured at 37°C until 
reaching an OD of 0.6 at 600 nm. Expression of the OXA-48Loop18 
was induced overnight at 25°C with 0.2 mM IPTG, as previously de-
scribed 35. OXA-48Loop18 was purified in one step pseudo-affinity 
chromatography using a NTA-Nickel column (GE Healthcare, Frei-
burg, Germany) 35. Protein purity was estimated by SDS–PAGE, 
pure fractions were pooled and dialyzed against 20mM Hepes SO4K2 
50 mM buffer (pH 7) and concentrated by using Vivaspin® columns 
(GE Healthcare, Freiburg, Germany). Protein concentration was 
determined by Bradford Protein assay (Bio-Rad, Marnes-La-Co-
quette, France) 36. 

Steady-state kinetic parameters.  

 Kinetic parameters of purified OXA-48Loop18 were de-
termined at 30°C in 100 mM sodium phosphate buffer (pH 7) as 
previously described 35,37.  

Thermostability analysis. 

 Melting temperature was determined by MicroCal 
PEAQ-DSC Automated (Malvern). Purified proteins (350 µl at 1 
mg/ml) were analyzed. The temperature of sample holding com-
partment was set at 5°C to maintain the integrity of sample prior to 
experiment. Samples were heated from 20°C to 110°C using a 
1°C/min rate. A pressure of nitrogen gas (60 psi) was applied to sup-
press boiling of samples. The thermal behavior of samples was rec-
orded and analyzed using the MicroCal PEAQ-DSC software. 

Protein crystallization and X-ray crystallography. 

 OXA-48Loop18 (26.8 mg.ml−1) crystalized in a 2.2 M am-
monium sulfate, 0.2 M ammonium fluoride solution, at room tem-
perature (pH ~5.3). The crystal was transferred to a cryo-protectant 
solution (mother liquor plus 25% glycerol) and flash-frozen in liquid 
nitrogen. Diffraction data was collected at 100 K in a nitrogen cry-
ostream on the PROXIMA1 beamline at the SOLEIL synchrotron 
(Saint-Aubin, France). The data were indexed and integrated with 
XDS 38 via the XDSME script 
(https://github.com/legrandp/xdsme 39). 

 Data scaling was performed using AIMLESS 40 from the 
CCP4 suite 41. Data collection and refinement statistics are given in 
Table 3. The structure was solved by molecular replacement using 
MrBUMP 42, with OXA-48 (PDB 4S2K; 91% identity)22, as search 
model. The model was rebuilt manually in Coot 43 and then refined 
using BUSTER-TNT 44 with local noncrystallographic symmetry 
(NCS) restraints and a translation–libration–screw (TLS) descrip-
tion of B factors 45. The quality of the final refined model was as-
sessed using MolProbity 46. 

Structure analysis and covalent docking. 

 UCSF Chimera package 47 was used for structure compar-
ison and docking results analysis. Covalent docking was performed 
using the GOLD suite (CCDC) 26 and the GoldScore scoring func-
tion, with the structure 4S2K22 as receptor and the binding site de-
fined as a 20 Å radius  

 

Table 3. Crystallography data collection and refinement statistics. 

Data collection   
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Space group P 21 3 

Cell dimensions  

a, b, c (Å) 126.65, 126.65, 126.65 

α, β, γ (°) 90, 90, 90 

Resolution (Å) 19.78-2.38 

Rmeas 14.6% 

I/σ(I) 1.41 (at 2.38Å) 

Completeness (%) 99.3 

Redundancy 16.3 

  

Refinement  

Resolution range (Å) 19.78-2.38 

No. unique reflections 27,144 

Rwork/Rfree 17.1%/21.4% 

No. non-hydrogen atoms  

Protein 4,088 

Water 103 

Ligand/Ions 100 

Total 4,291 

Average B, all atoms (Å2) 61.14 

Protein 61.02 

Water 56.44 

Ligand/Ions 70.93 

Root mean squared deviations  

Bond lengths (Å) 0.01 

Bond angles (°) 1.11 

 

sphere centred on the OG atom of S70. Ligand structures were gen-
erated with 3D Structure Generator CORINA Classic version 3.60 
(Molecular Networks GmbH, Nuremberg, Germany) and the cova-
lent link was made with the OG atom of S70. 

Molecular dynamics simulations and HOP analysis.  

Molecular dynamics simulations were performed with 
Gromacs version 4.6 48 using the OPLS-AA force field 49. Force field 
parameters for 

covalently-bound imipenem were built using a modified version of 
our in-house MOL2FF package. Crystallographic waters were kept 
for the starting structure. The protein was centered in a cubic peri-
odic box, with at least 1.0 nm on each side. The simulation box was 
then filled with TIP4P water molecules and the system neutralized 
with Na+ and Cl– ions until reaching the physiological ionic 
strength (150 mM). Each system was energy-minimized until con-
vergence using a steepest descents algorithm. Molecular dynamics 
with position restraints was then performed for 200 ps, followed by 
the production run of 10 ns. During the position restraints and pro-
duction runs, the Parrinello−Rahman method was used for pressure 
coupling50, and the temperature was coupled using the Nosé−Hoo-
ver method at 300 K51,52. Electrostatics were calculated with the par-
ticle-mesh Ewald method53. The P-LINCS algorithm was used to 
constrain bond lengths, and a time step of 2 fs was used throughout54. 

HOP software version 0.4.0 alpha2 
(https://github.com/Becksteinlab/hop) 29 was used for water 

molecule dynamics analysis. The HOP package analyses MD trajec-
tories, aligning the structures from each frame of the simulation, and 
statistically determining the average positions where water mole-
cules consistently interact with the structure occupying a certain po-
sition longer than in the bulk solvent, to determine consensus water 
sites, along with their frequency of occupancy. The software also 
tracks individual water molecules throughout the simulation to de-
termine how they flow through these positions, and to/from bulk 
solvent, to determine a "hop" rate for each jump connecting any two 
consensus positions. This kind of analysis can be used to identify sta-
bilized water molecules, similar to analyzing crystallographic water 
positions in the X-ray structures, but independent of crystallography 
resolution, and taking structure flexibility into account. For more de-
tails refer to the original publication29. 
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 OXA-48Loop18 structure has been deposited to the PDB, ac-
cession code 6HOO. 
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• Fig. S1. Structure of OXA-48 and β5-β6 loop replacement. 

• Fig. S2. Conformation of β5-β6 loop in OXA-48Loop18. 
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48Loop18. 
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Figure S1. Structure of OXA-48 and β5-β6 loop replacement. Active site serine 70 is colored 
green and observed at the bottom of the active site cavity, for reference. A) Surface 
representation of OXA-48, showing the active site cavity wall formed by the β5-β6 loop, 
depicted in red. B) Backbone representation of OXA-48 showing the orientation of its β5-β6 
loop. C) Backbone representation of OXA-48loop18 (cyan) superposed on OXA-48 (magenta), 
showing the difference in conformation of the replaced β5-β6 loop (red and blue for OXA-48 
and OXA-48loop18, respectively).
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Figure S2. Conformation of β5-β6 loop in OXA-48Loop18 crystal structure. Front view 
(A) and side view (B). Backbone representation of OXA-48loop18, colored cyan. For 
reference, active site serine 70 and Ω loop, at the left of the active site, are colored green 
and orange, respectively. Chains A and B in the crystal structure of OXA-48Loop18 show 
their β5-β6 loops in a different orientation, with this loop extending away from the active 
site cavity in chain B (colored blue) and folding back towards the Ω loop in chain A 
(colored red).
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Figure S3. Water networks around OXA-48 and OXA-
48Loop18 complexes with imipenem. Dynamic water 
networks around the protein surface, determined by HOP 
analysis. It shows the position where water molecules 
would interact with the protein surface, and how they are 
proposed to “jump” between positions. A) OXA-
48/imipenem complex, front view. B) OXA-
48Loop18/imipenem complex, front view. C) OXA-
48/imipenem complex, back view. D) OXA-
48Loop18/imipenem complex, back view. Notice the larger 
amount of conserved water sites obtained for OXA-
48/imipenem simulations relative to OXA-
48Loop18/imipenem.
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Figure S4. Displacement of active site water 
molecules by imipenem. Conserved water 
molecule sites determined by HOP for 
simulations of OXA-48 (green spheres) and 
OXA-48-imipenem covalent complex (blue 
spheres). Overlaps displayed with orange lines. 
Notice the shift (red arrows) of certain water 
molecule sites caused by the presence of 
imipenem in the active site. Other water 
molecule binding positions are simply filled by 
the antibiotic, such as the oxyanion hole or the 
pocket for the C3 carboxylate.
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