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Modeling Domino Effects in Enzymes: Molecular Basis of the Substrate Specificity
of the Bacterial Metallg3-lactamases IMP-1 and IMP-6
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ABSTRACT. Metallof3-lactamases can hydrolyze a broad spectrugtiaictam antibiotics and thus confer
resistance to bacteria. For tReeudomonas aeruginosazyme IMP-1, several variants have been reported.
IMP-6 and IMP-1 differ by a single residue (glycine and serine at position 196, respectively), but have
significantly different substrate spectra; while the catalytic efficiency toward the two cephalosporins
cephalothin and cefotaxime is similar for both variants, IMP-1 is up to 10-fold more efficient than IMP-6
toward cephaloridine and ceftazidime. Interestingly, this biochemical effect is caused by a residue remote
from the active site. The substrate-specific impact of residue 196 was studied by molecular dynamics
simulations using a cationic dummy atom approach for the zinc ions. Substrates were docked in an
intermediate structure near the transition state to the binding site of IMP-1 and IMP-6. At a simulation
temperature of 100 K, most complexes were stable during 1 ns of simulation time. However, at higher
temperatures, some complexes became unstable and the substrate changed to a nonactive conformation.
To model stability, six molecular dynamics simulations at 100 K were carried out for all enzuhstrate
complexes. Stable structures were further heated to 200 and 300 K. By counting stable structures, we
derived a stability ranking score which correlated with experimentally determined catalytic efficiency.
The use of a stability score as an indicator of catalytic efficiency of metalloenzymes is novel, and the
study of substrates in a near-transition state intermediate structure is superior to the modeling of Michaelis
complexes. The remote effect of residue 196 can be described by a domino effect: upon replacement of
serine with glycine, a hole is created and a stabilizing interaction between Ser196 and Lys33 disappears,
rendering the neighboring residues more flexible; this increased flexibility is then transferred to the active
site.

Metallo5-lactamases have recently raised a major concernics, continues to generate new enzyme variants. Protein
because of their capability to hydrolyze a broad spectrum evolution has been investigated in detail for the seflne-
of f-lactam antibiotics and thus confer resistance to bacterialactamases, which has resulted in extended speqtrian-
(1—3). p-Lactam compounds are the most widely used tamases (ESBL),mainly variants of the TEM and SHV
antimicrobial agents applied for the treatment of infectious enzymes 10, 11).

diseases. Together with serifidactamases [classes A, C, Although metallog-lactamase activity was observed long
and D @)] that use a serine-dependent mechanism, metallo-ago (L2), minor attention was paid to it as a clinical problem
pB-lactamases (class B) form the enzyme groups-técta- until the past decadel®). The first crystal structure to be

mases (EC 3.5.2.6). Metalj@dactamases use zinc ions to resolved was that of the mononucl&acillus cereugnzyme
activate a hydroxide ion, the nucleophilic agent attacking Bcll (14). It revealed a new protein foldyGa), now known
the amide bond of thg-lactam ring b, 6). After hydrolysis, as the metall@-lactamase fold 15). In the years that
fp-lactams are inactivated and can no longer exert their followed, three structures of binuclear metglidactamases
antibiotic function, the inhibition of a transpeptidase involved of bacterial origin were determined: CcrA froBacteroides
in cell wall biosynthesis{, 8). Many f5-lactams, especially  fragilis (16), L1 from Stenotrophomonas maltophil@7),
second-, third-, and fourth-generation cephalosporins, haveand the imipenemase IMP-1 froRseudomonas aeruginosa
been designed that cannot be hydrolyzed by ceytaimc- (18). Although with lower affinity, Bcll can also bind a
tamases and thus are active against many nosocomial strainsecond zinc ion, and it has been considered an intermediate
(9). However, the rapid evolution of bacterjalactamases,  between mono- and binuclear metafidactmases X9). It
mainly due to the short generation time of bacteria and en- has been shown that in CcrA, the second zinc ion stabilizes
hanced selective pressure imposed by application of antibiot-a substrate intermediate after hydrolysis of flactam ring

(5) and thus increasdg, by a factor of 375 andt../Ky by
¢ a factor of ~10 compared to the values of a genetically
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engineered mononuclear variar0f. These observations protonation of the substrate, which is the rate-limiting step
indicate that a second zinc ion might be an evolutionary in the catalytic cycle, and lacks the bridging hydroxiég (
adaptation toward more efficiefitlactam hydrolysis. IMP-1 In particular, molecular modeling has identified structural
very efficiently hydrolyzes a broad spectrum of substrates, geterminants of substrate binding, as there are no crystal
including penicillins, cephalosporins, and carbapeneltis ( structures of enzymesubstrate complexes available. Thus,
Therefore, it has been denoted as an ESBB).(The fact  Michaelis complexes of L1 in complex with AMP, CAZ,
that some metall@-lactamases can efficiently hydrolyze and IMP @7), Bcll with PEN (33), IMP-1 with IMP (34),

carbapenems makes them even more dangerous than ESBlhnd CcrA with IMP 85) were modeled. In the latter study,
with a serine-dependent mechanism, which cannot inactivatejt was concluded that a Michaelis complex with the intact

these antibiotics. _ Zn1—OH-2Zn2 bridge (Zntzn2 distance of 3.5 A) could
~ Several variants of th®. aeruginosaenzyme IMP-1,  pe followed by an intermediate, in which the bridge is broken
isolated from different genera, have been reporg@,(21, (Zn1—-zn2 distance of 4.4 A), and the hydroxide is only

23-28). IMP-6 and IMP-3 are closely related to IMP-1:  hound to Zn1. In this structure, the substrate was bound more
IMP-6 differs from IMP-1 in only one amino acid and IMP-3  tightly and the hydroxide is more nucleophilic, both favoring
in two. The substrate spectra of these enzymes werethe attack of the amide bond. Consequently, this structure
systematically investigated{). Determination ofkca/Kw was interpreted as an intermediate preceding the catalytic
values for the hydrolysis of differerf-lactam compounds  event. A complex of an enzyme and a substrate that exhibited
with purified enzymes indicated similar substrate spectra for good conversion in experiment [IMP-CEF, keafKy = 32.5
IMP-6 and IMP-3, but a significantly different and extended s-1 ;M- (21)] could be modeled at 300 K and remained
substrate spectrum for IMP-1. It was demonstrated that thestable for more than 1 n&4). In this model, the substrate
Gly196Ser mutation is responsible for this observation. This jnteracted noncovalently with the zinc ions, which were
amino acid is not catalytically active but adjacent to the zinc represented by a cationic dummy atom approm;] 32)
ligand His197. In the structurally similar Bcll and CcrA  The geometry of the active site equilibrated within the first
enzymes, the corresponding amino acid is also a glycine; in200 ps and then remained stable until 1.2 ns of simulation.
the structurally different L1 enzyme, it is a proline. Although The Zn1-Zn2 distance increased to 4.6 A A more than

the Gly196Ser mutation had no significant effectleiKw in the inhibitor-bound structure in which the inhibitor thiolate
values toward cephalothin and cefotaxime, two cephalospor-sulfur acts as a bridging ligand§). Ligand—zinc distances

ins with an acetoxy group at the dihydrothiazine ring)(R  were between 1.9 and 2.2 A, and all ligarzinc—ligand

it led to increases ifka/Ku by factors of 7 and 10 toward  angles were in the range of 9318, indicating a stable
cephaloridine and ceftazidime, respectively, two cepha- tetrahedral coordination of the zinc ions. According to Suarez
losporins with a pyridinium moiety at the respective position. et al. (35), the Znt-Zn2 distance would increase before
For imipenem, benzylpenicillin, and ampicillin, it even the nucleophilic attack occurs. Modeling of the two
resulted in 40-fold highekea/Kw values. These results led  Michaelis complexes3t) and the intermediate comple54)
lyobe et al. to the conclusion that the Gly- Ser mutation  confirms the proposed catalytic mechanigpgnd indicates

resulted from selective pressui®l). To date, the dramatic  that the Zn+Zn2 distance changes byl A in the catalytic
effect of replacing the side chain at position 196 could not cycle.

be _explain_ed ata molecul_ar I_evel, par_ticu_larly be_ce_xusc_a this The aim of this paper is to investigate the molecular basis
residue neither is involved in zinc coordination nor is in direct ¢ ¢ \betrate specificity of binuclear metaffislactamases. In
contact with the substrate. In contrast to mutations in the experiments with IMP-1 and IMP-@(), it has been shdwn
b'nd'r:‘g .S'te Wh'.Ch hglve an |mrr]nedb|§1t3 and !ocahzfed effect that there are two types of substrates: CEF and CTX are
on the mteractlo_n etween the binding srges oI varous .,nyerted well and are insensitive to the Gly196Ser mutation,
enzymes and their subs_tratézo,(ll, 29), the side chain at while LOR, CAZ, AMP, PEN, and IMP are poorly converted
position 196 acts fat a distance. R and sensitive to the mutation. We employed MD simulations
_ Molecular modeling is a powerful tool for obtaining insight i, 3, effort to understand why different substrates result in
into the mechanism of metallgdactamases. Molecular  gitarent k../Ky values, and how changes in the sequence
dynamlcs (MD) simulations and gomb|nat|on_s of qua_ntum and structure of the enzyme chanige/Ky values for the
chemical and molecular mechanical calculations indicated , tation-sensitive substrates. whereas they do not for
that in the mononucleds. cereusenzyme Bcll, a hydroxide  m iation-insensitive substrates. As representatives for the
rather than a water molecule is the nucleophilic agent ation-sensitive substrates, two cephalosporins, LOR and
coordinated to the zinc iorg]. In the binuclear CcrA from — caz were selected to exclude influences of the substrate
Ba. fragilis, the hydroxide functions as a bridging ligand e and facilitate comparison to the mutation-insensitive
between the two zinc ions and, in agreement with structural cephalosporins (CEF and CTX). Thus, eight combinations

data (6), is responsible for the small Zr¥Zn2 distance of ¢ \p-1 and IMP-6 in complex with four different substrates
3.5 A (30). In contrast, when this bridge breaks down, an \yare investigated.

event which is favored if the active site Asp103 is protonated,
the Znt-2zn2 distance increases to 4.5 A (30). Using MD COMPUTATIONAL METHODS

simulations and a cationic dummy atom approach for the

zinc ions, which has been shown to be practical for Preparation of the ProteinSubstrate ComplexThe
mononuclear31) and binuclear zinc center82), a similar coordinates of molecule A in PDB entry 1DD&8) were
Znl—-Zn2 distance was observed in IMP-1, when an inter- used to model IMP-1. If not mentioned otherwise, titratable
mediate structure of the cephalosporin substrate (CEF) wasgroups were treated as suggested by the progmantonate
docked B4). This intermediate occurs immediately before of the AMBER 6.0software package3¢) at pH 7.0. The
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Ficure 1. Binding mode of the anionic cephalosporin intermedi-
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according to similar structures in tAdMBERlibraries. After
removal of the inhibitor, the hydrolyzed CEF was manually
docked into the active site guided by the structure of the
inhibitor. The anionic nitrogen resulting from the hydrolyzed
amide bond was coordinated to Zn2 and one oxygen of the
carboxylate to Znl1 (Figure 1). The partial charges of the
anionic nitrogen were as follows:-0.4984 in CEF;-0.4473
in CTX, —0.4709 in LOR, and-0.3341 in CAZ. The partial
charges of the carboxylate oxygens were as follow8:8016
in CEF, —0.8160 in CTX,—0.7660 in LOR, and-0.7691
in CAZ. The 2-thiophenyl-1-acetyl amino residue;fRf
CEF was oriented according to the 2-phenyl-1-ethyl residue
of the inhibitor and the acetoxy group {Raccording to the
(5-methylene-1-tetrazole)-2-thiophenyl residue of the inhibi-
tor as reported previously54). Complexes of the other
cephalosporins were generated starting from the IMP-1
CEF complex. The hydrolyzed desacetoxy-7-aminocepha-
losporanic acid was kept completely fixed, and the side
chains were oriented according to CEF. To generate LOR,
the acetoxy group of CEF in Rwas replaced with pyri-
dinium. R, of CTX and ceftazidime CAZ were built starting
from CEF and CTX, respectively. The oxime moieties in
R: were oriented toward the surface of the protein. The
coordinate files of IMP-6 in complex with the four cepha-
losporins were generated from the IMP-1 complexes by
exchanging Ser196 with glycine.

Using thexLEaP program of theAMBER 6.0software

ates. The cationic dummy atoms arranged tetrahedrally around thepackage, all structures were solvated in a truncated octahe-
zinc center are displayed. For clarity, the amino acid ligands oriented dron of TIP3P water with a minimal distance of 10.0 A

toward the other dummy atoms are not displayed. Side chains R
and R are specified for cephalothin (CEF), cefotaxime (CTX),
cephaloridine (LOR), and ceftazidime (CAZ). At the right, the
keafKnm values from experimen®() are supplied.

between the box boundary and the protein and neutralized
with Na" ions.

MD Simulations and Stability Rankiniylinimizations and
MD simulations were performed using tsandermprogram

zinc ions in the active site were modeled using the cationic of the AMBER 6.0software package. The resulting systems

dummy atom approact3{). This procedure also includes
the deprotonation of titratable groups in the first coordination

of ~25000 atoms were energy minimized for 1000 steps (500
steepest descent and 500 conjugate gradient) and heated by

sphere of zinc ions and protonation of the second coordina-MD simulation to 100 K starting at 10 K. The time step

tion sphere. In the first coordination sphere, Asp81, Cys158,

and the carboxyl group resulting from hydrolysis of the amide

was 1 fs, and th&HAKEalgorithm @1) was applied to all
bonds containing hydrogen atoms. Six simulations of each

bond in the cephalosporins were deprotonated. On the basisnzyme-substrate combination were performed with dif-

of ab initio calculations, it has been shown that the proton
dissociation energy of imidazole when coordinated té*Zn

is dramatically reduced, suggesting the existence of imida-

zolate as a zinc ligand in protein87. There is also
experimental evidence for zinc-bound histidinate in proteins
(38, 39). Therefore, His77, His79, His139, and His197 were

ferent initial velocity distributions. During the heating process
from 10 to 100 K, the positions of the zinc ions and the
substrate were constrained to maintain a Z@h2 distance

of ~3.6 A. After the temperature of 100 K was reached, the
constraints were gradually decreased, and the systems were
allowed to equilibrate during an unconstrained MD simula-

treated as histidinates. Partial charges of histidinate weretion for 200 ps. The resulting zinc coordination was ex-

taken from Panget al. (31). In the second coordination

sphere, the carboxyl group at the six-membered dihydrothi-

azine ring of thep-lactam substrates and Aspl70 were

amined, and complexes were identified as stable (initial zinc
coordination maintained) or unstable. A maximum number
of three stable complexes were selected and heated to 200

protonated. The latter can be interpreted as an acceptor folK, equilibrated, simulated for 200 ps, and again examined
the proton from the zinc-coordinating His79, and it has been with respect to stability. Those that had remained stable were
shown that such a protonation state is energetically favoredheated to 300 K, equilibrated, simulated for 200 ps, and again

(37). The g-lactam substrates (Figure 1) were built using
the MolBuilder module of thelnsightll program (Accelrys,
San Diego, CA) and minimized semiempirically with the
AMPAC/MOPACmModule ofInsightll. Partial charges were
fitted using theRESPprogram ofAMBER 6.0to reproduce
theab initio HF/6-31G* electrostatic potential calculated by
Gaussian 9§Gaussian, Pittsburgh, PA). The parm96 version
of the all-atomAMBERforce field @0) was used to represent

examined for stability. For each simulation that was stable
at a certain temperature, a score of 1 was assigned to the
corresponding enzymesubstrate combination. At 100 K, a
maximum score of 3 could be assigned for those complexes
selected for further heating. Thus, a stability ranking was
obtained ranging from a score of 0 (none of the simulations
at 100 K of a certain enzymesubstrate combination yielded

a stable structure) to 9 (at least three stable structures were

the protein system. Parameters for the substrates were definedbtained after the simulations at 100 K, and all of these
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Ficure 2: (A) Average structure of the IMP-ACEF complex in the intact intermediate structure after unconstrained MD simulation at 300

K. (B) Average structure of the IMP-6LOR complex after breakdown of the intermediate structure. Atoms are colored as follows: gray
for C, red for O, blue for N, yellow for S, dark gray for zinc, and cyan for dummy atom. The amino acids are displayed as sticks and the
substrates and the zincs as balls and sticks. Amino acids are labeled according to the system for PDB entiyp)1& 6. ( Substrates

are labeled at R Arrows indicate the anionic nitrogen of the substrate intermediate and the carboxylate oxygen that does not coordinate
to zincs in stable complexes but replaces the nitrogen in unstable complexes.

Zn2 His197

remained stable at 200 and 300 K). The resulting scores wereformed at 300 K. The complex remained stable in all simu-

plotted against experimentally determiregdKy values 21). lations, and all zineligand distances were within 1.9 and
Geometrical Examination of the Aot Site.To examine 2.2 A (Figure 2A). Ligand-zinc—ligand angles were close

the geometry of the active site, average structures over theto the optimal tetrahedral angle (9&21°). The Znt-Zn2

last 10 ps of each simulation were generated usingtizg distance varied (445.7 A) but was always significantly
program of theAMBER 6.0software package. Visual inspec-  larger than in the inhibitor-bound crystal structure (3.6 A).
tion of the trajectories was done with th&/D software 42). The overall structures resulting from different initial veloci-

The distance between the substrate and Zn2 as well as theies varied (e.g., in the orientation of the loop region, data
angleo between Zn2, the adjacent dummy atom, and the not shown). However, in all simulations, the zinc coordina-
substrate anionic nitrogen and the angle between Zn2, thetion and the intermediate structure of the substrate remained

dummy atom, and the oxygen of the carboxylate resulting staple. Multiple simulations of the IMP-6CEF complex
from substrate hydrolysis were tracked over the course of (,_/k,, = 39.2 s #uM~1) gave consistent results.

the simulations usingtraj. In structures which were stable
at 100 K,a was measured over the last 10 ps of the 200 ps
simulations and averaged. For each enzyswbstrate o . . — -
combination, the average af in each simulation was 4M " for IMP-6) with different initial velocities, the
calculated and plotted against the experimentally determinedintérmediate structures always broke down within the first
kealKy value @1). 100 ps at 300 K or even during the heating of.the_ sy§tems.

To investigate the influence of,Rdistances from the ester N @ll cases, the breakdown was due to the anionic nitrogen
oxygens (CEF and CTX) or the pyridinium nitrogen (LOR of Fhe p-lactam mtermed@te Iosmg contact with Zn2. A
and CAZ) to surrounding residues were measured in averagdyPical structure after the intermediate breakdown for the
structures generated from the last 10 ps of the 200 ps!MP-6—LOR complex is shown in Figure 2B. The substrate
simulations at 100 K of stable structures. Likewise, the Nitrogen was replaced with an oxygen atom of the carboxyl
distances between the side chain oxygen of Ser196 and théroup resulting from amide bond hydrolysis of the substrate.
side chain nitrogen of Lys33 and between His19Y &hd Such a replacement is tracked by analysis of the distances
the Pro32 carbonyl oxygen were measured. The resultingbetween Zn2 and the anionic nitrogen, the leaving ligand,
average distances for each enzymsabstrate complex were  and the carboxylate oxygen, the entering ligand, as well as
compared to thé&.,/Ky values obtained in experimergl). the angle between Zn2, the connecting dummy atom, and
Average structures were superposed uSiniss PDB Viewer  the leaving or entering ligand (Figure 3). The replacement
(Glaxo Smith Kline, Geneva, Switzerland). To determine the occurred at the very beginning of the simulation within less
flexibility of the His197 side chain, rmsd of the heavy atoms than 1 ps. The carboxylate oxygen flipped instantaneously
from the average structures were monitored over the courseinto a nearly tetrahedral coordination to Zn2 (Z00

In contrast, when both proteins were simulated in complex
with LOR (KeafKm = 8.6 s uM~1 for IMP-1 and 1.25 &

of simulations usingtraj. distance of 1.93 A, Zn2dummy ator-COO angle of 172.
The anionic substrate nitrogen moved away from Zn2 during
RESULTS the first 75 ps and then remained at a constant distance of

Dependence of the Stability of Modeled Structures on 55 A. In addition, the pyridinium moiety moved out of its
Enzyme-Substrate Combination and Simulation Tempera- ©riginal position and eventually pressed toward the Trp28
ture. Eight metallog-lactamase cephalosporin complexes side chain in the loop covering the active site. A reconstitu-
were modeled by MD simulation to identify geometrical tion of the original intermediate structure was never observed.
parameters which correlate with the experimentally deter- The partial charge of the carboxylate oxygen was more
minedk../Ku values 21). An intermediate structure before negative than that of the anionic nitrogen (see Computational
the rate-limiting step in catalysi§ was chosen. Three 200 Methods). Consequently, the oxygen was bound more tightly
ps simulations of IMP-1 in complex with CERK4/Ky = to Zn2 than the anionic nitrogen before the replacement at
32.5 st uM~1) with different initial velocities were per-  distances of 1.93 and 2.16 A, respectively.
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Ficure 3: (A) Zn2—anionic substrate nitrogen and Zngubstrate carboxylate oxygen distances over the course of an unconstrained MD

simulation of the IMP-6-LOR complex at 300 K. (B (Zn2—dummy atom-anionic substrate nitrogen) and Zr@ummy atom-substrate
carboxylate oxygen angles tracked over the course of the simulation. The windows at the left indicate the time course of the initial 3 ps.

To investigate whether sensitive enzynsibstrate com-  stable structures were further heated to 300 K and simulated.
plexes would be stable at a lower temperature, they wereFrom the results that were obtained, a stability ranking was
simulated at 100 K without constraints. In the majority of deduced by counting stable structures at the three tempera-
simulations, they remained stable, even when simulationstures, thus allowing a maximum score of 9 (Table 1). For
were carried out for 1 ns. As in the simulations of the IMP- combinations withk../Ky values of>30 st uM~1 (IMP-
1-CEN complex at 300 K, the zindigand distances were  1—CEF and IMP-6-CEF), all simulations were stable at all
between 1.9 and 2.2 A and the ligarzinc—ligand angles temperatures. For combinations with/Ky values between
were close to the tetrahedral angle in stable simulations. The20 and 10 st uM~! (IMP-1-CTX and IMP-6-CTX), one
Zn1—Zn2 distances varied from 4.1 to 5.8 A. This empirical breakdown at 300 K was observed, while all simulations at
approach shows that enzymsubstrate complexes with lower temperatures were stable. For combinations with
higherk:./Ky values are more likely to remain stable in MD  kq/Ky values between 10 and I'suM~! (IMP-1-LOR
simulations than complexes with lowks.{Ky values, and and IMP-6-LOR), in 10 of 12 simulations at 100 K, the
that complexes are more stable at lower temperatures tharintermediate structure was stable, whereas only 50% re-
at higher temperatures. This sensitivity of the system was mained stable at 200 K. Of these three complexes, only one
used to develop a method for ranking of enzyrsebstrate remained stable at 300 K. Only 25% of the complexes with
complexes by their stability. kealKn values of<1 st yuM~1 (IMP-1-CAZ and IMP-6-

Stability Ranking by Progress Heating.The following CAZ) were stable at 100 K. Of these three complexes, one
procedure was established to obtain a stability ranking of was stable at 200 K and none at 300 K. Thus, for all
eight complexes of the two metalfiHactamases IMP-1 and  enzyme-substrate combinations with low../Ky values
IMP-6 with four cephalosporin substrates (CEF, CTX, LOR, (IMP-1-LOR, IMP-6-LOR, IMP-1-CAZ, and IMP-6-
and CAZ). After minimization, the complexes were heated CAZ), the number of stable simulations decreased signifi-
to 100 K and simulated for 200 ps. This was done six times cantly with increasing simulation temperature, and the
for each complex with different initial velocities. Under these stability of their intermediate structures is temperature-
conditions, at least one simulation for each enzysgbstrate dependent. When plotting the stability ranking versus the
combination led to a stable complex. Unstable structures wereexperimentally determine#../Ky values, we observed a
discarded. From the stable structures, at most three perogarithmic correlation with af? of 0.82 (Figure 4). When
complex were randomly selected, heated to 200 K, and the outlier IMP-1-LOR complex was exclude®? increased
simulated. Again, unstable structures were discarded, andto 0.97.
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Table 1: Stability of Different Complexes at Different Temperattires
IMP-1-CEF IMP-6-CEF IMP-1-CTX IMP-6—CTX IMP-1-LOR IMP-6—LOR IMP-1-CAZ IMP-6—CAZ
1 2> 3p b 26 P b 2 P 1b H FP 1p H FP b P P b p FP  gp D P

100 K + ++ + + 4+ + ++ + + + + + + + + + - + + - -+
o > > > > > > > > > > > > < < > < > < > < <
200 K + + + + + 4+ + + + + o+ + + o+ 4+ -+ -
300 K + + + + + 4+ + -+ o+ o+ o+ -+ - -

SRS 9 9 8 9 4 6 3 1
KealKu (52 uM ™0 32.5 39.2 16.1 18.3 8.6 1.25 0.35 0.031

@+ means the structure is stable at the temperature indicated at the left; em@hns the structure is unstabdeis the Zn2-dummy atom-
substrate N angle> meansa. > 162°. < meanso. < 162. SRS is the stability ranking scoréSimulation number¢ Values from ref21.
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Ficure 4. Stability rankings obtained with triple simulations plotted  Ficure 5: Averageo. (Zn2—dummy atom-substrate nitrogen
vs the keafKw values obtained in experiment on a logarithmic  angle) from triple simulations plotted vs thg/Ky values obtained

scale: #) IMP-1-CEF, ) IMP-6—CEF, @) IMP-1-CTX, (O) in experiment on a logarithmic scale#) IMP-1—CEF, ) IMP-
IMP-6—CTX, (H) IMP-1-LOR, (@) IMP-6—LOR, (a) IMP-1— 6—CEF, @) IMP-1-CTX, (O) IMP-6—CTX, (@) IMP-1-LOR,
CAZ, and () IMP-6—CAZ (R? = 0.82). (O) IMP-6—LOR, (a) IMP-1—CAZ (double simulations), and{

IMP-6—CAZ (single simulation) RZ = 0.54).

By performing multiple simulations, we can assess a larger
conformational space, thus generating a more realistic, correlation between the measured angles and the experimen-
statistically more meaningful model of the enzynseibstrate tal keaf Ky values was observed (Figuref®,= 0.54). Angles
complex. To test if such a beneficial effect could also be between zincs, dummy atoms, and the other zinc ligands
seen in the stability score, ranking was performed on the (His77, His79, His139, and the substrate carboxylate,
basis of only one simulation for each enzynseibstrate coordinating Zn1, and Asp81, Cys158, and His197, coordi-
combination at 100 K, resulting in a stability ranking ranging nating Zn2) were typically close to the ideal, unstrained angle
from O to 3 (at most one stable structure at 100, 200, and of 18C°. In enzyme-substrate complexes that exhibited low
300 K). The same trend as before was observed (data noenzymatic efficiency, the ideal coordination of the anionic
shown), but the correlation coefficient was much smalRér ( substrate nitrogen to Zn2 was disturbed andecreased far
= 0.63). below 180, in extreme cases causing the breakdown of the

Molecular Mechanism of Destabilizatiomo identify the intermediate structure. Visual inspection (Figures 1, 4, and
molecular mechanism of how changes in substrate structure5) suggests that interaction with, R dominating these
and replacement of Ser196 with glycine led to a substrate- effects. Substrates with an acetoxy moiety (CEF and CTX)
specific destabilization, trajectories and average structureshave a score of 8 or 9 in the stability ranking (Table 1), and
of the 100 K simulations were geometrically analyzed. their averagen is more than 16%(Figure 5). In contrast,
Simulations at 100 K yielded at least one stable complex the substrates with a positively charged pyridinium moiety
for all enzyme-substrate combinations (Table 1). Examina- at this position only reach scores between 1 and 6 in the
tion of trajectories of unstable complexes showed that the stability ranking, andx is less than 164on average. The
breakdown was always due to the anionic nitrogen of the interaction of R with four amino acids in the binding site
substrate losing contact with Zn2, as observed for the 300 (backbone and side chain of Asn167 and side chains of
K simulations of unstable structures (Figures 2 and 3). Before Lys161, Trp28, and His197) was investigated by measuring
the loss of contact, the angte between Zn2, the dummy  distances between the ester oxygen or the corresponding
atom, and the nitrogen gradually decreased, whereas thepyridinium nitrogen of the substrate and nitrogen atoms in
distance between the dummy atom and the substrate nitrogeithe four residues. While the distances to Lys161, Trp28, and
remained constant until it suddenly increased (data notHis197 showed no correlation wikg,/Ky (data not shown),
shown). Thus, the nitrogen was moving out of the zinc the distances between the Asn167 side chain and backbone
coordination sphere tangentially rather than radially. The role nitrogen, and the ester oxygen or the pyridinium nitrogen,
of a in predicting stability was supported by analyzing its clustered. For the substrates with a pyridinium residue (LOR
average value for the stable complexes (Figure 5). A and CAZ), the Asnl67 side chain nitrogepyridinium
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Table 2: Flexibility of His197 Side Chain at Different Temperatures (average rmsd HhA)e
IMP-1-CEF  IMP-6-CEF  IMP-1-CTX IMP-6—CTX IMP-1-LOR IMP-6-LOR IMP-1-CAZ IMP-6—CAZ

100K 3.104+0.22 3.36+0.29 2.98+ 0.06 3.46+ 0.62 3.004+ 0.03 3.13+:0.21 2.98+ 0.03 2.97
200 K 4.47+0.14 4.46+0.13 4.40+0.21 4.65+ 0.23 4.40 4.50E 0.28 4.34
300K 5.74+ 0.32 7.614+0.03 5.454+-0.18 5.55+0.11 5.70

a|f no standard deviation is indicated, only one simulation was stable. If no rmsd is indicated, no simulation was stable.

6

nitrogen distance was 98 0.9 A and the Asn167 backbone
nitrogen—pyridinium nitrogen distance was 5490.5 A. For
substrates with an ester residue (CEF and CTX), the distances
were significantly shorter: 7.5 1.0 and 4.6+ 1.2 A,
respectively. In three of 12 average structures with CEF and
CTX, the distances between the ester oxygen and the Asn167
backbone nitrogen were 3-8.2 A, indicating hydrogen
bonds. Additionally, in eight of these 12 structures, the
carbonyl oxygen of the ester group seemed to interact with
the side chain nitrogen of Lys161 at a distance of#4.0.5

A. These observations indicate that ester groups are elec-
trostatically held in place by Asn167 and Lys161 or even
hydrogen-bonded to Asn167. There are no such interactions 0.01 0.1 1 10 100
with pyridinium moieties. Instead, they are rather repelled
toward His197, a ligand of Zn2, although no significant trend
in the distances between its side chain and the substrate coul@icure 6: Average distances between the Pro32 carbonyl oxygen
be detected. and His197 N from triple simulations plotted vs tHe./Ky values

Effect of the Glyl196Ser Mutation on Hydrolysid/e E’g;alil\r}l%dé“ g’l‘zplf”;‘)elr"\;gnla gg;”;g?“if;%"&%ﬂfé)_ﬁﬂE; ;
as_sqmed th_at the Gly196$er mutation_a_lffects the catalytic 1-LOR, @) IMP-,6—LOR, (a) IMP-1—CAZ (double simulations),
efficiency via His197, a zinc ligand critical foB-lactam and (r) IMP-6—CAZ (single simulation). The solid line is the
hydrolysis @3). This possibility was investigated in two logarithmic regression trend line of the values with IMPRE &
ways. (i) Average structures of the two enzymes with the 0.01), and the dashed line is the logarithmic regression trend line

) il
same substrate at 100 K simulations were superposed using' the values with IMP-6R® = 0.94).
the backbone atoms, and the loop regions comprising residues . .
192-202 were compared. In the IMP-6 complexes, the side nitrogen and between the Pro32 carbonyl oxygen and His197

chain of His197 and the backbone of the loop of residues 'll\'lr(? in the ave:ca}[%e fstructuzjest after t_he ﬁ?&g 1simulat|ions.
192—-202 were located in slightly different positions com- € average ot ine former distances in a - COMPIEXEs

pared to the positions in the IMP-1 complexes. However, was 4.2+ 0.8 A. The latter distances were averaged for each
these differences were too small (generai A) to enzyme-substrate complex and plotted versus KagKy

o : : : values from experiment2() (Figure 6). In the IMP-1
significantly alter the geometry of the active site. In regions : .
distant from the active site, the positions of identical atoms complexes, the Pro32 carbonyl oxygeiis197 N distance

deviated by as muctsa A indifferent simulations. (i) The V&S relatively constant with an average of £1.2 A and
flexibility of the His197 side chain was measured in terms independent of catalytic efficiency. In contrast, in the IMP-6

of the average rmsd with the average structures as a referencgom.plexes‘ the average d|stanc_e was Ionggrﬂ(B? A)' .
for all three simulation temperatures. The rmsd increased and it was dependent on catalytic efficiency in a logarithmic

G : ) manner. Whereas in complexes with mutation-insensitive
higher rmad were observed than for the respecive IMp.1 SUbSUates (CEF and CTX) the distance remained short, i
complexes with all substrates at all temperatures (Table 2).mcreased in complexes with mutation-sensitive substrates
Exceptions were CEF at 200 K and CAZ at 100 K, where (LOR and CAZ).
the average rmsd were nearly identical for both proteins. This
indicates that for all substrates (except CAZ, for which only DISCUSSION
few stable complexes were available) the His197 side chain  Ranking of EnzymeSubstrate Intermediate Complexes by
was more flexible in IMP-6 than in IMP-1. Stability. The creation of the ESBL IMP-1 by exchanging a

One possible mechanism for the increased flexibility of single residue, Gly196 in IMP-6 with serine, is remarkable,
His197 in IMP-6 is the following. The hydroxyl group of since this position is not part of the catalytic machinery, nor
Serl196 interacts with the side chain nitrogen of Lys33. In is it conserved in the family of metall8-lactamases. Even
the crystal structure [PDB entry 1DD6, molecule 28]], more, it is not in direct contact with the substrate, but at a
the carbonyl oxygen of Pro32, the direct neighbor of Lys33, distance of more than 7 A. Most interestingly, replacing
tightly interacts with N of His197 at a distance of 2.8 A.  Gly196 with serine did not lead to an overall increase in
In the absence of the Ser196 hydroxyl group, both Lys33 activity, but the effect is substrate-specific. Toward two
and Pro32 could move. This movement would lead to a substrates, the cephalosporins CEF and CTX, the mutation
decreased stabilization and higher flexibility of His197. This is neutral, but toward the two cephalosporins LOR and CAZ
possibility was tested by measuring the distances betweenas well as for penicillins and the carbapenem imipenem, the
the Ser196 hydroxyl oxygen and the Lys33 side chain mutation leads to a considerable increase in catalytic ef-

o
o
/
/

o
/

'S
ES 2]
—p—
i //
=
|—}—/0—1

distance Pro32 CO-His197 N § (A)
/

w
2]

kcar/KM (5.1 MM'1)



8952 Biochemistry, Vol. 42, No. 30, 2003 Oelschlaegeet al.

ficiency. Modeling of eight enzymesubstrate complexes by  heating and determination of the temperature at which the
unconstrained MD simulations in explicit water indicates that breakdown takes place.
there is no obvious difference in the shape of the binding In contrast to determinink../Ky by ranking the stability
sites of IMP-6 and IMP-1. Thus, the mutation has a rather of the substrates in a near-transition state intermediate
subtle effect on the stabilization of the transition state of the structure, models of Michaelis complexes of metdlo-
substrate. Using multiple MD simulations at different tem- lactamases and still intagtlactam antibiotics 17, 33—35)
peratures, the stability of the complexes was evaluated, andgive insights into the way the substrate binds to the protein
a scoring scheme could be established which correlates withprior to hydrolysis, thus estimatinéy. However, little
the experimentally determined catalytic efficiency. This information about catalytic efficiencyk{/Kn) can be
approach is based on the assumption tQatky depends deduced from those complexes, since bothandKy may
on the energy barrier of the rate-limiting step in the be modified by a mutation. As an example, #g of IMP-1
hydrolysis of3-lactams. In the enzyme-catalyzed reaction, toward CEF was 5-fold less than thg of IMP-6, butkea/
the barrier of the uncatalyzed reaction is reduced by the Ky values were almost identical because of a 6-fold decrease
binding energy of a substrate in its transition state. As it is in k. for the IMP-1-CEF complex compared to that for
difficult to represent the transition state by MD simulation the IMP-6-CEF complex21). In a recent report on substrate
techniques, we chose an intermediate structure just beforebinding to the L1 metallgg-lactamase and different mutants
the rate-limiting step. The logarithmic dependence of the ratio of the enzyme44), it was demonstrated thki, values were
of stable complexedN\sanidNo) and the catalytic efficiency  not even reliable for showing substrate binding.
kealKw can be deduced from the Arrhenius equation (eq 1)  Benefit of Multiple Simulationgs major challenge of MD
simulations is adequate sampling of the conformational space
Kool Ky = Ag UomAUJ(RT) 1) (45, 46). As MD trajectories show a sensitive dependence
on initial conditions, an ensemble can be efficiently sampled
by parallel simulation starting at different initial structures
(46) or initial velocities @45). When multiple 120 ps
simulations of crambin were performed with different initial
velocities, the overall average structure was closer to the
crystal structure than any of the individual trajectory average
structures, even when 5 ns trajectories were samplgd (

whereUy — AU is the difference between the activation
energy of the uncatalyzed reactitly and the stabilization
energyAU of the anionic intermediate in complex with the
metallof-lactamaseA is a reaction-specific constarR,is
the universal gas constant, amds the temperature.

On the other hand, stability ranking is based on a X ; ; : .
Boltzmann distribution. At a giv)e/:n tempegratu'fethe ratio Multiple 5 ns MD simulations of the folding of small peptides

of stable complexeNlsa5dNo depends on the binding energy (7 and 11 amino acids) with different unfolded initial
AU (eq 2). structures proved to cover a larger conformational space than

single 50 ns simulations46). Tens of thousands of-520

ns trajectories, starting with different random number seeds
in a stochastic dynamics system, were acquired by distributed
computing implementation to predict folding of 23-residue

For small values oNswpidNo, €gs 1 and 2 can be easily proteins from extended structured7). Using a similar
combined, using the approximation logf1x) ~ —x and approach for the fast-folding 36-resideehelical protein
the constant = —log[Ae™Y/®7] (eq 3). from the villin headpiece4g8), the mean of an ensemble of

folded structures was found to be more similar to the native
¢+ 10g(KeafKy) = = 109 (1 = NgiapidNo) & NgapidNg (3)  fold than any individual folded structure.
When multiple simulations of the different metajfe-

As a consequence, the ratio of stable structures should bdactamase complexes were performed with different initial
proportional to the logarithm of the catalytic efficiency. A velocities, the correlation of the stability ranking with
high catalytic efficiency corresponds to a high probability experimental data was more significant than when using only
that an enzymesubstrate complex remains stable within the single simulations. On the basis of single simulations, the
200 ps interval at increasing temperatures, whereas a lowscores of IMP-+LOR, IMP-6-LOR, and IMP-}-CAZ
catalytic efficiency corresponds to a low probability that the complexes were outliers (data not shown) and the correlation
complex remains stable. The instability of the complex is of the model and experimental data was |d% & 0.63).
indicated by the breakdown of the enzyrmubstrate inter- ~ However, when triple simulations were performed, IMP-6
mediate complex. This ranking approach does not assumeLOR and IMP-1-CAZ complexes came closer to a loga-
any specific mechanism but is a generic approach to rithmic relationship, resulting in aiR? of 0.82, while the
monitoring the relative stability of the intermediate close to IMP-1-LOR complex was still an outlier (Figure 4). We
the transition state by varying the sequence of the enzymeassume that if more simulations were carried out, the
or the structure of the substrate. Attempts to correlate directly correlation would continue to be improved. Also, for
the potential energy of the simulated complexes before the geometric parameters such@and the distances measured
breakdown to experimental data were not successful (databetween R and individual amino acids, better correlations
not shown), probably due to energy fluctuations of the with experimental data were observed with multiple simula-
~25000-atom system, in which the interaction of the tions than with single simulations. Although no experimental
substrate with the active site plays only a minor role. It should structures of the modeled systems are available, the improved
be noted that other procedures for stability ranking may be correlation with kinetic data when performing multiple
possible, such as determination of half-life times of the simulations indicates that, in agreement with the previous
simulated complexes at certain temperatures or gradualreports 45, 48), the average of an ensemble of modeled

NgapdNo = 1 — e AV &P )
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structures better describes the actual structure than averageays. A positively charged pyridinium moiety decreases the
structures of individual simulations. negative charge of the anionic nitrogen and therefore makes
The trends presented herein might be refined by perform-its replacement more likely. In addition, the positively
ing more simulations. However, taking into account that each charged and more rigid pyridinium residue is repelled by
200 ps simulation took approximately one week of simulation Asn167, whereas the acetoxy residue is stabilized by that
time and generated 600 MB of output, we restricted our amino acid. The repulsion of Rmight assist in dragging
investigation to 6-fold simulations at 100 K and triplicate the anionic nitrogen out of its ligand position, and as the
simulations at higher temperatures, which led to a total of repulsion is directed toward His197, it might destabilize the
84 simulations. coordination of Zn2. The impact of Rn MD simulations
Interaction of Different Substrates with the Enzyniésee could be resolved in the stability ranking (Figure 4), the angle
geometric parameters are related to catalytic efficiency: (i) a (Figure 5), the geometrical analysis of-RAsn167 inter-
the anglea. between Zn2, the dummy atom oriented toward actions, and the Pro32His197 distance in IMP-6 complexes
the substrate nitrogen, and the substrate nitrogen itself, (ii) (Figure 6). To the best of our knowledge, a specific inter-
the distance between ,Rand Asnl67 (side chain and action of Asn167 with Rhas not been reported previously.
backbone nitrogens), and (iii) the distance between the Pro32Rather, it was assumed to interact with fhilactam carbonyl
carbonyl oxygen and His197 NN In the following, the oxygen in the Michaelis complex and the carboxyl group
possible mechanistic relevance of these parameters togenerated by amide bond hydrolysis in the intermediate
substrate specificity is discussed. structure §). We could not observe such an interaction in
The anglea correlated with catalytic efficiency (Figure the IMP-1-CEF complex in MD simulations5¢), and in
5) and with the stability ranking obtained from computa- experiment, Asnl167 [Asn233 according to the standard
tional data. Complexes with a smallin the simulations at  numbering scheme for class Blactamases4©)] was not
100 K were more likely to break down at higher temperatures found to be critical for hydrolysisSQ, 51).
than complexes with an close to 180 (Table 1). Four of No significant trends in the distances between&Rd
six structures with ar of <162 at 100 K broke down Lys161, Trp28, and His197 were observed. Lys161 has been
during the 200 K simulation; one broke down at 300 K, and shown to be important for hydrolysis of cephalosporins,
only one remained stable during the 300 K simulation. In benzylpenicillin, and imipenenb(). Although Lys161 seems
contrast, only one of 15 structures with anof >162 at to interact with the carbonyl oxygen of the ester group of
100 K broke down at 200 K and three at 300 K, but 11 CEF and CTX, its interaction with the carboxyl moiety at
were stable at 300 K. The smaller the the higher the  the dihydrothiazine ring of the substrate prevails. Trp28 is
probability that the nitrogen will be pulled out of its position located in the flexible loop covering the active site. Deletion
and replaced with one of the more negatively charged of the respective loop in Ccr/@) resulted in dramatic losses
carboxylate oxygens. Whether such a replacement, initiatedin hydrolytic activity and affinity for al|3-lactams. According
by a decreased value of occurs depends on the stability to our observations, the interaction of Trp28 with the
of the intermediate structure. This again may depend on substrate is not dependent on. Rs Asn167 pushes Fof
different factors. (i) The temperature. The higher the simula- LOR and CAZ toward His197, a decrease of the distance to
tion temperature was, the fewer stable structures werethat residue was expected but not observed. This might be
obtained per complex (Table 1). For the very stable due to the fact that steric interactions did not allow a further
complexes with cephalothin and cefotaxime, most structuresdecrease in distance. Indeed, the closest contacts between
remained stable even at 300 K. (ii) The initial velocities. R, and His197 were as small as 2.15 A for LOR and 2.56 A
Structures of the same complex could deviate considerablyfor CAZ in average structures at 100 K. The events taking
in stability when started with different velocities. In one place on the opposite side of His197 relative toiRcluding
simulation of the IMP-6-LOR complex, the intermediate the interaction of Pro32 and His197, will be the subject of
structure had already broken down at 100 K (discarded andthe next section.
not included in Table 1), whereas in another simulation, the R; also determines the efficiency of hydrolysis. It is
complex remained stable even at 300 K (Table 1). (i) The slightly more bulky in CTX than in CEFk{/Ku values
partial charge of the anionic nitrogen of the substrate. The decreased by50%) and much more bulky in CAZ than in
less negatively charged the nitrogen, the higher the likelihood LOR (k.a/Km Values decreased by95%). The impact of
that a more negatively charged atom replaces it. (iv) The R; could be resolved in the stability ranking (Figure 4), but
structure of the substrate. Complexes with substrates with anot in o (Figure 5).
pyridinium R, group and a more bulky Rwvere less stable Domino Effect of the Gly196Ser Mutatiorhe Gly196Ser
than those with an acetoxy.Rjroup and a less bulky;R  mutation does not have an impact on the hydrolysis of CEF
(Figures 1 and 4). and CTX (acetoxy Rgroup) but does considerably affect
The first two factors are systematic, whereas the latter two hydrolysis of LOR and CAZ (pyridinium Rgroup). We
are substrate-specific. As seen from the report from lyobe assume that it influences the stability of the substrate
et al. (21), the investigated cephalosporins can be divided intermediate indirectly, most likely via His197. In IMP-1,
into those with highk../Ky values (CEF and CTX) and those the His197 side chain is less flexible (Table 2), possibly
with low k.a/Ky values (LOR and CAZ) (Figure 1). The most  because of the well-packed region with the serine side chain
obvious feature that separates these two pairs,isvRich next to it and because of the stabilization by Pro32 (Figure
is neutral in CEF and CTX (acetoxy) and positively charged 6). As a consequence, its coordination to Zn2 could be less
in LOR and CAZ (pyridinium). Additionally, the acetoxy sensitive to the substrate Bushing onto it. In contrast, the
group has one more rotatable bond, resulting in a more missing side chain of Gly196 in IMP-6 results in a more
flexible side chain. This probably affects hydrolysis in two flexible His197 side chain which is more sensitive to
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repulsive interaction with R The scenario can be interpreted was substituted for Leu in CcrAg./Ku values for PEN and
as a “domino effect” involving three dominos:,,RHis197, LOR were only 15 and 8% of those of wild-type CcrA,
and the residue at position 196. The side chain of Ser196 isrespectively $3). This can be explained by the more bulky
fixed by interaction with surrounding amino acids. When side chain of Leu relative to Asn, Ala, and Asp, interacting
R; of the substrates LOR and CAZ pushes toward the His197 sterically with the axial methyl group of PEN and the
side chain, both may lean against the Ser196 side chain andpyridinium moiety of LOR, thus increasing the pressure of
therefore do not fall. Additionally, His197 is stabilized by R, on Zn2-coordinating His2634Q), corresponding to
Pro32. In contrast, in IMP-6, the side chain at position 196 His197 in IMP-1. These experimental data fit in our model.
is lacking, His197 is less stabilized by Pro32, and the two  The discussed mechanisms are consistent with the concept
dominos will fall. In contrast, CEF and CTX do not push that in IMP-1 Ser196 improves the packing and decreases
toward His197; thus, there is no difference between Ser196the flexibility of His197. No hydrogen bonds between the
and Gly196. Ser196 hydroxyl group and other residues were observed in
Such a domino effect could influence the stability of the our simulations. Thus, it would be interesting to examine if
intermediate structure in two ways. (i) The coordination of structurally similar residues such as Ala, Val, or Thr could
Zn2 could be disturbed, resulting in a less stable intermediateexert the same function as Ser at position 196. Also,
structure. Even Zn2 could be absent. Mutational analysis of investigating if CcrA could obtain a wider substrate spectrum,
IMP-1 showed that His197 is critical for binding of two zinc  just like IMP-1, with a Gly— Ser mutation in position 262
ions and full enzymatic activity4@). The assumption that  (49) would be worthwhile. The presented data give a
the second zinc could be absent would be in agreement withplausible explanation for how IMP-1 has obtained an
the observation that a genetically engineered mononuclearextended substrate spectrum towasthctam antibiotics and,
CcrA variant exhibited a catalytic efficiency decreased 10- thus, has become a challenge to the treatment of infectious
fold compared to that of the binuclear wild typ20f. In diseases. In general, such mechanisms might play an
experiment, thek.o/Ku values of IMP-6-LOR and IMP- important role in the evolution of enzymatic activity.
6—CAZ complexes were decreased 7- and 10-fold compared
to those of IMP-+LOR and IMP-+CAZ complexes Z1).
(ii) His197 might simply give way more to fRresulting in
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