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ABSTRACT Chloramphenicol acetyltransferase [acetyl-
CoA:chloramphenicol 03-acetyltransferase; EC 2.3.1.28] is the
enzyme responsible for high-level bacterial resistance to the
antibiotic chloramphenicol. It catalyzes the transfer of an
acetyl group from acetyl CoA to the primary hydroxyl of
chloramphenicol. The x-ray crystallographic structure of the
typem variant enzyme from Escherichia cofl has been deter-
mined and refined at 1.75- resolution. The enzyme is a trimer
of identical subunits with a distinctive protein fold. Structure
of the trimer is stabilized by a 13-pleated sheet that extends from
one subunit to the next. The active site is located at the subunit
interface, and the binding sites for both chloramphenicol and
CoA have been characterized. Substrate binding is unusual in
that the two substrates approach the active site via clefts on
opposite molecular "sides." A histidine residue previously
implicated in catalysis is appropriately positioned to act as a
general base catalyst in the reaction.

Resistance to antibiotics in pathogenic bacteria is an increas-
ingly common phenomenon, which has serious implications
for clinical medicine. The resistance is frequently achieved
by enzymatically catalyzed covalent modification of the
drug. For chloramphenicol, inactivation is achieved by 0-
acetylation. Because the modified drug no longer binds to a
bacterial ribosome, which is its normal site of action, the drug
loses its effect as an antibiotic (1). The enzyme responsible
for this acetylation is chloramphenicol acetyltransferase
(CAT) (acetyl-CoA:chloramphenicol acetyltransferase; EC
2.3.1.28), which catalyzes transfer of an acetyl group from
acetyl CoA to the primary hydroxyl (C-3) ofchloramphenicol
(Cm) (2-4).

Cm + acetyl CoA - acetyl-Cm + CoA-SH

The CAT gene is commonly, but not exclusively, plasmid-
borne in natural isolates and has been found to be a compo-
nent of plasmids conferring multiple drug resistance, espe-
cially in Gram-negative bacteria and the Enterobacteriaceae,
in particular (5). Amino acid sequences of several variants of
CAT from both Gram-positive and Gram-negative bacteria
have been determined (6-11). All known variants have
similar subunit molecular weights (Mr 25,000) and are
highly homologous, indicating similar tertiary structure. This
conclusion had been inferred from earlier studies of hybrids
formed in vivo and in vitro between naturally occurring
variants (12, 13). Although the hybridization results were
originally interpreted in terms of a tetrameric structure for
CAT, crystallographic work and more recent hydrodynamic
results (14) clearly show that CAT is a trimer, a relatively
unusual oligomeric symmetry for a soluble enzyme. Of
known variants of CAT, those currently best characterized
are the type I protein, typified by the CAT encoded by

transposon Tn9 and in wide use as a tool for studying gene
expression in eukaryotic systems (15), and the type III
variant, which has been studied by kinetic and chemical
methods (16, 17) and which is currently the only variant to
yield crystals suitable for x-ray diffraction studies (18).
We report here the three-dimensional structures of two

binary complexes of CAT, one with the substrate chloram-
phenicol bound and the second with bound CoA (a product
of the forward reaction and substrate for the reverse reac-
tion).
Structure Determination

Crystals of the binary complex of the enzyme with bound
chloramphenicol were obtained by microdialysis ofprotein (5
mg/ml) in 10mM Mes, pH 6.3, against 2% (vol/vol) 2-methyl-
2,4-pentandiol/10 mM Mes, pH 6.3/1 mM chlorampheni-
col/0.5mM hexaminecobalt(III) chloride (18). The cobalt salt
was essential for successful crystallization. The space group
is R32 (a = 74.5 A, a = 92.50), with a monomer in the
crystallographic asymmetric unit. X-ray data were collected
photographically by use of an Arndt-Wonacott oscillation
camera and were processed with the MOSFLM program. The
1.75-A-resolution native data set was recorded at the syn-
chrotron radiation source at Daresbury, U.K., with radiation
of wavelength 0.90 A. All other data sets were obtained with
a rotating anode x-ray source and CuKia radiation. Data were
collected from native crystals and five isomorphous deriva-
tives. The structure was solved using conventional multiple
isomorphous replacement techniques at 2.7-A resolution
(Table 1). The polypeptide backbone was traced initially from
a "minimap" (scale, 4Ai 1 cm), and this solution was
readily confirmed with the aid of the latest version of the
interactive graphics program FRODO (20), which incorporates
the chain-tracing algorithm of Greer (21). A molecular model
was built from the known-amino acid sequence with the use
of the "fragment fitting" feature (22) of the same version of
FRODO. This procedure greatly facilitated construction of a
molecular model with acceptable stereochemistry, particu-
larly in those regions (predominantly extended loops or turns)
where electron density was poorly defined. The model was
refined by use of a modified version of the Hendrick-
son-Konnert restrained refinement program (23), in which
structure factors and their derivatives are calculated using
fast-Fourier-transform algorithms (24, 25). During refine-
ment resolution of the x-ray data was extended in steps from
2.7 A to 1.75 A. The final model, which includes bound
chloramphenicol and 135 solvent molecules, has acceptable
stereochemistry (Table 2) and a crystallographic R factor of
19.0% for all reflections between 6-A and 1.75-A resolution.

Crystals of the enzyme with bound CoA were obtained by
microdialysis of protein (5 mg/ml) against 18% 2-methyl-2,4-
pentandiol/10 mM Mes, pH 6.3/0.7 mM CoA/5 mM 13-
mercaptoethanol/0.5 mM hexaminecobalt(III) chloride.

Abbreviation: CAT, chloramphenicol acetyltransferase.
tTo whom reprint requests should be addressed.
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Table 1. Data collection and isomorphous derivative statistics
Resolution, Number of Phasing§

Data set A Multiplicity* Rmt, % Rd , % heavy atom sites power Rcl, %
CAT-CM 2.5 4.2 5.9
CAT-CM 1.75 3.5 5.8
KAu(CN)2 (5 mM) 2.7 3.5 4.4 17.0 3 2.92 51.3
KAu(CN)2 (2 mM) 2.7 3.6 4.4 13.2 3 2.34 58.1
PICM 2.7 2.4 4.5 10.1 2 1.32 61.2
PHMB 2.7 2.2 4.6 12.1 2 1.38 65.6
K2PtCl4 4.0 2.1 7.0 13.8 2 0.88 82.6

CAT-CoA 2.4 2.8 7.0 14.8
CM, chloramphenicol; PICM, p-iodophenyl derivative of chloramphenicol; PHMB, p-hydroxymercuribenzoate. Heavy-

atom variables were refined using a phase-refinement program (19), and multiple isomorphous replacement phases were
calculated to 2.7-A resolution with an overall figure of merit (which is a measure of the quality of the phases) of 0.72.
*Multiplicity equals total no. of observations/no. of independent reflections.
tMerging R factor, Rm = | (h)j - (h))I where I(h) is the measured diffraction intensity, and the summation includes
all observations. ES I(h)j

tDerivative R factor, Rd = WIFnat - FdenyI where Fnat and Fdeiv are the native (CAT-chloramphenicol) and
Y at

derivative-structure factor amplitudes.
§Phasing power =

rms heavy-atom structure factor
rms lack of closure

ICullis R factor, Rc = |IFPHd, - FPHobSl for centric terms only, where FPH is the derivative-structure factor.
5 FPH0b

These crystals are isomorphous with those of the enzyme
with bound chloramphenicol. X-ray data were collected to
2.4-A resolution (Table 1). A difference electron-density map
between the two binary complexes using model phases
clearly revealed the position of bound CoA. The structure of
the enzyme-CoA complex was refined at 2.4-A resolution,
using the refined structure of the enzyme-chloramphenicol
complex as a starting model. The final refined structure has
a crystallographic R factor of 20.4% for all data between 10 A
and 2.4 A and good stereochemistry (Table 2).
General Description of the Structure

The dominant feature ofthe structure ofthe monomer, shown
schematically in Fig. 1, is a six-stranded predominantly
Table 2. Deviations from ideal geometry of the refined
CAT models

CAT-CM CAT-CoA
complex complex

cr * rms deviation

Distance, A
Bond 0.02 0.02 0.02
Angle 0.03 0.04 0.04
Intraplanar 0.05 0.06 0.06

Planar group 0.02 0.02 0.02
Chiral center 0.15 0.18 0.16
Torsion angle,

Staggered (Xi aliphatic) 15.0 13.9 16.0
Transverse (X2 aromatic) 20.0 27.1 27.0

Nonbonded contact, A
Single torsion 0.20 0.16 0.17
Multiple torsion 0.20 0.22 0.18

Thermal factor, A2
Main-chain bond 2.0 (1.5) 4.2 4.3
Main-chain angle 3.0 (2.5) 5.2 6.1
Side-chain bond 3.0 (2.5) 6.2 7.1
Side-chain angle 4.0 (3.5) 7.8 8.4

*a;i (where i = input) values determine relative weights of each
restraint in the refinement. When different oa values were used to
refine the two structures, values in parentheses are for the CAT-
CoA refinement.

antiparallel p-pleated sheet, which displays the characteristic
left-handed twist. Packed against the ends and one face ofthe
sheet are five a-helices, accounting for 28% of the 213
residues. This arrangement of a-helices and 8-sheet is not
uncommon in protein structures and has been described as an
"open-face sandwich" (26), but the precise folding pattern
seen in CAT shows no direct similarity to any known protein
structure. Three monomers associate to form a compact
disc-shaped trimer (Fig. 2) 65 A in diameter and 40 A thick.
In the trimer the extended strand PE' which is somewhat
isolated in the structure of the monomer, forms an extension
to the six-stranded sheet of an adjacent subunit, resulting in
a seven-stranded sheet that spans the subunit interface.
Similar extensions of a p-sheet on formation of an oligomer
from its constituent monomers have been seen in other
structures (prealbumin, concanavalin A, and insulin), but
extension by a single strand is less common. This feature may
help account for the observed stability of the oligomeric
enzyme form (5).
The conformation of the enzyme is essentially identical in

the two binary complexes. The independently refined struc-
tures can be superimposed to give an rms deviation in atomic
coordinates of 0.3 A for all protein atoms (0.15 A for
main-chain atoms alone), which is comparable to the accu-
racy of the coordinates. The largest main-chain movement is
only 0.34 A for Lys-54, which is located at the entrance to the
CoA-binding pocket.

The Chloramphenicol-Binding Site

The subunits of CAT associate to produce a well-defined
pocket at the subunit interface that accommodates the
chloramphenicol molecule and several ordered water mole-
cules (Figs. 2 and 3). The residues lining the pocket are
predominantly hydrophobic, and there are only two direct
hydrogen bonds between the substrate and the enzyme, with
an additional hydrogen bond via a bridging water molecule.
Only five of these residues are strictly conserved among all
known CAT sequences, but the observed substitutions are
always conservative. The conformation of chloramphenicol
is very similar to that seen in the single-crystal structure (27)
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(rms deviation in coordinates, 0.5 A) and consistent with that
postulated for chloramphenicol in solution on the basis of
NMR studies and potential energy calculations (28). The
major difference is that the primary (C-3) hydroxyl of
enzyme-bound chloramphenicol (the acetyl acceptor in the
forward reaction) adopts an alternative staggered conforma-
tion to that seen in the crystal structure of the antibiotic. As
a consequence, the primary hydroxyl is correctly placed to
form a hydrogen bond with the ring nitrogen (N-3) of the
active site histidine (His-195) (Fig. 3). The nitro group and
one of the two chlorines point out of the pocket and are
solvent-accessible, consistent with results of kinetic studies
of CAT that demonstrated acetyl acceptor activity with
chloramphenicol analogues having substitutions for the p-
nitro and N-dichloroacetyl moieties (5).

The CoA-Binding Site

When chloramphenicol is bound, access to the active site is

FIG. 1. Schematic of the chain
fold of a single CAT subunit

96 viewed down the trimer axis (in-
N dicated by arrowhead). Amino

NX acid numbering scheme is based
on alignment of type III, type I,
and type C variants of CAT. Our
numbering is related to the type III
linear sequence by adding 5 to
residues 1-74 and 6 to residues
75-213 of the linear sequence.

completely blocked from the top of the enzyme as viewed in
Fig. 2. This suggests that the second substrate (acetyl CoA)
must approach the active site from a different direction
because no kinetic evidence favors the view that ordered
binding of the substrates is obligatory (16). In the refined
structure of the CAT-chloramphenicol complex a remarkable
tunnel leads from the active-site histidine out to the lower
surface of the enzyme (as viewed in Fig. 2). Apart from a short
spur, this tunnel is approximately cylindrical in shape, 3-4 A
in diameter and 12 A in length, and is occupied by six ordered
solvent molecules. Modeling studies suggested that the tunnel
could readily accommodate the pantetheine arm of CoA in an
extended conformation, placing the adenosine and phosphate
moeities on the external surface of the CAT molecule. After
completion of data collection from crystals of the CAT-CoA
complex, a difference electron-density map between the two
binary complexes immediately confirmed the proposed bind-
ing site.

FIG. 2. Stereoview of Ca backbone of the CAT trimer viewed down the trimer axis. One subunit has been drawn in boldface to clarify the
position of the subunit interface. Chloramphenicol, CoA, and the active site His-195 are also shown. The chemical structure of chloramphenicol
appears in Fig. 5.
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FIG. 3. Stereoview of the chloramphenicol-binding pocket, showing the conformation of enzyme-bound chloramphenicol (boldface),
active-site histidine (His-195), and residues involved in binding-site formation. ---, Predicted hydrogen bonds; o, ordered solvent molecules.

Location of bound CoA is shown in Fig. 2, and a more
detailed picture of the residues involved in binding is given in
Fig. 4. Hydrophobic interactions clearly play an important
role in CoA binding. The pantetheine arm is almost fully
extended and runs between the carboxyl ends of strands 13B
and P1D of the p-pleated sheet. Both main-chain and side-
chain atoms from residues on these two strands together with
the side chains of Tyr-56, Phe-96, and Phe-103 contribute to
the formation of the tunnel-like binding pocket. In contrast to
the pantetheine arm, the adenosine 5'-diphosphate compo-
nent adopts a folded conformation that brings the adenine
ring into van der Waals contact with the dimethyl group ofthe
pantetheine arm. The ribose conformation is C2-endo, and
the glycosidic torsion angle is anti. The adenine ring binds in
a hydrophobic pocket formed by the side chains of Phe-55,
Pro-151, and Tyr-178 and forms hydrogen bonds with the

0

o I
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TYR 178 PHHE 55

~ ~N> H3C~,r

O", /NH- HHNOH-W 96
C HH '1H\

H3N I . 0 NH

H3N~~u 176 °,Q W g TYLS N- PRO TYR5
177 H 151 5

T N-N-W--W , -0<149
15 o52 6O NH PHE

13
,W ----W

ONH#ASP
199H

0
N*oHIS
H

FIG. 4. Schematic of the CoA-binding pocket. ---, Predicted
hydrogen bonds; W, ordered solvent molecules. Residue names
preceded by # belong to an adjacent subunit.

main-chain amide of Tyr-178 and the carbonyl oxygen of
Ala-176. The only other direct hydrogen bonds between CoA
and the enzyme are between the amide of the 8-mercapto
ethylamine component of CoA and the main-chain carbonyl
oxygen of Ala-149 and interactions involving the CoA thiol
group, although there are additional hydrogen bonds via
bridging water molecules (Fig. 4). Surprisingly, there are no
basic side chains interacting directly with any of the three
phosphate groups, nor are any of the phosphate groups in a
position that would lead to a favorable interaction with the
dipole moment of an a-helix, as is commonly seen in the
structures of dinucleotide-binding proteins (29).

In some respects the mode of binding of CoA is rather
similar to that seen in citrate synthase (30): the pantetheine
arm is completely shielded from bulk solvent, while the
phosphate groups are located at the enzyme surface. How-
ever, the conformation of CoA is quite different in the two
structures. When bound to citrate synthase, the molecule
adopts a much more compact folded conformation, charac-
terized by two internal hydrogen bonds (one via a bridging
water molecule). Details of the interactions are also rather
different. The adenine ring forms hydrogen bonds to main-
chain atoms in both structures, but in CAT there is no
obvious counterpart to the "adenine recognition loop" de-
scribed for citrate synthase. In addition, the phosphate
groups are coordinated by three arginine residues in citrate
synthase, whereas no similar feature exists in CAT. In view
of the conformational flexibility of CoA, lack of similarity
between the binding sites in these two enzymes is, perhaps,
not surprising.

Interestingly, in the absence of bound chloramphenicol,
the acetyl-CoA tunnel and the chloramphenicol-binding cleft

CHC12

I His 195

0 N

02N / C-C-CH20- H N N-H

-OH)
Chioramhric CH3C _S

1 >CoA0o)

FIG. 5. Proposed role of the active-site histidine (His-195) as a
general base catalyst in the acetyl-transfer reaction.
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FIG. 6. Stereoview of a hydrogen-bonding scheme for residues near the active site.

combine to form a continuous solvent-accessible pathway
=25 A in length-extending from one side of the molecule to
the other, a feature rarely seen in protein structures.

The Active Site

Chemical modification experiments (17) and site-directed
mutagenesis (31) have indicated that His-195 plays an essen-
tial role in catalysis and also implicate the carboxyl group of
Asp-199. Steady-state kinetic studies (16) suggest a ternary
complex (sequential) rather than a ping-pong mechanism,
arguing for a general base role for His-195, with deprotona-
tion of the C-3 hydroxyl of chloramphenicol and nucleophilic
attack on the carbonyl of the thio ester of acetyl CoA (Fig. 5).
The present structure reveals a network of hydrogen bonds
in the active site (Fig. 6). Asp-199 (conserved in known
sequences) is involved in a salt-bridge to the side chain of
Arg-18 (also conserved), which, in turn, is within hydrogen-
bonding distance f the main-chain carbonyl oxygens of
residues 195 and 196. The side chain ofthe active-site His-195
adopts an unusual conformation (X1 = - 146, X2 = - 29),
which allows formation of a hydrogen bond between the
imidazole nitrogen N-1 and the carbonyl oxygen of the same
residue. (A search of the Brookhaven data base revealed no
other example of this type of interaction.) The imidazole ring
is also in van der Waals contact with the benzene ring of
Tyr-25 (Fig. 3), and this interaction may help stabilize the
side-chain orientation. The unusual conformation of His-195
would allow the imidazole N-3 nitrogen to abstract a proton
from the primary hydroxyl of chloramphenicol, consistent
with the mechanism outlined above (Fig. 5).
When the CoA coordinates from the enzyme-CoA com-

plex are transposed into the refined enzyme-chloramphen-
icol model, the thiol group is positioned at distances of 3.3 A
and 2.8 A from the N-3 nitrogen of His-195 and the primary
hydroxyl of chloramphenicol, respectively. Thus, no major
structural rearrangement is needed to bring the components
into proximity for catalysis to proceed, although further work
is necessary to grasp the details of this mechanism. Site-
directed mutagenesis of residues in the active site (31) should
help clarify the role of individual amino acids in catalysis.
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