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1. Introduction

Organomercury compounds are known for their
toxic effects, which are often attributed to the forma-
tion of covalent mercury—sulfur bonds with cysteine
groups in proteins. Ethylmercury phosphate (EMP) is
commonly used to form heavy atom derivatives of
proteins for X-ray crystallography. Although bonding
to accessible cysteine residues tends to be preferred
[1], Xray studies indicate that EMP can also interact
with histidine and tryptophan groups [2]. This could
explain why EMP inactivates cobra venom phospho-
lipase A, [3], which has no free cysteine residues but
does contain a reactive histidine group [4]. The
mercury—nitrogen bond is readily cleaved in amino
acid analysis and cannot be detected by chemical
assays. In the absence of extensive X-ray information
about the binding of EMP to various amino acids, we
have turned to '**Hg NMR to explore the effects of
EMP in solution. Preliminary results indicate that the
chemical shifts are characteristic for various adducts.

2. Materials and methods

Equimolar mixtures of EMP with various amino
acids and related compounds were prepared in
volumes and concentrations typical for proton NMR
at 270 MHz, i.e., 0.4 ml 10—100 mM solutions. !**Hg
(Z = 1/2) has a natural abundance of 16.9% and a
sensitivity of (48.3/270)%2 = 1.4% compared to an
equal number of protons. Although the direct obser-
vation by '%Hg Fourier transform NMR is feasible
with large, concentrated samples [5,6], better sensitiv-
ity can be achieved if the **Hg resonances are
detected indirectly through proton NMR, In ethyl-
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mercury derivatives, the scalar coupling SJHHL to

the methyl protons (250—350 Hz) leads to well-
resolved satellites in the proton spectrum and can be
used to transfer spectral information between the
mercury and the proton transitions. Instead of

using Indor [7] or CW decoupling methods, which
tend to be tedious because the 1%Hg chemical shifts
extend over some 2500 ppm [6], it is possible to use
strong RF pulses to cover a broad spectral window in
the vicinity of the ***Hg Larmor frequency.

A rough estimate of the mercury resonance fre-
quency can be obtained by a spin-echo technique
derived from [8]. The proton spectrum is obtained by
Fourier transformation of a spin-echo generated by a
90°—7—180°—7—acquisition sequence, the interval
7 being set to ~1/2 of the inverse coupling constant,
A 180° pulse is applied near the mercury Larmor
frequency at the time of the proton refocussing
pulse. If this 1**Hg pulse is on resonance, the spins
are inverted and the scalar modulation of the echo
causes the satellites to appear with inverted phases
(fig.1). Even with a moderate pulse strength (yy,B: =
2 kHz), it is possible to search for the mercury
resonance in increments of 5 kHz (100 ppm). Smaller
steps allow the determination of the *°Hg shift to
1500 Hz (10 ppm) by inspection of the partial
inversion of the satellites.

The measurement of the chemical shift of '*°Hg
can be refined by a sensitivity enhanced variation
[9] of heteronuclear two-dimensional spectroscopy
[10—13]. This method combines the advantage of
polarization transfer from protons to mercury with
the sensitivity of proton detection. The magnetiza-
tion is transferred twice, first from the '*°Hg satel-
lites in the proton spectrum to the mercury transi-
tions, then back to the proton spectrum. The methyl
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Fig.1. Proton spectra (non-spinning) of ethylmercury phos-
phate (EMP 155 mM in *H, 0 at pH 3.2) obtained at 270
MHz by Fourier transformation of a spin echo excited by a
90° —7-180° —r sequence, with 7 = (2% yqy,) ! = 1.52 ms.
A 180° pulse (140 us) is applied in synchronism with the
refocussing pulse in the **Hg region. In the top spectrum,
the mercury pulse is ~20 kHz off-resonance, and the satel-
lites appear with normal phases. In the second case, the
mercury spins are inverted by the on-resonance pulse and
the satellites appear upside down. Each spectrum was
obtained with 20 transients.

satellites in the proton spectrum are monitored as a
function of the 1%°Hg precession time, generating
point by point a time domain signal which is in many
respects equivalent to a proton-decoupled mercury
free induction decay (fig.2). The sensitivity is deter-
mined by the need to observe the satellites in the
proton spectrum, and does not depend on the gyro-
magnetic ratio of the 1°°Hg nucleus. The technique
has been detailed for a pair of spin-1/2 nuclei in [9].
Here, the magnetization is transferred through the
3-bond coupling in the AM, X5 system, where the
sensitivity is further enhanced by the degeneracy of
the 3 methyl protons. The smaller homonuclear MX
coupling does not substantially affect the polariza-
tion transfer. The maximum theoretical sensitivity
advantage of indirect detection methods is an ~200-
fold enhancement.

The mercury signal shown in fig.2 provides an
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Fig.2. ***Hg spectrum (top) obtained by Fourier transforma-
tion of the ‘free induction decay’ (below), constructed
point-by-point by monitoring the amplitude of the '°*Hg-
satellites in the methyl proton spectrum in the course of a
heteronuclear two-dimensional experiment. The origin of
the frequency domain FI = {} corresponds to the carrier
frequency of the mercury pulses.

accurate measure of the transverse relaxation, in
direct analogy to an ordinary free induction decay.
The inhomogeneous line broadening, which is propor-
tional to the gyromagnetic ratio, can be safely
neglected. The technique is suitable for the detection
of very broad lines, since the increments and initial
duration of the mercury precession time can in
principle be made arbitrarily small. The problem of
receiver recovery time, which limits the direct obser-
vation of fast-decaying free induction signals, is
entirely circumvented. The mercury spin-lattice
relaxation on the other hand should not be too fast,
since the satellites in the proton spectrum must be
resolved.

3. Results and discussion

The chemical shifts and linewidths of some adducts
are listed in table 1, Both the chemical shift and the
linewidth of free EMP are pH-dependent, presumably
because of chemical exchange between CH;CH,Hg’,
(CH; CH,Hg),OH" and CH;CH,HgOH, in analogy to
the methyl compounds [14]. The shifts in table 1
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Table 1
19°Hg Chemical shifts and linewidths of ethyl mercury adducts

Adduct? pH  !°Hg Chemical Shift? !**Hg Linewidth®
(ppm) (Hz)

EMP 3.2 0 10+ 1

EMP 7.1 314+ 04 44+ 7

EM-Imidazole 8.2 191.1+ 0.4 53+ 6

EM-Histidine 5.6 189.2+ 0.8 277 + 14

EM-Tryptophan 31 256 =x10 -

EM-Glycine 3.8 7 10 —

EM-Glycine 7.5 231 +10 —

EM-Aspartate 2.6 -3 *10 -

EM-Aspartate 8.6 38 10 -

EM-3',5'-c-AMP 7.2 49 10 -

EM-3',5"-c-GMP 7.4 162 =10 -

EM<Cysteine 2.6 566 +10 -

EM-2-mercaptoethanol 7.3 608 10 -

EM-thiosalicylate 8.5 500.1+ 0.1 32+ 3

2 Concentrations vary from 10—160 mM
b Reference is 155 mM EMP in ?H,O0 (pH 3.2), 295 K. Actual '**Hg resonance at

48 297,652+ 11 Hz in 270 M“v enectrometer

&77,024 % 22 RA M L7V MDA SPECUIQINCLCT

€ No linewidth indicated if shift determined by spin-echo method only

differ by some 300 ppm between Hg—N and Hg—S

addnnte annnah to Aoniﬂn h\r ﬂr\n cimnle cnin,pt\lﬂn
aGaucts, nougn 1o t0Ne Ssumpae spin-ecne

technique alone whether EMP is bound to cysteine or
to histidine and tryptophan residues in a protein.

The tryptophan adduct is shifted by some 66 ppm
with respect to the histidine complex.

In the systems considered here, the linewidths
provide a measure of chemical exchange. The bonding
of EMP to amino acids is associated with a small
change in 3JHHg of a few tens of Hz. The exchange
is too fast to allow the resolution of separate satellites
in the proton spectrum, although some broadening of
the satellites could be observed in many systems. The
mercury shift however may change by as much as
500 ppm (25 kHz). In some cases, such as the glycine
adduct at pH 6, the exchange is sufficiently slow to
detect two separate mercury resonances by the spin-
echo technique, one due to free EMP and the other
due to the nitrogen complex. In intermediate cases,
the mercury linewidth appears to be in excess of 500
Hz, and cannot be measured adequately with the
slow, computer-controlled pulse program used in
these experiments. Broad lines have also been
reported for ionic mercury bound to a metalloen-
zyme [15]. In addition to chemical exchange, the
mercury resonance may be broadened by scalar
relaxation due to coupling to the fast-relaxing qua-

drupolar **N nucleus. The '*°Hg linewidth should

ha nranortional 5 th
OC pPropliuliian to the {4

constant Jyyg, which could be determined by apply-
ing the same techmque to N-enriched adducts.

In conclusion, !Hg NMR appears a useful probe
to study the interaction of mercury compounds with
proteins. The enhancement of the sensitivity obtained
by indirect detection makes it possible to use low
LUJ.[LC].I.LIdl—lUJ.lb auu bllld.l.l bdlllplU VUlulllUb, Wll.lbh iS

highly desirable in biological systems,
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