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Extended spectrum B-lactamases (ESBLs) confer bacterial resistance to
third-generation cephalosporins, such as cefotaxime and ceftazidime,
increasing hospital mortality rates. Whereas these antibiotics are almost
impervious to classic B-lactamases, such as TEM-1, ESBLs have one to four
orders greater activity against them. The origins of this activity have been
widely studied for the TEM and SHV-type ESBLs, but have received
less attention for the CTX-M B-lactamases, an emerging family that is
now the dominant ESBL in several regions. To understand how CTX-M
B-lactamases achieve their remarkable activity, biophysical and structural
studies were undertaken. Using reversible, two-state thermal denaturation,
it was found that as these enzymes evolve a broader substrate range, they
sacrifice stability. Thus, the mutant enzyme CTX-M-16 is eightfold more
active against ceftazidime than the pseudo-wild-type CTX-M-14 but is
1.9 kcal/mol less stable. This is consistent with a “stability-activity
tradeoff,” similar to that observed in the evolution of other resistance
enzymes. To investigate the structural basis of enzyme activity and
stability, the structures of four CTX-M enzymes were determined by X-ray
crystallography. The structures of CTX-M-14, CTX-M-27, CTX-M-9 and
CTX-M-16 were determined to 1.10 A, 1.20 A, 0.98 A and 1.74 A resolution,
respectively. The enzyme active sites resemble those of the narrow-
spectrum TEM-1 and SHV-1, and not the enlarged sites typical of ESBL
mutants such as TEM-52 and TEM-64. Instead, point substitutions leading
to specific interactions may be responsible for the improved activity against
ceftazidime and cefotaxime, consistent with observations first made for the
related Toho-1 enzyme. The broadened substrate range of CTX-M-16 may
result from coupled defects in the enzyme’s B3 strand, which lines the
active site. Substitutions Val231 — Ala and Asp240— Gly, which convert
CTX-M-14 into CTX-M-16, occur at either end of this strand. These defects
appear to increase the mobility of B3 based on anisotropic B-factor analyses
at ultrahigh resolution, consistent with stability loss and activity gain. The
unusually high resolution of these structures that makes such analyses
possible also makes them good templates for inhibitor discovery.
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The production of B-lactamases is the predomi-
nant cause of resistance to B-lactam antibiotics, such
as the penicillins and the cephalosporins, in Gram-
negative bacteria. B-Lactamases are organized into
four classes, designated A to D based on sequence
and mechanism. These enzymes cleave the amide
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bond in the B-lactam ring, inactivating the anti-
biotics. Class A enzymes are most frequently
encountered in clinical isolates, often encoded by
genes located on transferable plasmids. In the early
1980s, third-generation cephalosporins, such as
cefotaxime and ceftazidime, were introduced to
treat infections caused by P-lactamase-producing
bacteria (Figure 1). These B-lactams have bulky R1
side-chains that make them inherently less
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Figure 1. Structures of B-lactam antibiotics: a penicillin
(amoxicillin) and two third-generation cephalosporins
(cefotaxime and ceftazidime). The R1 and R2 side-chains
are labeled.

susceptible to B-lactamases. Unfortunately, their
widespread use prompted the emergence of
resistant strains that produced class A extended
spectrum B-lactamases (ESBLs).! This resistance
leads to treatment problems in many clinical
settings, particularly in intensive care units, signifi-
cantly increasing mortality.”

First observed in 1983, the earliest class A ESBLs
involved one to four point mutations in the well-
known penicillinases TEM-1 and SHV-1. These
substitutions began to extend their hydrolytic
spectrum to third-generation cephalosporins; sub-
sequently, over 130 variants of TEM and SHV ESBLs
have been described. These enzymes have been the
focus of extensive kinetic, modeling, and muta-
genesis studies.”” Crystal structures of the
enzymes TEM-1,"° TEM-52,'° TEM(G238A),*
TEM-64,* SHV-1"' and SHV-2' have been reported
recently. The structure, activity and stability of these
enzymes are now fairly well understood.

Since 1995, a new group of class A ESBLs, the
CTX-M enzymes, has been observed worldwide; in
some areas these enzymes are now the most
frequently observed ESBLs. CTX-M enzymes share
less than 40% identity with TEM and SHV-type
enzymes and form a relatively heterogeneous
family of 40 members, which are sub-classified
into five major lineages: CTX-M-1, CTX-M-2, CTX-
M-8, CTX-M-9, and CTX-M-25 groups.”> CTX-M
enzymes have a wide substrate range, hydrolyzing
the penicillins, the first, second and third-
generation cephalosporins (except 7o-methoxy-
cephalosporins).

CTX-M enzymes differ from most TEM and
SHV ESBLs by a much greater hydrolytic activity
against cefotaxime than against ceftazidime and a
different susceptibility profile to inhibitors. Also,
the activity spectrum among CTX-M enzymes is
unusually heterogeneous. The enzyme Toho-1,
which belongs to the CTX-M-2 cluster, is more
susceptible to inhibition by clavulanate than tazo-
bactam (K;, 0.6 versus 5.3 uM),'* whereas most other
CTX-M enzymes exhibit an opposite behavior.
Toho-1 has a lower hydrolytic activity against
penicillins and higher hydrolytic activity against
ceftazidime than the “typical” CTX-M enzymes."
Three other atypical CTX-M enzymes have also
been reported that exhibit an unusually high level
of resistance to ceftazidime. The improved activity
versus ceftazidime for these three enzymes, CTX-M-
15,'° CTX-M-16"7 and CTX-M-27'® is correlated
with the substitution Asp240Gly, which has never
been observed in naturally occurring TEM and
SHV-type ESBLs.

Unlike the well studied TEM and SHV
B-lactamases, there have been few biophysical or
structural studies of the CTX-M family. An
important step was the determination of the
Toho-1 structure by X-ray crystallography, which
significantly advanced our understanding of these
enzymes."”'*? A surprising feature of the Toho-1
structure was that its active site resembled that of
the narrow spectrum TEM-1 enzyme, and did not
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feature the enlarged sites characteristic of ESBL
mutants such as TEM-52' and TEM-64.* In these
TEM-derived ESBLs, an increase in active site
volume is thought to be key to their ability to
recognize the relatively large third generation
cephalosporins. Since Toho represents an unusual
sub-class of the CTX-M enzymes, it is not clear
whether this feature is characteristic of the family.
Also, it is uncertain how these enzymes, which take
their name from their specialist activity versus
cefotaxime (CTX), broaden their activity to include
ceftazidime, the second most widely used third-
generation cephalosporin. Thus, CTX-M-27 and
CTX-M-16, which are point mutants of the
pseudo-wild-type CTX-M-14 (WT¥), are four and
eight times more active against ceftazidime than is
the WT* enzyme. But how these substitutions
increase activity is unclear. In the TEM ESBLs,
increased activity came with increased active site
volume and decreased enzyme activity, consistent
with a “stability-function tradeoff”.”** Such a
tradeoff has been proposed as characteristic of the
evolution of resistance enzymes.* If true, it should
apply to the CTX-M enzymes. Thus, investigating
the structures and biophysics of these enzymes
seemed interesting both for particular reasons of
understanding and reversing antibiotic resistance,
and for understanding basic constraints on the
evolution of enzyme activity.

To investigate these questions, we determined the
X-ray crystal structures and stability-activity
profiles of four CTX-M enzymes. CTX-M-14 and
CTX-M-9 are characteristic of the overall family,
having extraordinarily high hydrolytic activity
against cefotaxime but 1000-fold less activity versus
ceftazidime. CTX-M-16 and CTX-M-27 are point
mutant enzymes that have gained nearly an order
of magnitude in activity versus ceftazidime.

Table 1. Refinement statistics

Comparing the four enzymes allows us to consider
general features of the family, as well as substi-
tutions that confer a broader substrate range. To
understand if this increased activity occurred at the
expense of protein stability, conditions under which
the enzymes could be unfolded by reversible, two-
state thermal denaturation were developed, and the
relative thermodynamic stabilities of the enzymes
compared. To investigate the basis of ESBL activity
of these enzymes, and those of the stability and
activity changes among them, the structures of
CTX-M-14, CTX-M-27, CTX-M-9 and CTX-M-16
were_determined to 1.10 A, 1.20 A, 098 A and
1.74 A, respectively. These structures reveal aspects
of the enzymes in unusual detail, offering insights
into the substrate recognition and stability change.

Results

Structure determination

The four enzymes CTX-M-14, CTXM-9, CTX-M-
27 and CTX-M-16 were crystallized at pH 4.5 and
their structures were determined to high or ultra-
high resolution. Consistent with their excellent
diffraction, the solvent content of the crystals was
relatively low (~37%). The Toho-1 apo structure
(pdb ID, 1IYS) provided the initial phases in
molecular replacement. The high quality of the
data led to low R values after refinement (Table 1).

Overall structure

The backbone structures of the four mutants
resemble one another closely, except for small
movements at the termini and in loop regions
close to the substitution sites. The rmsd value of the

CTX-M-14° CTX-M-9° CTX-M-27° CTX-M-16°

Resolution (A) 22-1.10 (1.14-1.10)°  22-0.98 (1.02-0.98)  22-1.20 (1.24-1.20)  22-1.74 (1.8-1.74)
Completeness (%) 96.9 (76.4) 95.5 (71.7) 97.3 (93.9) 99.4 (98.5)
Rumerge (%) 3.7 (27.6) 43 (33.6) 5.3 (60.4) 6.2 (36.1)
Unique reflections 89,046 (6916) 122,971 (9128) 69,072 (6566) 23,893 (2307)
/o] 16.2 (2.0) 17.8 (1.8) 13.8 (1.9) 12.1 (2.4)
Space group R P212121 P212121 P212121 P212121
Unit cell g, b, ¢ (A) 41.5, 62.4, 86.7 41.4,62.2,85.7 41.5, 62.8, 86.0 41.5, 62.4, 86.7
Number of residues with double 21 23 19 /

conformations
Ruorkc (%) 124 10.8 13.2 17.3
Riree (%) 15.7 13.0 15.8 20.4
rmsd from ideality

Bond lengths (A) 0.014 0.017 0.006 0.005°

Angle distances (A)*/angles (deg.)b 0.031 0.033 0.020 1.31°
Ramachandran plot®

Most favored (%) 92.0 89.4 92.0 91.6

Additionally allowed (%) 75 9.7 7.1 8.0

Generously allowed (%) 0.4 0.9 0.9 0.4

2 Refined by SHELXL-97.*?

P Refined by CNS1.1.43

¢ Values in parentheses represent the highest resolution shells.
4 Calculated by SCALEPACK.*!

¢ Calculated by PROCHECK.*®
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Figure 2. Structures of CTX-M class A B-lactamases.
(a) Overall structure of CTX-M-14. The catalytic Ser70 is
shown as a stick-and-sphere model. (b) Overlaid back-
bone structures of CTX-M-14 (blue), TEM-1 (green) and
Toho-1 (orange). The three structures are superimposed
based on the backbone atoms of residues 70-73, 130-132,
234-236.

C* atoms between CTX-M-14 and each of CTX-M-9,
CTX-M-27, CTX-M-16 are 0.17 A, 0.32 A, and
0.17 A, respectively. Their overall structures
resemble those of other class A B-lactamases
including TEM-1, SHV-1 and Toho-1 (Figure 2).*''°
They consist of an o/ domain and an a domain,
with the active site residing in the interface between
these two domains. The C* rmsd values between
CTX-M-14 and each of TEM-1 (pdb ID, 1JWP) and
Toho-1 are 2.16 A and 0.67 A, respectively. The
small overall C* rmsd difference between CTX-M-14
and Toho-1 reflects the approximately 80%
sequence identity between these enzymes.

The ultrahigh-resolution electron density maps
for CTX-M-14, CTX-M-27 and CTX-M-9 made it
possible to determine accurately the positions of
individual atoms (Figure 3). C, N and O atoms can
be distinguished from one another based on density
volumes; double conformations are observed for
multiple protein side-chains in the three structures
of 1.2 A or higher resolutions. Examples include a
second conformation for Tyr264 and, in CTX-M-14

and CTX-M-9, for the catalytically critical Lys73
(Figure 3(a) and (b)).

Most backbone hydrogen atoms are visible in
F,—F. electron-density maps at 1.50 or higher
contour levels, particularly for the 0.98 A CTX-M-9
structure (Figure 3(c)). Hydrogen atoms for well-
ordered side-chains can also be determined at 1.5¢
or slightly lower contour levels in the difference
maps (Figure 3(d)). Unfortunately, hydrogen atoms
cannot be seen for the functional groups of catalytic
residues such as Ser70, Lys73 or Glu166.

The high quality of the CTX-M-14, CTX-M-27 and
CTX-M-9 crystallographic data enabled us to refine
the temperature factors anisotropically and thus to
consider coordinated atomic movement in the
protein structure. Temperature factors reflect
atomic fluctuations in the protein molecules.
Whereas only isotropic temperature factors are
available for most structures, the high data-to-
parameter ratio for ultrahigh-resolution diffraction
allows the determination of anisotropic atomic
movement. Comparison of the anisotropic tempera-
ture factors for CTX-M-14, CTX-M-27 and CTX-M-9
indicates interesting changes in the movement of B3
strand residues (Figure 4). The Asp240Gly substi-
tution in CTX-M-27, which has increased ceftazidi-
mase activity, appears to lead to a concerted
fluctuation among the backbone atoms in the B3
strand, an effect detectable even as distant as Gly236
(see Discussion). These concerted fluctuations are
apparent both from anisotropy correlation calcu-
lations (Table 2) and graphs (Figure 5), and from
TLS (translation/libration/screw) analysis (data
not shown).

The accuracy of the electron density map also
led to the discovery of a spontaneous mutation in
the CTX-M-27 clone used in the crystallization
studies. Residue 99, originally proline, was
identified unambiguously as histidine in the CTX-
M-27 structure. We refer to this structure through-
out as that of CTX-M-27; notwithstanding the
unanticipated extra substitution, this enzyme is
isofunctional and isostable with true CTX-M-27.
Additionally, a sucrose molecule from the cryo-
protectant solution was found to be bound to a
pocket formed by residues including 101, 136 and
165. It was modeled in the three atomic-resolution
structures with partial occupancy.

Active site

The positions and interactions of most key
catalytic residues remain unchanged compared
with those of TEM-1 and Toho-1, and we will
consequently focus only on features that are new in
the CTX-M structures. The atomic-resolution
electron density maps allowed us to clearly dis-
tinguish two conformations for Lys73 in CTX-M-9
and CTX-M-14 (Figure 6). The two conformations
have similar occupancies in both structures (e.g. in
CTX-M-9, 0.54 for conformation 1 and 0.46 for
conformation 2). In conformatlonl Lys73 hydrogen
bonds with the O of Ser70, the O°" of Asn132, and a
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(d)

(c)

Figure 3. Structural details of the CTX-M-9 atomic resolution electron density map. (a) Stereo view of the double
conformations of Tyr264 in a 2F,—F. map contoured at 1o (blue). (b) Stereo view of the double conformations observed
for the catalytic Lys73 in a 2F,— F. map contoured at 1.5¢ (blue). (c) Stereo view of a B-sheet region showing the main-
chain hydrogen atom positions revealed by the hydrogen-omitted F,—F. map (red, 2.5c). (d) Stereo view of Phe265
showing the side-chain hydrogen atom positions indicated by the hydrogen-omitted F,—F. map (red, contoured at
1.26). The 2F,— F. map (blue) is contoured at 1.5¢. Carbon, nitrogen and oxygen atoms are colored orange, blue and red,

respectively.

water molecule that is also contacted by Glu166 and
Ser72 (WAT2), which should not be confused with
the catalytic water (WAT1). The WAT2 molecule is
absent from the TEM pB-lactamase structures in
which Ser72 is replaced by phenylalanine. The
current orientation of the Glul66 side-chain favors
hydrogen bonds with WAT1 and WAT?2. Although
conformation 1 of Lys73 is within hydrogen bond-
ing distance of Glul66, its geometry is not well
suited for classic hydrogen bond formation. Con-
formation 2 of Lys73 hydrogen bonds with the O®'
atom of Asn132, the O” atom of Ser70, as well as the
O of Ser130. In CTX-M-27 (1.20 A resolution) and
CTX-M-16 (1.74 A resolution) only conformation 2
is observed.

Activities and stabilities of CTX-M mutants

The four CTX-M enzymes studied here have
different activities against cefotaxime and cefta-
zidime (Table 3).1718%* The mutants differ from one
another by two substitutions: Val231Ala and
Asp240Gly. Val231 and Asp240 reside at each end
of the B3 strand, which contributes key residues to
the substrate-binding pocket. The Asp240Gly sub-
stitution, distinguishing CTX-M-27 from CTX-M-
14, decreases the hydrolytic efficiency against
cefotaxime but improves the activity against cefta-
zidime. The Val231Ala mutation in CTX-M-9, on the

other hand, does not affect the enzyme activity by
itself but, in conjuction with Asp240Gly, leads to
CTX-M-16, an enzyme significantly more active
against both cefotaxime and ceftazidime (Table 3).

We were interested to understand the stability
consequences of the substitutions, and specifically
to learn whether there was an activity-stability
tradeoff. We first had to demonstrate that the
enzymes could be denatured in a reversible, two-
state manner. Reversibility and equilibrium unfold-
ing were investigated by two criteria: whether CD
and fluorescence signals returned to the original,
folded values after the protein had been thermally
denatured, and whether unfolding curves could be
retraced by refolding curves. All melts showed that
folded signal returned by more than 98% on cooling
after unfolding, and unfolding curves closely
resembled refolding curves (Figure 7(a) and (b)).
To investigate two-state behavior, we monitored
denaturation by CD and fluorescence, often at the
same time in a single cuvette. The Ty, values and
van’t Hoff enthalpies by both measurements closely
resembled each other, with the van’t Hoff enthalpies
high in magnitude, consistent with the sharp,
cooperative transitions observed. Moreover, T,
values and van’t Hoff enthalpies were relatively
unaffected by the rate of temperature increase in
these denaturations (Table 4). Taken together, these
results are consistent with well-behaved, two-state
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reversible thermal denaturation behavior of the
CTX-M enzymes, allowing us to analyze thermal
denaturation differences thermodynamically.

The Val231Ala substitution in CTX-M-9 caused a
2 deg. C decrease in the protein melting temperature
(T1), or a AAG of —1.1 kcal/mol using the method

Figure 4. Thermal motions of
residues 236-241. (a) CTX-M-14;
(b) CTX-M-27; (c) CTX-M-9. The
anisotropic displacement par-
ameter (ADP) matrix can be trans-
lated into a three-dimensional
Gaussian distribution of the
electron density. Thermal ellip-
soids of the backbone atoms are
drawn with 50% probability using
Raster3D.*** The major axes of
the ellipsoids are indicated by
arrows for N (blue), C (gray) and
C* (gray) atoms. Notice that they
are better aligned in CTX-M-27
compared with the other two
proteins.

of Schellman (see Methods), relative to the
pseudo-wild-type CTX-M-14, whereas Asp240Gly
in CTX-M-27 decreased Ty, by 1 deg. C, or a AAG of
—0.55 kcal/mol (Figure 7(c)). The effects of these
two mutations on enzyme stability were approxi-
mately additive, resulting in a 3.3 deg. C difference

Table 2. Comparison of anisotropic temperature factors of the three atomic-resolution structures in the B3 strand region

Mean anisotropy® (backbone atoms)

Anisotropy correlation”
(residues 236-241 backbone atoms)

Residues 236-241 Whole protein Mean Range
CTX-M-14 (wt*) 0.343 0.484 1.05 0.99-1.14
CTX-M-27 (D240G) 0.264 0.450 1.09 0.98-1.22
CTX-M-9 (V231A) 0.426 0.535 1.03 0.99-1.07

2 Anisotropy is defined as the ratio of the smallest and largest eigenvalues of the anisotropic displacement parameter (ADP) matrix.**
It is reflected in the shape of the thermal ellipsoid. Whereas a sphere has an anistropy of 1, the value decreases as the ellipsoid becomes

less spherical.

® The normalized correlation coefficient, Suij (U,V), compares the ADP matrices of two atoms (U and V), as defined.” The value is
greater than 1 when U and V are more similar to each other than to the ADP matrix of an isotropic atom.
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Ser70. In addition to Lys73, WAT2 can hydrogen bond with Glul66 and Ser72. (b) Lys73 conformation 2 is able to
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‘; g =< E S s s < g more prominent anisotropic movement than those
s E‘ X X 5 X X Y 8 of Asp240 in CTX-M-14, with a mean value of 0.370
= mlovaovul > (Table 2 and Figure 4). Similar differences are
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Figure 7. Thermal denaturation of CTX-M mutants. (a) Reversible, two-state thermal denaturation of CTX-M-14 as
monitored by far-UV CD at 223 nm. Values are given in Table 4. Filled circles indicate the denaturation (heating) curve
and open circles the renaturation (cooling) curve. (b) Reversible, two-state thermal denaturation of CTX-M-14 as
monitored by fluorescence at 226 nm. Values are given in Table 4. Filled circles indicate the denaturation step and open
circles the renaturation step. (c) Comparison of the thermal denaturation of the four CTX-M mutants monitored by far-

UV CD at 223 nm.

observed for main-chain atoms of residues 236-241
in these two proteins, with mean values of 0.264 and
0.343 for CTX-M-27 and CTX-M-14, respectively.
Although part of the increased anisotropy magni-
tude may stem from the different rigid-body
movement of the whole protein, the more coordi-
nated movement of the backbone atoms clearly
indicates directional changes in the atomic thermal

motion in this particular region. The anisotropic
movements of the backbone atoms have higher
correlation values, quantified by the normalized
correlation coefficient, S,; (U,V), as defined in
PARVATI and Ras’fer3D.27’é An S value greater
than 1 indicates the anisotropic temperature factors
of two atoms are more similar to each other than to
an isotropic atom. For CTX-M-27, the mean S
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Table 4. Reversible, two-state thermal denaturation of CTX-M-14

Circular dichroism Fluorescence
Temperature
gradients AHvy AS, AHvy AS,
(°C/min) Tm (°C) (kcal/mol) (kcal/mol K) Tm (°C) (kcal/mol) (kcal/mol K)
1 51.0+0.3 178 +11 0.554+0.04 50.61+0.3 183+11 0.5610.04
2 50.9+0.3 181+9 0.56+0.03 50.5+0.3 202+12 0.611+0.05
3 51.0+0.1 187+8 0.5840.03 50.74+0.1 205+6 0.631+0.02

value is 1.09 for the backbone atoms of residues
236-241, while that of CTX-M-14 is 1.05. Such
significant alterations are not observed in other
parts of the protein between CTX-M-27 and CTX-M-
14, where the mean S;; value varies no more than
0.02 between the two proteins (Figure 5). The
correlated motion is readily noticeable in the
thermal ellipsoids drawn to visualize these aniso-
tropic movements (Figure 4). For Gly236 atoms, for
instance, the directions of their thermal motions are
altered in CTX-M-27 so that they are more corre-
lated with the rest of the backbone atoms in this
region.

The anisotropy changes may reflect not only the
increased flexibility of a Gly relative to an Asp in
WT*, but also the loss of interactions between
Asp240 and surrounding residues, such as GIn270
and Asnl70, the latter in the Q loop region. The
Asp240Gly substitution makes it easier for the B3
strand to move in a more orchestrated manner. It
was speculated that the flexibility of the B3 strand in
ESBLs can assist the binding of third-generation
cephalosporins.’” CTX-M-type enzymes have
glycine residues at positions 232, 236 and 238,
with Gly232 present only in ESBLs. Our results
support this hypothesis. Whereas no effect on
anisotropy is observed by the Val231Ala substi-
tution in CTX-M-9, this residue is on the other end
of the B3 strand and it may be that, when the two
substitutions occur together, in CTX-M-16, the
movement of the B3 strand is further enhanced.
Unfortunately, the CTX-M-16 crystal did not diffract
to a high enough resolution to investigate this point
directly. Nevertheless, the non-additive increase in
activity observed among D240G (CTX-M-27),
V231A (CTX-M-9) and D240G/V231A (CTX-M-16)
is consistent with this hypothesis.

There are indications that the increased mobility
of the B3 strand may have echoes in other regions of
the structure. In Toho-1, for instance, it has been
proposed that the cefotaximase and ceftazidimase
activities are partly explained by increased flexi-
bility of the Q loop and of the loop between B3
and B4, both part of the binding pocket.'>"**
Consistent with this view, there are fewer inter-
actions between the Q loop and the o/f domain of
the CTX-M structures determined here, compared
with TEM and SHV enzymes. Some of the hydrogen
bonds connecting the N and C termini of the Q loop
are also lost in the CTX-M-like enzymes, such as the
one between Thr160 (replaced by a phenylalanine)
and Thr/Ser181 in non-ESBL B-lactamases.

The structural flexibility of the enzyme can be
visualized in the multiple conformations of protein
side-chains and, in some cases, the backbone.
Although our density maps did not reveal any
prominent alternative conformations for side-
chains inside the Q loop and B3 strand region,
side-chain movement is apparent in the protein
core, in areas close to the ends of the Q loop and
helix H2, which harbors Lys73. Double confor-
mations were modeled for Met75, Metl86 and
Tyr264, which are close to one another in tertiary
structure. No alternative conformation is observed
for Tyr264 in the ultrahigh-resolution structure of
the non-ESBL TEM-1 structure (0.85A),” which
shares a high level of sequence similarity with
CTX-M-type enzymes in these regions. The second
conformation of Met186 allows the placement of a
water molecule inside the protein to interact with
the backbone N atom of Met75, further highlighting
the structural flexibility of this region. Met186 also
has double conformations in the 0.85 A TEM-1
structure but there is significantly less variation
between the two conformations compared with that
in our structures. Met75 is replaced in TEM-1 by a
smaller residue Leu75, which exhibits two confor-
mations as well.

Substrate recognition and catalysis

Whereas protein flexibility partly accounts for
extended substrate range in the CTX-M family, new
interactions can also be formed between these
enzymes and substrates compared with TEM and
SHV ESBLs. Two such residues are Ser237 and
Asn104, both part of the substrate-binding pocket.
Residues 237 and 104 are alanine and glutamate,
respectively, in non-ESBL TEM and SHV enzymes.
The Ala237Thr substitution in TEM enzymes
improved their cephalosporinase activities,” "'
and the Ser237Ala substitution decreased hydro-
lytic efficiency against oxyimino-cephalosporins in
CTX-M-4 and Proteus vulgaris K1 B-lactamase, both
ESBLs.*>?® Ser237 and Asn104 interact with the
carboxylate group of cefotaxime and the carbonyl
group of the acylamide side-chain, respectively, in
the acyl intermediate structure of Toho-1.* The
importance of these two residues for CTX-M-like
enzymes make them suitable targets for inhibitor
development against this new group of ESBLs.

Whereas the identities and locations of the key
active site residues are conserved amongst ESBL
and non-ESBL class A B-lactamases, Lys73 in the
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CTX-M family of enzymes shows unusual, and
mechanistically intriguing, flexibility. Unlike the
apo structures of TEM and SHV enzymes, Lys73
adopts two conformations in two of the three
ultrahigh-resolution CTX-M structures determined
here, as well as in the Toho-1 structure. In the first
conformation, shared with the other class A
enzymes, this lysine residue hydrogen bonds with
Ser70. In the second conformation, clearly visible at
ultrahigh resolution, the terminal N° shifts 1.5 A to
hydrogen bond with Ser130 (Figure 6). What makes
this change intriguing is that Lys73 is thought to
activate the hydrolytic Ser70 for attack on the
substrate, either directly or indirectly, in the initial
hydrolytic step.®**>® Subsequently, Lys73 is pro-
posed to activate Ser130, which is thought to act as a
general acid promoting departure of the B-lactam
nitrogen atom on the way to the formation of
the enzyme-substrate acyl-adduct.’**” The two
positions of Lys73 in CTX-M-9 and CTX-M-14 are
consistent with it shuttling between subsequent
steps along the reaction coordinate. It may be that
these conformations are similar enough in energy to
be accessible in most apo class A B-lactamases,
though they are not seen in TEM-1, SHV-1, or even
CTX-M-27 and CTX-M-16. In CTX-M-9, CTX-M-14
the energy difference is so small that both
catalytically important conformations are visible at
ultrahigh resolution.

Activity and stability tradeoff

The enlargement of the active site cleft in ESBL
TEM and SHV mutants is accompanied by a loss of
protein stability, due to the loss of intra-molecular
interactions or to the structural strain sustained to
avoid steric clash.*'%'? Although the two substi-
tutions (Val231Ala and Asp240Gly) in CTX-M
enzymes did not alter the active site configuration,
both decreased protein stability, presumably
because of loss of favorable packing and polar
interactions (Table 3). Comparing CTX-M-14 (WT*)
and CTX-M-9 (V231A) structures suggests that the
Val231Ala substitution results in a small cavity in
the protein side-chain packing, causing a small
movement in both the backbone and side-chain
conformations of nearby residues to partially
compensate for this local defect (Figure 8). The
buried interface between the Val231 side-chain and
surrounding residues is 238 A? while that for
Ala231 is 151 A% This loss of van der Waals
interactions and buried hydrophobic surface con-
tributes to the stability decrease of 1.1 kcal/mol. On
the other end of the B3 strand, the Asp240Gly
substitution breaks several van der Waals and
hydrogen bond interactions with surrounding
residues and ordered water molecules, leading to
a 0.55 kcal/mol loss in stability.

This returns us to what is perhaps the most
striking and generally interesting feature to emerge
from this study, the increased coordinated move-
ment along the catalytically critical B3 strand of the
active site. This strand contributes two residues

(a)

2L A

Figure 8. The effects of Asp240Gly and Val231Ala
mutations. (a) Asp240 and Val231, shown as stick-and-
sphere models and circled, are positioned at the two ends
of the B3 strand. (b) Comparison of CTX-M-14 and CTX-
M-27 (white) in the region of the Asp240Gly substitution.
The side-chain of Asp240 and the main chain of Tyr241
are involved in indirect and direct intra-molecular
hydrogen bonding, respectively. (c¢) Comparison of CTX-
M-14 and CTX-M-9 (white) in the region of the Val231Ala
substitution.
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essential to catalytic activity, Lys234 and the main
chain of Ser237, which forms part of the enzyme’s
“oxyanion” hole,>®*?* and several substrate-
recognition residues. In the CTX-M ESBLs, unlike
those of TEM and SHYV, increased activity against
the bulky third-generation cephalosporins,
especially ceftazidime, appears to come not from
gross enlargement of the active site, but from
increased flexibility of this strand, and possibly
other regions. This increased flexibility is correlated
with higher ceftazidimase activity and lower
stability. Structurally, this can be reconciled with
the substitutions Asp240Gly and Val231Ala, which
occur at either end of the B3 strand. These
substitutions create structural defects, apparently
loosening the strand in a coordinated manner, at the
cost of internal stability. Although the specific
origins of the resulting stability-activity tradeoff
are peculiar to this enzyme, the mechanism of
increased flexibility and diminished stability may
be a general aspect of this relationship, which has
previously been described in terms of the time-
averaged structure of enzymes.zl*z‘o’ Here, a coordi-
nated motion aspect of the relationship, long
hypothesized for enzymes, is apparent at ultrahigh
resolution.”>?°

Methods

Protein purification

The CTX-M-encoding genes were cloned into a
modified plasmid vector pET-9a, as described.*
Escherichia coli BL21(DE3) (Novagen) transformed with
the plasmid pET-blacrx.p was cultured in 2XYT broth
containing cefotaxime at 2 pg/ml at 37 °C for five hours.
Overexpression of the CTX-M-encoding genes was
induced with 0.1 mM isopropyl B-b-thiogalactopyrano-
side overnight at 30 °C. Cells were harvested by centri-
fugation (10,000 g for ten minutes at 4°C) and then
disrupted by ultrasonic treatment (four times for
30 seconds, each time at 20 W). The extract was clarified
by centrifugation at 48,000 g for 60 minutes at 4 °C. After
addition of 2 ug of DNase I (Roche), the supernatant was
dialyzed overnight against 20 mM Mes-NaOH (pH 6.0).
The purification was carried out by ion-exchange
chromatography on a fast-flow CM column (Amersham
Pharmacia Biotech) in 20 mM Mes buffer (pH 6.0) and
eluted with a linear 0-0.15M NaCl gradient. The
enzyme was more than 95% homogeneous as judged by
Coomassie blue staining after SDS-PAGE. The purified
protein was dialyzed against 5 mM Tris—-HCl buffer
(pH 7.0) and concentrated to 20 mg/ml for crystallization.

Crystallization and structure determination

CTX-M crystals were grown in hanging drops over a
well solution of 1.6 M (NH4),SO, and 0.1 M sodium
acetate (pH 4.5): 2 pl of 10-15 mg/ml of protein and 2 pl
of well solution was mixed and the drop was seeded with
microcrystals of CTX-M-27 previously grown under the
same conditions. Crystals reached a size of 0.1 mmX
0.1 mm X 0.2 mm within two or three days. The space
group was P2,2,2; with cell dimensions of approximately
41 A, 62 A, 87 A, varying slightly among crystals of

different proteins. Data were collected at ALS beamline
8.3.1 and processed with the HKL suite.*! An initial
structure was obtained by molecular replacement pro-
gram EPMR using the Toho-1 apo structure as a search
model. Three atomic-resolution structures, CTX-M-14,
CTX-M-9 and CTX-M-27, were refined using SHELX97,**
whereas CTX-M-16 was refined by CNS1.1.* For the first
three structures, the models were refined using aniso-
tropic displacement parameters (ADPs) with standard
DELU (rigid-bond restraint), SIMU (restraint for spatially
adjacent atoms) and ISOR (isotropic restraint for indi-
vidual atoms). These values were later adjusted using the
program PARVATL* The rmsd values between structures
were calculated using the program Chimera.** The buried
surface areas involving residue 231 were calculated by
CNS1.1. Anisotropy analysis was carried out using
Parvati, Raster3D, and a program kindly provided by
Dr Ethan Merritt to calculate S.;(U,V) between atom
pairs.

Protein stability

Protein unfolding and refolding was monitored by
circular dichronism (CD) and fluorescence in a Jasco J-715
spectropolarimeter with a Peltier-effect temperature con-
troller and an in-cell temperature monitor. The enzyme
was denatured in 38% (v/v) ethylene glycol, 50 mM
potassium phosphate (pH 7.0), 200 mM KCl and
monitored by far-UV (223 nm) CD and by integrated
fluorescence emissions above 300 nm, exciting at 226 nm.
We were able to measure fluorescent melts concurrently
with CD melts by monitoring the CD at 226 nm and using
this wavelength as the excitation wavelength for the
fluorescence; this was useful for analyzing two-state
behavior. The denaturation was reversible for all
proteins and apparently two-state. The melting tempera-
ture and van’t Hoff enthalpy of unfolding were calculated
by the two-state thermodynamics fitting program
EXAM.* The free energy of unfolding relative to CTX-
M-14 was determined by the method of Schellman:
AAG,= AT, ASS XM 14 47

Data deposition

The coordinates and structural factors have been
deposited in the RCSB Protein Data Bank: CTX-M-14
(IYLT), CTX-M-9 (1YL]), CTX-M-27 (1YLP), and CTX-M-
16 (1YLW).
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