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Cadmium is often used as a useful N#MBtobe to study zinc-
or calcium-containing proteirswe present here a method for
identification of cadmium-coordinated histidine vigd—15N
HMQC, which does not require any Cd excitation pulse. The
cross-peaks show an E-COStype of pattern which allows the
measurement of th&y_cq and*Jy-cq coupling constants.

In many metalloproteins, notably those containing zinc or
calcium, the natural metal is not conveniently detectable by NMR.
To overcome this problem, substitution of the metal by cadmium
has often been used. In particular, cadmium-113 NMR has often
been used to study zinc-containing proteirise 13Cd chemical
shift is very sensitive to the nature, number, and geometric
arrangement of the ligands within the coordination sphere. In
many cases, the substitution ofZrby C#™ has been shown to
have only a modest effect on the catalytic activity of metalloen-
zymes? %Cd resonances are commonly detected by direct
observation {:*Cd has spirt/, and a sensitivity 63% that dfC)
or by inverse detection dfCd scalar-coupled téH. Cysteine,

methionine, and histidine residues have been successfully identi-

fied as the coordinating ligands usifig—'*Cd HMQC, '%Cd-
edited'H—'H COSY or'H—113Cd heteroTOCSY experiments?
These inverse experiments require a time-delay for transfer of
magnetization betweetd and'*3Cd spin, and also a knowledge
of the $3Cd chemical shift, in view of the very large chemical
shift range of13Cd, which can also make direct detection difficult.
These prerequisites make the experiments difficult in many cases
It would therefore be desirable to have a method by which the
ligands of1*Cd can be identified which does not rely on the
polarization transfer betweet and '**Cd spins. We describe
here a method for identifying cadmium-coordinated histidines
using a two-dimensiondH—*N HMQC experiment which does
not require Cd excitation pulses and which permits the identifica-
tion of the histidine imidazole proton and nitrogen resonances of
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113Cd-bound imidazoles and the determination of he cq and
LJn-cq coupling constants.

We demonstrate the method using the zflactamase from
Bacillus cereusstrain 569/H/9 (BCII). Zing3-lactamasesin path-
ogenic bacteria, which can be plasmid-encoded, confer resistance
toward all thes-lactam antibiotics and represent a real threat to
antibiotic therapy because no inhibitors are presently available
for clinical purpose$® The crystal structufé of 5-lactamase BCII
shows two zinc cations in the active site, one (site |) coordinated
by three histidines and one water molecule, and the other (site
II) coordinated by a histidine, a cysteine, an aspartate, and an
unknown molecule, likely to be a carbonate ion. These two zinc
ions can be replaced BYCd with minimal change in the kinetic
parameters of the enzyme. TRECd spectrum of the enzyme
showed two signals, at 143 and 266 ppm relative to 0.1 M Cd-
(ClOs),; comparison with previously reported®Cd chemical
shifts'? indicates that these shifts are consistent with the same
coordination for the cadmium as observed for zinc in the crystal.

Using a sample of uniformly®N-labeled **Cd-substituted
p-lactamase BCH dissolved in HO, a H—N HMQC*®
experiment with a refocusing delay of about 17 ms, chosen as a
compromise to enable simultaneous detection of both the direct
(Mp-n = 90 Hz) and long-rang€dy—n = 5—10 Hz,3J_n =
2—3 Hz) >N—1!H correlations, gave spectra in which all the
imidazole protons and nitrogens were detectable in a single
experiment?® as shown in Figure 1a. Resonances from all seven
histidine residues in the enzyme were observed; in four cases
proton exchange with the bulk water was slow enough to allow
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Figure 1la the set of imidazole cross-peaks labeled 4 must arise
from a cadmium-bound histidine which is in theHNtautomeric
state and must therefore be bound to the cadmium yjathe
same spectrum allows one to identify not only which histidines
are bound to the cadmium but also which specific imidazole
nitrogen is involved. There is in fact only one set of cross-peaks
in the spectrum with the characteristics of a cadmium-boustl N
tautomer, and comparison with the crystal structure of the Zn-
*5 enzymé! allows assignment of the cross-peak pattern 4 to
histidine 88. The histidine in the second metal binding site (His
210, cross-peak pattern 3) has also been assigned, using a Zn/Cd
hybrid enzyme; details will be published elsewhere.

For the four cadmium-bound histidine residues, valuédpfq
and3J4_cq could be measured from tHe&N—C—'H cross-peaks
as shown in Figure 2c, and we have attempted to relate the values
of these coupling constants to structural features of the metal-
binding site. The structure of the cadmium-substitiftédctamase
BCIl is not yet available; however, in the related metgllo-
lactamase fromBacteroides fragilisthe cadmium enzyme is

145 140 135 130 115 120 15 110 05 100 95 90 X5 Ko 75 70 65 60 55 pm essentially identical in structure to the zinc prot&iand we thus

H used the 1.85 A structure of ziffelactamase BCH as the basis

Figure 1. (a) The!H—15N HMQC spectra of 0.8 mM uniformly°N- for analysis of the coupling constants. In the case of the three-
labeled!**Cd-substituteg-lactamase BCII in 10 mM MES-Na, 100 mM  bond3Jy_cq, NO clear-cut relation to structure could be discerned
NaCl, pH 6.4, 10% BO, recorded at 298 K on a Bruker DMX 500 MHz  although it has been successfully used in the mono-metat-iron
spectrometer. (b) Depicts how the imidazole tautomeric state can be detercadmium-substituted rubredoxdhSimilar difficulties have been
mined with the help of the NC—H spin patternd? Histidine imidazoles reported in the bi-metal zinc cadmium-substituted DNA-binding
are labeled from 1 to 7; direct-HN correlations are represented within - §omain of GAL4 and presumably arise from the complexity of
the dashed box. Superscript letters on each histidine imidazole label indi-the electronic structure of the metal.
cate a specific type of NC—H correlation (a: N-C—Hj, b: N=C—H, However, for thelJy_cq values, there are indications of a
¢: Ns—=C—H,, d: Ns—C-—H,). Boxes indicate where splittings are ob-  ,sqjhe relationship to the structure around the cadmium center.
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served. The observed values ranged from 78 to 216 Hz, consistent with
porn - values of 196-210 Hz reportet for >N-sulfonamide complexes
a ¢ of 1%Cd-substituted carbonic anhydrase. The two cadmium-bound
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histidine residues whose assignments are known, His88 and
His210, both have large values &dy-cq 178 and 216 Hz
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respectively, and both have small values of the addgietween
the N—Zn vector and the imidazole plane, 7.&8nd 4 respec-
tively. The other two, as yet unassigned, histidine residues have

larger values of) (17.2 and 3E) and smaller values dfly_cq
(118 and 78 Hz) The present data are thus consistent with a
relationship between the magnitudedf_c4 and the extent to

which the cadmium is out of the plane of the imidazole ring,
with a large coupling constant corresponding to an in-plane metal.
This is intuitively reasonable, but more data will be required to
ne place this possible relationship on a firm footing, and to assess
the influence of electronic effects dy_cg.
» In summary, we have shown tHat—"N HMQC, with gradient
e T R e rvayeam——— coh.erence.seletl:tpn and water fI|p-back.pl.JI§es, is the method of
' H ) choice for identifying cadmium-bound histidines in metallopro-
teins. By selecting a suitable refocusing delay, it is possible to
detect all the imidazoléH and >N resonances in the same
experiment, conveniently identifying the metal ligands from the
n-cq splitting, and their tautomeric stat@nd hence the
individual nitrogen which binds the metafrom the pattern of
N—C—H cross-peaks.
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Figure 2. The!H—1N HMQC spectra of 0.8 mM uniformli#N-labeled
113Cd- (a,c) and!2Cd-substituted (bj-lactamase BCIl in 10 mM MES-
Na, 100 mM NaCl, pH 6.4, 10% O, recorded at 298 K on a Bruker
DMX 500 MHz spectrometer(a,b) Comparison between (&)Cd- and
(b) 12Cd-substitutegb-lactamase BCII(c) Expansion of the cross-peak
pattern from one of the four cadmium-bound nitrogens;*thecq and
3J4—cq splittings are indicated. Peak labels as in Figure 1.
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