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Abstract: Bacteria resistant to antibiotics are being selected in a relatively short time, and cases of infections
resistant to treatment by all known antibiotics are being identified at alarming rates. The primary mechanism
for resistance t@-lactam antibiotics is the catalytic function gflactamases. However, imipenemj@actam)

resists the action of mogtlactamases and is virtually the last effective agent against the vancomycin-resistant
Gram-positive bacteria, as well as against multiple antibiotic-resistant Gram-negative organisms. Here, we
report the crystal structure, to 1.8 A resolution, of an agizyme intermediate for imipenem bound to the
TEM-1 g-lactamase fronkEscherichia colithe parent enzyme of 67 clinical variants. The structure indicates

an unprecedented conformational change for the complex which accounts for the ability of this antibiotic to
resist hydrolytic deactivation h§-lactamases. Computational molecular dynamics underscored the importance
of the motion of the acytenzyme intermediate, which may be a general feature for catalysis by these enzymes.

Assuming that the current efforts in the pharmaceutical Scheme 1

companies toward discovery and development of novel antibiot- pone pone

ics are successful, the use of these new agents would inevitably A|a_237.§_N|H HO\E/CHS A|a.237-§—y1“-| HO, ,-CHs
select for resistance in microbial populations in a relatively short 0./ R : R
timel~3 It is critical that clinical selection of resistance be §-NK HN— — N o HnA
delayed as long as possible and that the principles for such ,‘Qci/%v coo %C“ Sy 0 S0
resistance mechanisms be elucidated to help prolong the utility Ser70” ser70’~

of existing drugs’. One class of-lactam antibiotics which has 2A 2B

largely been resistant to the deleterious effects of the bacterial ' B-lactamase deacylation

resistance enzymes is carbapenénisa member of which, )OH acylation j
imipenem (), has found clinical utility> Imipenem is often HaC™ " 5 /\/H~¢‘NH2

considered an antibiotic of last resort against the vancomycin- N/ S ~ Prodt}ct(s)
resistant Gram-positive bacteria, as well as against multiple o] Soo deac‘;laﬁon

antibiotic-resistant Gram-negative organisms. The structural
reason for this resistance of carbapenems to the action of

p-lactamases is unknown, and it represents a subject which has ;i over are biphasic, suggestive of two distinct a@mzyme
yet to diminish in its biomedical importance. species?® We report herein the crystal structure for one acyl
Despite the high affinity of the enzyme for the drug, the poor  enzyme intermediate for imipenem with the TEMH-actamase,
turnover of imipenem) by class AS-lactamases stems only 3 common class AS-lactamase fronEscherichia coli Imi-
from a slow deacylation rate. Furthermore, the kinetics of penem is found covalently bound to Ser-7§ Figure 1A) as
the A? tautomer (Scheme 1).
The backbone atoms of the protein in the native enzyme and
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Figure 1. (A) Stereoview of the X-ray structure for the aeydnzyme intermediate of imipenem with the TEM3dactamase shown in the final

electron density map. Hydrogen bonds are represented as dotted lines. Water molecules are depicted as black spheres. (B) The energy-minimized
structure for the canonical acyenzyme intermediate of imipenem with the TEMHactamase. (C) The structures in (A) and (B) are superimposed

here to demonstrate the motion of the acghzyme species. The ester carbonyl of the canonical-@yme species (in gray) is held in the

oxyanion hole by two hydrogen bonds (dotted lines) to the main-chain amines of Ser-70 and Ala-237. Hemzagyle species seen in the crystal

structure is depicted in black.

237—-244, and the N- and C-terminal helices. The rms deviation and the carbonyl oxygen atom of residue 129 is hydrogen
on these main-chain regions are 1.5 A, 0.5, 0.4, and 0.5 A, bonded to the i atom of Lys-234 (3.1 A), which shifted by
respectively. The conformation adopted by the-1291 region 1.4 A compared to the native enzyme (Figure 1A). Lys-234 is
seems necessary to accommodate tlelR-hydroxyethyl believed to provide a strong electrostatic pull in anchoring the
substituent of imipenem in the aeygnzyme intermediate. The  carboxylate of the substrate{d). This role is substantially
peptide bond between residues $230 rotates by nearly 180 diminished in importance for the interaction of the enzyme with
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Figure 2. A different perspective for the two superimposed amtzyme intermediates. A portion of the active site which encompasses the
oxyanion hole is shown as a surface. The ester carbonyl of the canonicakazyime species (in gray) is shown housed in the oxyanion hole, and
that for the species from the crystal structure is shown pointing out of it (in dark gray). The heteroatoms in imipenem are labeled.

imipenem, since the distance between theaxd the closest
carboxylate oxygen of imipenem is 6.4 A. The displacement
of the loop 129-131 generated a cavity filled by a water
molecule, which provides the single polar interaction to the
essential Lys-73 (Figure 1A).

The main-chain atoms of residues 23744 shifted toward
the substrate binding cavity. A salt bridge interaction was

water molecule is not found in the oxyanion hole even though
the ester carbonyl oxygen is not present in that position. The
absence of water molecule in the oxyanion hole of the TEM-
1-imipenem acytenzyme complex implies that this water was
excluded by imipenem in the acylation step, before the con-
formational rearrangement leading to the observed complex.
We generated a computational model for the canonicalacyl

observed between the side chain of Arg-244 and the carboxylateenzyme intermediate, the immediate product of Ser-70 acylation
of imipenem (2.61 A). In this interaction, the carboxylate (Figure 1B), in which the ester carbonyl oxygen is positioned
displaced the Arg-244 side chain away from the active site, a in the oxyanion hole (species 2A in Scheme 1). We suggest

movement which propagated to helices H1 (residues4z§
and H11 (residues 27288), through the hydrogen bond
between Arg-244 and Asn-276 (Figure 1A).

The conformation of the acylenzyme species of imipenem

that this immediate product of enzyme acylation is the species
that undergoes the relatively more rapid initial hydrolysis, before
transition to the second acyénzyme intermediate observed in

the X-ray structure (species 2B in Scheme 1; Figure 1A). The

is unprecedented because the ester carbonyl oxygen was noBa-1R-hydroxyethyl moiety in this model presents a steric and

located in the oxyanion hole (Figure 1A). It points toward Ser-
130 Oy, at a distance of 3.3 A. The hydroxyl group of the
60.-1R-hydroxyethyl substituent formed a hydrogen bond to Asn-
132 @1 (2.7 A). The methyl group of theob1R-hydroxyethyl
substituent was found at van der Waals distance to thatGm

of Ser-130 and to the &1 atom of Tyr-105. This side chain is

electrostatic barrier to the approach of the hydrolytic water to
the ester carbonyl and would explain, consistent with the kinetic
findings, that even in the more rapid phase of imipenem
turnover, the rate of deacylation is slow compared to that for
good substrate¥. The second acylenzyme intermediate, that
revealed by the X-ray structure, undergoes deacylation even

pointing toward the carbapenem and has rotated by 110 degreesnore slowly than the first species. This species has to revert

away from its position seen in the several structures of this
enzyme which have been determiriéd.®

The hydrolytic water is present in the TEM-1-imipenem
complex, and was merely displaced by 0.3 A from its position
in the native enzyme. It formed a hydrogen bond to the
hydroxyl group of the 6-1R-hydroxyethyl substituent (2.5 A),
an interaction which likely would decrease its nucleophilicity.

In class Ap-lactamases, activation of the carbonyl oxygen
atom of thefs-lactam ring for acylation of Ser-70/0involves
displacement of a water molecule from the oxyanion hole. This

(11) Ellerby, L. M.; Escobar, W. A.; Fink, A. L.; Mitchinson, C.; Wells,
J. A. Biochemistry199Q 29, 5797.

(12) Jelsch, C.; Mourey, L.; Masson, J. M.; Samama. JPteins
Struct Funct 1993 16, 364.

(13) Strynadka, N. C. J.; Adachi, H.; Jensen, S. E.; Johns, K.; Sielecki,
A.; Betzel, C.; Sutoh, K.; James, M. Nature 1992 359 700.

(14) FonZeE.; Charlier, P.; Toth, Y.; Vermeire, M.; Raquet, X.; Dubus,
A.; Frere, J.-M.Acta Crystallogr., SectD 1995 51, 682.

(15) Strynadka, N. C. J.; Martin, R.; Jensen, S. E.; Gold, M.; Jones, J.
B. Nature Struct. Biol1996 3, 688.

(16) Maveyraud, L.; Massova, |.; Birck, C.; Miyashita, K.; Samama, J.
P.; Mobashery, SJ. Am. Chem. S0d.996 118 7435.

back to the canonical acykenzyme intermediate prior to
deacylation. Figure 1C depicts the superimposition of the
immediate acytenzyme intermediate (Figure 1B) and that seen
in the X-ray crystal structure (Figure 1A).

Molecular dynamics simulations were carried out to gain an
understanding of the rearrangement process. These simulations
were performed on two acylenzyme species, (1) the compu-
tational structure for the canonical aey@nzyme species of
imipenem (Figure 1B) and (2) the same complex without the
60-1R-hydroxyethyl group. In the complex of the enzyme with
the variant of imipenem, the distances between the ester carbonyl
oxygen and the backbone nitrogens of Ser-70 and Ala-237,
which constitute the “oxyanion hole” (Figure 2), remain within
good hydrogen-bonding range 8 A) for the entire period of
simulation (Figure 3A). On the other hand, in the canonical
TEM—imipenem complex the distance between the ester
carbonyl and the Ser-70 amine increased to approximately 4 A
between 37 and 38 ps of simulation, indicating that the hydrogen
bond was lost (Figure 3B). The other hydrogen bond to the
amine of Ala-237 also increased in length, going beyond 3 A
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Table 1. Summary of Crystallographic Analysis

Data Collection

reflections
resolution (A) measured unique completeress I/<ol> Rsymb
18-1.8 84, 646 21,770 98.3 (96.8) 20.9 (8.7) 5.9 (11.6)
Refinement
atoms temperature factorsA rms deviations

protein imipenem solvent and ions R/Ryes protein inhibitor solvent bonds (&) angles (deg) dihedrals (deg) impropers (deg)
2090 20 387 0.173/0.238  9.50 13.47 21.42 0.010 1.9 234 1.6
aNumbers in parentheses refer to the highest resolution shell1.89 A).? Rym = 33 |00— il/331i. R = Y||Fo| — |Fe|l/3|Fol. The Riee

value was calculated from a random set of reflections (10%) which were omitted from structure refinement. The R value was calculated from the
remaining reflections.

mIoA and occurs in the simulations at the picosecond time scale, while
@:EEE the deacylation chemistry even for the more favorable substrates
gm0 occurs at the millisecond time scdfe.It argues for the fact

Aas0

, . )
53 Ty ot Mt st mmwm»@m that thg motion may be pf a general nature, pgrtlngnt for
discussion of the catalytic process, when considering the

2.00
. 8 % KR 5 8 B 2 8 B 8 % B 585 5 % o5 3 turnover of good and pogi-lactamase substrates, particularly

15.00

17.50

20.00
{1
00
00

. Time 59} in the deacylation step.
in] B A The flexibility in the structure of the active site that we have
Sim At R " documented for the first time here with this crystal structure,
B WWWM TR T in conjunction with the findings of the simulations, presents a
230 Lot bl WM«»M&WM’WM ' dynamic picture for the turnover chemistry Bflactams by
B pB-lactamases, which heretofore was not appreciated in view of
“““““““ T e the structural aspects of the function of these enzymes.

Figure 3. The distance versus time profiles for the dynamics
simulations on (A) the immediate aeyknzyme intermediates for the ~ Experimental Section
TEM—imipenem complex and (B) the TEM-imipenem analogue .
without the G-1R-hydroxyethyl side chain. Black and gray traces  Methods. Crystal$® were soaked, at 4C, in a saturated
represent the profile of the distances between the main-chain amine ofimipenem solution in 20 mM Na,K-phosphate, pH 7.8, contain-
Ser-70 and the acyl oxygen and that of Ala-237 and the acyl oxygen, ing 50% of saturated ammonium sulfate. After 20 min, half of
respectively. the solution was replaced by a fresh saturated imipenem solution,
and the soaking was pursued for another 20 min. The crystal
several times during the simulation after the initial 38 ps. After was mounted in a cryoloop, transferred in a 50% (v/v) PEG 20
the initial 125 ps, these movements became more pronouncedg solution for a few seconds and frozen in a 100 K nitrogen
and the ester moiety moved more freely for the remainder of flux. Diffraction data were collected on a MarResearch imaging
the simulation. The simulation illustrated that the asghzyme  plate at thex31 synchrotron beamline of the EMBL outstation
intermediate was able to move in and out of the oxyanion hole at DESY (Hamburg, Germany), with detector distance 120 mm,
and, in essence, partition between the two intermediary—acyl Wave|ength 1.1271 A and frame siz& 1Data were processed
enzyme species, as it should, on the basis of the known kineticysing MOSFLM 5.46° and CCP4£° A rigid body refinement,
behavior for turnover of imipeneds. using the TEM-1 structure (PDB entry 1btl), was performed to
We suggest that the torsional strain caused by thelfé- account for the cell parameters variation between the native and
hydroxyethyl substituent accounts for this molecular motion. derivatized crystals. All reflections between 18 and 1.8 A were
The torsion angle of @-C5—0y—C is 95.5 in the model of  ysed in refinement with REFMAEL An external bulk solvent
the canonical acytenzyme intermediate for imipenem (species contribution was computed with X-PLG3Rand updated after
2Ain Scheme 1). In the X-ray structure, this torsion angle is each major refinement cycle. The electron density map after
—173.8, which is effectively unstrained (species 2B in Scheme the first refinement cycle allowed identification of all the
1). The driving force for this rearrangement is the presence of substrate atoms. Water molecules were automatically introduced/
the methyl group of thed-1R-hydroxyethyl Indeed, formation  removed and refined using a procedure that alternates the use

of the canonical acytenzyme intermediate foro6hydroxym- of REFMAC?! and ARP2 The final crystallographid? and
ethybenicillanate with TEM-1 induced no conformational
change of the protein under the reported experimental conditions, (17) Christensen, H.; Martin, M. T.; Waley, S. ®iochem. J.199Q
and this crystal structutgindicates that the decoration with 26?13)53;3'5(:“ C. Lenfant, .- Masson. J.-M.: Samama. J. Rlol. Bio.
the additional methyl group in thea§1R-hydroxyethyl sub- 1992 223 377.

stituent would induce steric encumbrance with protein atoms.  (19) Leslie, A. G. W. InProceedings of the CCP4 Study Weekehdr.
This methyl group forces the structural adaptation observed in Heliwell, P. A. Machin, M. Z. Papiz, Eds.; Daresbury, Warrington WA4
the TEM-1-imipenem complex and facilitates the transition to Agﬁ&ﬁfﬁfﬁ&%’ 'C‘gf’nogﬁttg{%ng?géj‘éﬁt?mmbeMta Crystallogr.
the second acytenzyme intermediate. This process is favored 1994 D50, 760.

by the relative stability (slow rate of hydrolysis) of the canonical ~ (21) Murshudov, G. N.; Vagin, A. A.; Dodson, E. Acta Crystallogr.

- i ioh i i ; 1997, D53, 240.
acyl—enzyme species, which likely provides the opportunity for (22) Bringer. A. T.X-PLORversion 3.1: A system for X-ray crystal-

this species to explore a different low-energy state. ~ |ography and NMRYale University Press: New Haven, CT, 1992.
The motion in and out of the oxyanion hole is quite intriguing (23) Lamzin, V. S.; Wilson, K. SActa Crystallogr.1993 D49, 129.
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ree* values are 0.173 and 0.238, respectively. The final model conformations for the molecular dynamics simulations. The
comprises all proteins and substrate atoms, 8 sulfate ions, andstructures were warmed from 0 to 300 K in steps of 20 K per
347 water molecules. Alternate conformations were assignedl ps. Simulations were carried out for 165 ps for each of the
to 13 side chains (Table 1). two complexes at 300 K. The coordinates were collected for

The energy minimization procedures and molecular dynamics every 0.05 ps during the first 20 ps, and for every 0.2 ps
simulations were performed using the AMBER 4.1 pack¥ge. thereafter. They were measured using the CARNAL module
In all starting conformations, the ester oxygen in the canonical in AMBER package and plotted as a function of time.

acyl-enzyme species was in the oxyanion hole, making Acknowled .
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