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The Acylation Mechanism of CTX-M  B-Lactamase at 0.88 A Resolution
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p-Lactamases are the most widespread cause of bacteriala

resistance to th@-lactam antibiotics, such as the penicillins and R “5”
cephalosporins, and the mechanisms of these enzymes are intensel ?Q:I;L T\L
studied. For the class B-lactamases, such as TEM, SHV, and the H

newly emergent extended-spectriifactamase (ESBL) CTX-M . N . "o

Enzvme

Enzyme
Enrm!e

enzymes, X-ray structures have been determined at every major i
step along the reaction coordinate (Figure 1a). This includes multiple | c) i
apo, acylation transition-state analogue, acyl-enzyme, and deacy- Wechanism : o\:;—(;“"mm Mechanism 2: » ‘<\\ lactam
lation transition state analogue complex structdrésThese Ser70

structures have been accompanied by elegant mechanistic anc ;
mutagenesis studies and, increasingly, theoretical simulations of Asn13zmmtly, ¢
the reaction coordinate? \E.Hwé“s H,»fk

Despite this scrutiny, key aspects of the mechanism of class A o~ N f
pB-lactamase remain controversial. Among them is the identity of Ho o S

. s o210 . . —(E—CH-NH ——ﬁ-—CH-NH

the catalytic base for acylatidi. 1% On the basis of mutagenesis P Glulés
studies and structural evidence, it was suggested that the conserveg, ure 1. Possible acylation mechanisms of clasg-factamases. (a) The
Lys73 acts in its neutral form as the general base to deprO'f0n<'=lteoverall reaction pathway fgi-lactam hydrolysis. Beginning with a ground-
the nucleophile Ser70, which then attacks fhkactam substrate, state Michaelis complex (i), catalysis proceeds through a high-energy
forming the acyl intermediate (Figure 1%)More recently, a related acylation transition state (ii) to an acyl-enzyme intermediate (iii). These

. steps constitute the acylation half of the reaction. Deacylation then proceeds
mechanism was proposed where the Lys73 would be prOtorlatecjthrough a high-energy deacylation transition state (iv) and a postcovalent

and charged in the apo enzyme, but would transfer a proton to product complex (v), after which the product leaves. (b) Acylation
Glul66 on formation of the preacylation complex and then act as mechanism 1: a neutral Lys73 as the general base. Hydrogen bonds are
the catalytic base for acylatidh.Conversely, the pH dependence indicated by blue dashed lines and electron transfer by purple arrows. (c)
of mutant activities, and the observation of proton positions on key Acylation mechanism 2: Glul66 as the general base, through the catalytic
catalytic residues by ultrahigh-resolution X-ray crystallography of water (watl). Lys73 is positively charged in this model.

SHV f-lactamase, suggested that Glul66, acting through the
catalytic water, is the general base for the acylation step (Figure
1c) 351213 The resolution of this controversy hinges on the

e e range of dffacton ta (8610 ), bt e foun it using
protag Y P Y onIy the high-resolution portion of the data (0-88A) at this final

one candidate for the general base and its partner; the catalytic Wate?tage of refinement reduced the noise of the difference map. Thus

and Gl_u166, the alternative candidate as the general base, thoughOur final model for the hydrogen positions was built with these
to act in a proton relay.

In an effort to differentiate between these two possibilities, the highest resolution measurements. This resembles the high-angle data

class Ap-lactamase CTX-M-9 was crystallized at pH 8.8 and the Welgh|n94$,1(;heme commonly used n small molecule X-ray c_rystal

) : : lography#15 and the high-order refinement protocol used in the
structure refined to 0.88 A. The high resolution measurements >

. . ) - refinement of a 0.66 A aldose reductase structéire.

allowed for anisotropic temperature factor refinements using Shelx . - .

. ! These ultrahigh-resolution features reveal the protonation states
(Table 1). WithR andRyee values at 10.4% and 12.0%, respectively, ) : . . ;

. . o . ; and hydrogen-bonding partners of all of the active site residues;

this structure identifies alternate residue conformations and proton

positions, providing an unusually clear snapshot of the apo enzymeZ! srrL:rilr:at?it?Lerit?gid UKZttge)rr'l\Tez::% Zﬂ?‘re(iobir?c;gr;nso:r%n?g;t;geghe
(Figure 2). Correlated conformational changes of residue side chains y 9 ' y ydrog

can be observed in the protein core, and individual heavy atomsf r Ser70, Lys73, Ser130, Glul66, Lys234, and the catalytic water

in the F,—F; map at contour levels aboves3allowing us to
such as carbon and oxygen can be distinguished by the electron

determlne the role of each residue in a particular hydrogen bond
density volume. Hydrogen atoms can be identified not only for the (Figure 3b,c). In the apo protein, Ser70 accepts a proton from Lys73
protein backbone, but also for the side chains of nearly all twenty 9 e pop ' P P Y

esidue yes. ncudng the proons on plr unctonl roups $70 1910 15 8 Do (1 saec watr e 1
(Figure 2). The hydrogen atoms are also visible on at least 24 well- P ’ PP P

) - and anionic in this structure, but Lys73 is fully protonated and
ordered water molecules. In modeling nonriding hydrogen atoms, _— . .
apparently cationic: features in the hydrogen-omitteg-F.

t University of California San Francisco. dlﬁgrence map are consistent with three protons on this lysine,
* Centre Hospitalier Universitaire-Faculte Medecine. acting as hydrogen-bond donors to Ser70, Asn132, and a water

only those with positive peaks above &.i5 the hydrogen-omitted
Fo—F: map were usedl.
These peaks were present in the map calculated with the full
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Table 1. Data Collection and Refinement Statistics
Data Collection
space group P2;
cell dimensions
a b, c(A) 45.162, 106.796, 47.785
o, B,y (°) 90.00, 102.09, 90.00

resolution (A)

no. reflections 310 765 (28 059)
Rmerge(%0)° 3.2(32.6)
1ol 18.1 (2.06)
completeness (%) 88.9 (80.6)
redundancy 5.5(2.1)
Refinement
resolution (A) 10.06-0.88
Ruwork/ Riree 10.0%/11.4%
no. heavy atoms b)
protein 4357
ligand/ion 37
water 1002
no. residues with double 70
conformations
B-factors (&)
protein 10.2
ligand/ion 16.8
water 24.0
rms deviation%
bond lengths 0.015A
angle distances 0.032 A <)
ramanchandran plét
most favored region (%) 91.6
additionally allowed (%) 8.0
generously allowed (%) 0.4

22.06-0.88 (0.91-0.88}

aValues in parenthesis represent highest resolution shellalculated
by Scalepack!/ ¢From both monomers, out of 594 ordered residues.
d Refined by SHELXL-97:5 € Calculated by Procheck, excluding glycine
and proline'8

Figure 2. Structural details revealed by ultrahigh-resolution diffraction,
showing characteristic electron density for all 20 residue types, each
observed in this structure.F3—F:. map (blue) and hydrogen-omitted
Fo—F¢ map (red) are both contoured at.3arbon, nitrogen, and oxygen
atoms are colored in gold, blue, and red, respectively.

molecule. The proton donated to the watet{NO distance 3.01
A and H:---O distance 2.0 A) may be shared with Glu166
(NE-++Oel distance 2.93 A and H--Oe1 distance 2.5 A). These

Figure 3. Hydrogen bonding (dashed lines) in the active sif§—2F:. map
(blue) andF,—F map (red) are both contoured at.3(a) Active site
configuration showing the key catalytic residues, the catalytic water, and a
phosphate molecule. (b) Protons of Lys234ahd Ser1309), identified

by Fo—Fc map, shown in stereoview. (c) Hydrogen bonds among Ser70,
Lys73, Glul66, and the catalytic water shown in stereoview.

Possibly co-incident with substrate binding, Ser70 donates its proton
to the catalytic water, which then transfers its proton to Glu166.
The now anionic Ser70 is free to attack the electrophilic carbonyl
of the p-lactam substrate. This is consistent with an acylation
transition-state analogue complex of clasgAactamase TEM-1

at 0.85 A resolutiofs.In this complex, the transfer from Ser79
water — Glul66 has occurred and a proton is observed on
Glul166C1, donated to the catalytic water. This mechanism is also
consistent with a 0.91 A apo structure of SHV-2 where the proton
on Ser70 was identified and shared with the water, although other
polar-group hydrogen atoms of the catalytic residues were not
determined in this modél.

The second critical step in the acylation mechanism is the
activation of the leaving-group lactam nitrogen. Frere, Mobashery,
Strynadka, and others have suggested a role for Lys73 and Ser130
in this activatiorn?7:1%-2! |n the structure determined here, Ser130
donates its proton, clearly visible in te—F. map at &, to a

protonation states and hydrogen-bonding patterns are consistent wittpphosphate ion that fortuitously binds in the same site occupied by

the role of Glu166, together with the catatlytic water, as the general

oxygen atoms of boronic acid and phosphonate transition-state

base for deprotonating Ser70 during the acylation step of class A analogues. In the transition-state analogue structures, these oxygen

p-lactamase.

atoms represent the leaving-group nitrogen, and the Ser130 proton

A mechanism that reconciles all of the structural measurementsis well placed to stabilize this leaving groép.In the current pH
and many of the previous mechanistic and computational studies8.8 apo structure, however, Lys73 is 4.3 A away from Ser3300

may now be proposed. In the apo enzyme at physiological pH

too far to directly hydrogen bond to and activate the serine residue.

values, Glul66 is an anion that accepts a proton from the catalytic Intriguingly, in a 0.98 A structure of the same CTX-M-9 apo

water, which in turn accepts a proton from the nucleophilic Ser70.

enzyme, determined previously at pH 4.5, Lys73 adopts two

J. AM. CHEM. SOC. = VOL. 129, NO. 17, 2007 5379
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a) ser70 Ha.

7/

Glu166: COO/COOH

Lys73: conf1/2

b) Ser70

sert30 =~ sl
- i i

&:ﬂ"

2po (pHB.8)

Glui166: COO™

Lys73: conf1

ﬂ proton transfer, Ser70->water->Glu166

Ser‘fo} Baronic acid ion T
Ser13:_C‘ & (pH&.8)
. 4 e
Gluiés: COOH

Lys73: conf2

Figure 4. Conformation change during acylation catalysis. (a) The apo
active site configuration observed at pH 4.5. The two conformations
observed for Lys73 may correspond to the dual protonation states of Glu166.
The putative partial protonation of Glu166 is indicated by the anionic (red)
and neutral (blue) text. (b) Lys73 switches conformation from 1 in the apo-
active site to 2 in the acylation transition-state analogue structure. Only the
tetrahedral boronic acid group (magenta) is shown for the acylation

transition-state analogue complex; the rest of the transition-state analogue

is pointed outside the plane of the paper.

conformations. Conformation 1 is identical to that in the current

structure and does not interact with Ser130, whereas conformation

2 rotates to establish a hydrogen bond with Ser130 (Figuré?4a).

Consistent with a state after accepting the Ser70 proton, conforma-

tion 2 may reflect the partial protonation of Glu166 at the acidic
pH.12 This conformation 2 of Lys73 also closely resembles that
adopted in the complex between CTX-M-9 and an acylation
transition-state analogfiand that adopted by Lys73 in an E166A
mutant of TOHO-1, another CTX-M group ESBE Taken together,

these structures suggest that Lys73 conformation may be coupled

to the protonation state of Glu1l66: When Glul66 is negatively
charged, Lys73 adopts conformation 1 and interacts with both

Glul66 and Ser70; when Glul66 is protonated, Lys73 moves away (19)

from Glul66 and closer to Serl30. This is consistent with the
prediction of a proton-shuttle pathway from Lys73 to Ser130 and
to the substrate leaving group as proposed previétidh?*and

suggests that the second proton transfer can be activated by the

protonation of Glu166 by Ser70 through the catalytic water.

In conclusion, the ultrahigh-resolution apo-structures of CTX-
M-9, determined both at pH 8.8 and pH 4.5, support the role of
Glul66, acting in concert with an active site water, as the catalytic
base for acylation in class A-lactamases. This step has been the
focus of much study,”11242%and we admit that even these structures

only represent snapshots of low-energy states. They cannot rule

out adoption of other states that would support alternative mech-
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anisms. Indeed, one that invokes Lys73 as the catalytic base
proposes that this residue is only deprotonated on formation of the
precovalent complex, and in fact is fully protonated in the apo state,
exactly as we observeWe certainly cannot discount this mech-
anism, though we continue to favor a direct role for Glu166 as the
catalytic base. Certainly, future mechanistic studies in what has
become a model systenthe reaction coordinate of class A
p-lactamasesmust be reconciled with the extraordinary level of
structural detail revealed in these structures. Correspondingly, they
afford us an opportunity to prosecute genuinely atomic resolution
inhibitor discovery campaigns against these enzymes, which remain
key targets for antibiotic drug discovery.

Data Deposition. The coordinates and structural factors have
been deposited in the Protein Data Bank with access code 2P74.
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