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p-Lactamases are a major cause of bacterial resistance toScheme 1. Chemical Structure of Methylene Penem Inactivators
- ibioti u icillins, ins, -
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ics is co-administration of the enzyme-susceptiblactam with a 7 S S
p-lactamase inhibitot BRL 42715, C6-(N1-methyl-1,2,3-triazolyl- I % 1 % 1 %
methylene)penent, (Scheme 1), is an active-site-directed inacti- o o0 o boo. o \oo.
vator of a broad range of bacterjalactamases, including the class 1 2 3

C enzymeg:® This compound is very active as reflected in the low
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of S-lactamase-susceptibflactams®~11 space group P2;:2,2

The interactions of-lactamases of classes A, B, C and D with ~ °€! index ) E‘z gg'éig completeness (%) 9(2-5’ &
1 were investigated kineticallz The mechanism of action df c=95.709 ReynfP 7.1('21_67
toward class G-lactamases is here investigated and the crystal I/o? 7.8 (2.4%
structure ofEnterobacter cloaca®08R S-lactamase in complex \rf(veas\(/)?llﬁig%tf(l A()A) 2-3;36 mork:§f§§°from ol 22(%23.2
with 1 is reported (Table 1). unique reflections 20153 bonds (A) ’ 0.007ry

A stable covalent adduct, a cycljg-aminoacrylate-enzyme
complex, resulting from acylation of the active site serine by the
penem followed by intramolecular rearrangement leads to the A ak}/alues listed in parentheses are for the resolution shell {2107
corresponding dihydrothiazepine (Figure 1). Thactamyl car- )- PReym = Y[l — OVY. °Reacor = X|IFol — [Fell/X|Fol. Riree Was
bonyl Fc))f the gcova)llent addugt is (Sitgated )in the oxya);lion hole calculated with 10% of the reflections set aside randomly throughout the

’ - refinement.
between helix H2 and-strand B3 where it is H-bonded to Ser318.

observed reflections 15035 angles (deg) 0.021

Orientation of the ligand into the active site is the result of a series
of interactions: (i) the methyl triazolyl cycle stacks with Tyr221
and the N3atom is involved in H bonding with Asn152 (2.98 A);

(i) the N4 atom is hydrogen-bonded (2.59 A) to a water molecule
stabilized by two other water molecules; (iii) the carboxylate group, ||\
which interacts with another water molecule (3.1 A) and lies near 'q \
Asn346 and Ser289, and the triazolyl group are situated on the
opposite side of the dihydrothiazepine ring; (iv) the sulfur atom of

the dihydrothiazepine cycle lies near Leu119, Asn152, Lys67, and Figure 1. 908R f-lactamase binding site (stereoview) complexed with

TyrlE_;O. ) ) ) ) ) intermediateld (PDB File 1Y54). Red crosses stand for water molecules.
This structure confirms a mechanism that implies opening of

the five-membered thiazole ring system at the-G5bond upon ~ Scheme 2. Opening of the Five-Membered Thiazole Ring System
Icoholvsi d t Vi Michael addition to f of 1 (a) Leading to a Cyclic f-Aminoacrylate—Enzyme Complex (d)
alcoholysis and rearrangement via a Michael addition to form a coyalently Bound to the Enzyme via Ser64
seven-membered dihydrothiazepine ring system (Scheme 2).
This structure is in good agreement with spectral properties of
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spectrometry results. o N\) L ,N\) OH»:¥ a\ns
Coo- ser” coo- ser” Coo- g

H
The binding mode and geometry of the covalent addudtiah a0 T
class C 908R-lactamase are quite different from that of a penem ] ) ]
analogue? (Scheme 1), in complex with class C extended-spectrum SPeCtrum enzymes. in particular, the absolute configuration of
GC1 B-lactamas¥ but consistent with differences observed for a the cyclics-aminoacrylate-enzyme complegd is Swhile the other

transition-state analogue of cefotaxime in the parental and extended-enantiomer of forms upon complexation with GGi-lactamase.
The absolute configuration at the stereogenic carbon C7 observed
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Figure 2. Energy diagrams for (a) the reaction a@fwith a class C
fp-lactamase in the “close folding”; (b) the reaction Ddfwith a class C
f-lactamase in the “open folding”.

The overall structure of the GC1 enzyme is equivalent to that of
the 908R enzyme. In the later structure, the so-callddop (189-
226) is well defined. The extended specificity of the GC1 enzyme

appears to be entirely due to only additional three residues (213-

215) after position 210 in thi® loop 1718 These additional amino
acids lead to a more flexible binding site and allow an alternative
fold (“open folding”) in which Tyr224 (equivalent to Tyr221 in
908R) is displaced by-6 A relative to its position in the free

enzyme. As a result, the main difference between the two enzymes

complexes is the position of this tyrosine residue. This has

consequences for the binding mode of the ligand. Indeed, in 908R

the triazolyl cycle ofl is able to stack with Tyr221, unlike the
heterocyclic double ring 02 in GC1. Moreover, the carboxylate
moiety of 1 does not interact with GIn120 and Asn152 while it
does so fo2 in CG1. This explains why the absolute configuration
is reversed.

Docking and energy minimization studi€svere performed to
further understand and quantify differences in conformation and

stereochemistry between the complexes observed with the 908R

and GC1 class @-lactamases. Those preliminary calculations open
interesting perspectives.

A structure corresponding to an intermediate covalently bound
to Ser64 (Scheme 2) of both penerhsand 2 was obtained by
docking simulation (Figure 2; a stereoview of these complexes is
available in the Supporting Information). In the caselofthe
triazolyl moiety is close to Tyr221, and the thiolate group lies along
the B3f-strand. TheSisomer of the compound is therefore strongly
favored.

Indeed, the thiolate group is only able to react with one side of
the double bond. In contrast, the heterocyclic rin@ binds along
the B3S-strand, as in the crystal complex with intermediétd he
thiolate moiety is near Leul119 and GIn120 and is positioned in
such a way that only intermedia®el with R configuration can be
produced. The binding energy of the two complexes&3.4 and
—51.8 kcal/mol forl and2, respectively. As a result, flexibility of
Tyr221 resulting from the conformation of tife loop would be,
in large part, responsible for the position and stereochemistry of
the ligand in the binding site. Interaction with this residue was also
considered as essential for the binding of ceftazidime and its
transition-state analogue ®itrobacter freundiiGN346 -lacta-
maset® Furthermore, a recent crystal structure of GC1 in complex
with another penem inhibitoB), shows bottR andS configurations
with 30% and 70% occupancies, respectilyin this later

complex, theQ loop is in the same position (“close folding”) as in
908R, positioning Tyr224 (Tyr221) near the active site.

To test our hypothesis, the reaction product fhand S
configurations forl and2 was docked in the corresponding enzyme
and the binding energy of the complex was evaluated. In the case
of 1 with the R configuration, the carboxylate group points toward
the water surface and the triazolyl ring lies near Tyr150, Thr316,
and Asn346 (data not shown). Such a complex is less stable than
that of 1 with the S configuration AAE = 11.0 kcal/mol) (Figure
2). It is noteworthy that the docked complex of tBésomer is
close to the observed crystal one but remains slightly different
because the constrained cocrystal conformatiorl @annot be
modeled by the docking program. In the cas@,a¢he heterocyclic
group of theSisomer is buried near Gly63, Ser64, Asn152, GIn222,
Ala223, Gly225, and Ser321. The carboxylate group interacts with
GIn120 and lies close to the solvent surface. The mod&ed
complex, similar to the crystal one, is more stable than $he
complex AAE = 7.1 kcal/mol).

These preliminary analyses confirm the stereoselective mecha-
nism of action ofl and of methylidene penem inactivators in general
toward class @@-lactamases as illustrated in Figure 2.

Acknowledgment. This work was supported by FRSC Grant
2.4708-01.

Supporting Information Available: Modeling studies, crystalliza-
tion, data collection, structure refinement, and stereoviews of Figure
2. This material is available free of charge via the Internet at http://
pubs.acs.org.

References

(1) Matagne, A.; Dubus, A.; Galleni, M.; Frere, J. Mat. Prod. Rep1999
, 1-19.

(2) Frere, J. MMol. Microbiol. 1995 16, 385-395.

(3) Lee, N.; Yuen, K. Y.; Kumana, C. Rdrugs 2003 63, 1511-1524.

(4) Osborne, N. F.; Broom, N. J. P.; Coulton, S.; Harbridge, J. B.; Harris, M.
A.; Stirling-Franwis, |.; Walker, G.J. Chem. Soc., Chem. Comm889
371-372.

(5) Galleni, M.; Franceschini, N.; Quinting, B.; Fattorini, L.; Orefici, G.;
Oratore, A.; Frere, J. M.; Amicosante, Sntimicrob. Agents Chemother.
1994 38, 1608-1614.

(6) Coleman, K.; Griffin, D. R. J.; Page, J. W. J.; Upshon, PAAtimicrob.
Agents Chemothef.989 33, 1580-1587.

(7) Qadri, S. M.; Ueno, Y.; Burdette, M.; Kroschinsky, R.; Almodovar, E.
Chemotherapy1991, 37, 398-404.

(8) Jackson, DPharmacotherapyl991, 11, 37S-39S.

(9) Muratani, T.; Yokota, E.; Nakane, T.; Inoue, E.; Mitsuhashi,JS.
Antimicrob. Chemotherl993 32, 421—-429.

(10) Zhou, X. Y.; Kitzis, M. D.; Acar, J. F.; Gutmann, 1. Antimicrob.
Chemother1993 31, 473-480.

(11) Coleman, K.; Griffin, D. R.; Upshon, P. Antimicrob. Agents Chemother.
1991 35, 1748-1752.

(12) Matagne, A.; Ledent, P.; Monnaie, D.; Felici, A.; Jamin, M.; Raquet, X.;
Galleni, M.; Klein, D.; Franois, I.; Free, J.-M. Antimicrob. Agents
Chemother1995 39, 227-231.

(13) Broom, N. J. P.; Farmer, T. H.; Osborne, N. F.; Tyler, J.J¥Chem.
Soc., Chem. Commuth992 22, 1663-1664.

(14) Nukaga, M.; Abe, T.; Venkatesan, A. M.; Mansour, T. S.; Bonomo, R.
A.; Knox, J. R.Biochemistry2003 42, 13152-13159.

(15) Nukaga, M.; Kumar, S.; Nukaga, K.; Pratt, R. F.; Knox, J.JRBiol.
Chem.2004 279, 9344-9352. Epub 2003, Dec, 9343.

(16) Bulychev, A.; Massova, |.; Lerner, S. A.; Mobashery JSAm. Chem.
So0c.1995 117, 4797-4801.

(17) Crichlow, G. V.; Kuzin, A. P.; Nukaga, M.; Mayama, K.; Sawai, T.; Knox,
J. R.Biochemistry1999 38, 10256-10261.

(18) Crichlow, G. V.; Nukaga, M.; Doppalapudi, V. R.; Buynak, J. D.; Knox,
J. R.Biochemistry2001, 40, 6233-6239.

(19) Details are given as Supporting Information.

(20) Venkatesan, A. M.; Gu, Y.; Dos Santos, O.; Abe, T.; Agarwal, A.; Yang,
Y.; Petersen, P. J.; Weiss, W. J.; Mansour, T. S.; Nukaga, M.; Hujer, A.
M.; Bonomo, R. A.; Knox, J. RJ. Med. Chem2004 47, 6556-6568.

JA0426241

J. AM. CHEM. SOC. = VOL. 127, NO. 10, 2005 3263



