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Chloramphenicol acetyltransferase (CAT) wix used to axsesk the feaxibility of xtudy of specific proton resonances in an enzyme of overall moleeulas

masg 75000 (ring 22 C)Histidine was selectively incorporated into the type T ehloramphenicol weetyltransterase (CAT;) using a histidine auxe-

traph of E. ewdl. Heteronuelear multiple and single quantum experiments were used o seléet the C2 protons in the histidyl imidazale ring. One-

and two-dimenional spectra reveuled six signals out of o tatal of seven histidine residues in CATyy,. pH titration, ehemical modification und ligand

binding were wused to demonstrite that the signal from H 195, the histidine at the uctive site, is notamong those observed. Nevertheless, this work

demonsteiates that sélective isotopic enrichment and multiple quantum coherence technigues can be used to distinguish proten resonunces in a pro-
tein of high moleculur mass.

Chleramphenicol ucetyliriunsferuse; Heteronuelear multiple guantum coherence

1. INTRODUCTION

Chloramphenicol acetyltransferase . (CAT; EC
2.3.1.28) is a homotrimer which catalyses the acetyl-
CoA-dependent  O-acetylation and inactivation of
chloramphenicol, a modification which confers
resistance to the antibiotic on host cells {1]. From the
three-dimensional X-ray crystal structure of the type 11
variant of CAT (CATy), it is known that N3 of the im-
idazole ring of H195 is suitably placed to act as the pro-
posed base catalyst in the reaction [2,3]. Study of the
histidine C2-'H resonances in CAT is complicated by its
overall molecular mass incorporation in combination
with single and multiple quantum coherence ex-
periments has been particularly valuable in the
simplification of 'H ‘spectra of smaller proteins by
(4-7]. We sow here that these methods permit detection
of histidine C2-'H resonances even in proteins as large
as CAT.

2. EXPERIMENTAL

[ring2-*CIL-Histidine at 92% **C was obtained from Fluorochem
(Old Glossop, Derbyshire, UK) and a 62% '*C from Drs R, Gigg and
J. Feeney (NIMR, Mill Hill, London). An E, coli histidine auxotroph
(strainJM1100 from Dr R.A. Cooper [8]) was used to selectively in-
corporate labelled histidine into CAT. Transformation with the
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plasmid pUCI8:IM3:Clal, whieh produces high expression of CAT I
in E. cali [9), was conducted using a CaCl, procedure {10}, Optimal
growth conditions for production of CATy, were found to bein a
medium containing {in g/1), NayHPO. 6.0, KH:PO4 3.0, NaCl 0.5,
NH.CI 1.0, MgSO, 0.49, thymine 0.1, glyceral 4.0, Learginine, 0.28,
L-asparatic acid 0.74, L-eysteine 0,20, L-glycine 0.20, L-glutamic acid
2.8, L-isoleucine 0.54, L-leucine 0.70, L-lysine 0.74, L.methionine
0.20, L-phenylalunine 0.14, L-proline 0.80, L-threonine 0.60, L.-
tryptophan 0.26, L-tyrosine 0.62, L.valine 0.82, L-alanine 0.35, L.
serine 0.20, L-asparagine 0.23, L.glutamine 0.20. In addition, am-
picillin and chloramphénico! were added to 100 ug/ml. {ring 2-"*C]L.-
Histidine was added at 40 gg/ml, which was sufficient to support
growth to a final optical density of 4.5 a1 600 nm. CAT production
was highly variable; between 30 and 140 mg protein per litre of
culture, Growth was initiated by inoculation of 500 m! of medium in
a 2 litre baffled flask with a starter culture of 10 ml and grown over-
night at 37°C with continuous shaking. Cells were then harvested and
CAT purified as described previously [11]). For NMR analysis CAT
was transferred into 50 mM NaaHPOL/NaFH:PO, in 99.9% D)0 by
successive concentration and dilution over an Amicon YMI10 mem.
brane.

All NMR spectra were obtained on a Bruker AMSO00 spectrometer
at 313K unless stated otherwise. An ‘inverse’ probe was used to obtain
all the spectra. Typical pulse lengths were: 90°('H)=12 us,
90°(**C) =10 gs, 90°(*C for low power decoupling)="70 us. Low-
power X-nucleus decoupling was afforded using a Bruker 5W BFX-5
linear amplifier. The pulse sequences used were chosen for their
simplicity, thereby minimizing the loss of magnetization due to relax-
ation during the pulse sequence, The 1D heteronuclear multiple quan-
tum pulse sequence is: 90°('H)-1/2J-90°(X)180° (' H)90°(X)-1/21-
acq.-, and for the 2D heteronuclear multiple quantum experiment:
90°(*H)-1/2J-90°(X)-1,/2-180°(* H)-1;/2-90°( H)-1/2]-acq., both se-
quences having phase cycling adapted from {12}, Solvent suppression
in both the 1D and 2D experiments was afforded by using a low-
power pre-irradiation pulse during the relaxation period. Either the
GARP [13] or the WALTZ-16 decoupling sequence was used for X-
nucleus decoupling. Typically, for 1D datasets, 500 scans were ob-
tained; for 2D datasets, 2K % 256 data matrices were accumulated,
with 196 scans per t, value,
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Fig. 1. 600 MHz 'H NMR spectrum of [ring 2:"C)histidine-labelled CAT (25 mg/ml) in .20 mM NaHPOL/NaHzPO,, 0.1 M NHCI

(pH* = 7.5)/D,0 at 313 K. (a) Normal proton spectrum, obtained with presaturation of the HOD peak and referenced to dioxane at ¢ ppm. (b)

Proton detected P Cedited HMQC spectrum showing the filiered histidine C2 protons between 5 and 6 ppm. Other details arc given in the ex.
perimental section,

3. RESULTS AND DISCUSSION

Previous attempts to identify the histidine C2-'H
resonances directly in the 'H NMR spectrum of CATy
met with only very limited success [14]. The results in
Fig. 1 clearly demonstrate the utility of the labelling
procedure and the heteronuclear '*C-'H multiple quan-
tum coherence method (HMQC) in selecting the
histidine C2-'H signals. Five resonances are readily
identified in the HIMQC '3C edited spectrum (Fig. 1b),
out of a total of seven histidines in. the translated
nucleotide sequence - of CATwm [9]. The two-
dimensional heteronuclear correlation spectrum of the
sample further separated the histidine C2-'H signals in
the '*C dimension, allowing six resonances to be
distinguished (Fig. 2). The signal at F1 = 137.4 ppm and
F2 =4.60 ppm is broad and can only be observed at very
low contour levels, or in 1D spectra at a lower pH* (Fig.
3). If the 2D experiment is carried out in NH4C1 under
the same conditions as Fig. 1, the signal is much
sharper.

Examination of the sample at a lower pH* revealed
that three of the signals had shifted (Fig. 2b). Complete
titration curves for a range of pH* values from 6.0 to
8.0 were obtained using a series of one dimensional
spectra (Fig. 3). A series of experiments were set up to
attempt to assign H195, the active site histidine, to one
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of these. Addition of a small excess of chloramphenicol
over the concentration of CAT subunits did not alter
the 'H or '*C resonances of any of the signals (Fig. 2¢).
However, addition of a five fold excess of chloram-
phenicol did cause one resonance to change its 'H and
13C chemical shifts (Fig. 2d- the sharp signal at 3.87 and
138 ppm is from chloramphenicol). Assuming a
dissociation constant for chloramphenicol of 3.7 uM
[14], the active site of the enzyme should be greater than
90% saturated under both conditions, It is likely,
therefore, that the effect of chloramphenicol at a higher
concentration is caused by binding to a secondary lower
affinity site. There is some evidence to support the ex-
istence of such a site from a crystallographic analysis of
the binding of P-iodochloramphenico! {3].

Chemical modification of the '’C-labelled enzyme
was carried out using 3-(bromoacetyl)chloramphenicol,
which specifically alkylates H195 at the N3 position on
the imidazole ring [15]. Subsequent incubation of the
enzyme under mild alkaline conditions leads to
hydrolysis of the oxy-ester and removal of the chloram-
phenicol moiety, to yield the N3 (H195) carbox-
ymethylated derivative of CAT. Examination of the
spectra of the modified enzyme at low and high pH*
revealed that there were no significant changes in the '"H
and '*C chemical shifts, although the two broad signals
at 4.55 and 4.35 ppm were much better resolved (Fig. 2¢
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Fig, 2. 2D HMQC spectra of [ring 2-'*Clhistidine-labelled CAT (25 mg/ml) in 50 mM Na;HPO4/NaH2PO, recorded at 500 MHz and 313 K. (a)
pH* =7.50; (b) pH* = 6.24; (c) plus 1.3 mM chloramphenicol (pH* = 7.50); (d) plus 5.0 mM chloramphenicol (pH* = 7.50); (e) N3 (H195) carbox-
ymethylated derivative (pH* = 7.49); (f) N3 (H195) carboxymethylated derivative (pH* = 6.46). Dioxane was used as a reference in both F1 (67.4

ppm) and F2 (0 ppm).

127



Volume 280, number |

8.0
4.5~
Chemical
Shift
{(pom)
4.0}
. PP
35
1 1 1 J
6.5 7.0 7.5 8.0
pH

Fig. 3. pH* titration of the histidine C2 protons in CAT, taken from

successive 1D HMQC spectra under the same conditions as Fig. 2.

Precipitaton precluded analysis below pH®* 6.0. The signals at 4.55
ppm and 4.35 ppm were not detectable at tow pH*,

and ). The titration behaviour was identical with that
of the unmedified enzyme. These results indicate that
the C2-'H resonance of HI193 is not among those
observed, presumably because it is too broad to be
detected, This could arise from exchange broadening,
perhaps due to slow exchange between protonated and
unprotonated imidazole [16). Exchange of the C2-'H
with solvent was ruled out as a possible cause; the 1D
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HMQC spectra were identical in FLO and D0,
Nonetheless, it Is ¢lear that six of the histidine C2.'H
resonances in CAT can be ¢learly identified, Specific
isotope  labielling and multiple quantum  eohergnee
technigques can therefore be used tw identify individual
"H NMR signals in a protein of overall molecular mass
75 000,
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