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The ”Hg Chemical Shift as a Probe of Coordination Environments in Blue Copper Proteins
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The sensitivity of "Hg chemical shifts to the primary
coordination sphere of mercury complexes,' coupled with the
relative ease of Hg(II) substitution into metalloprotein sites,>
makes 'Hg NMR (J = !/,, natural abundance = 16.8%) a
potentially powerful tool for elucidating metal-binding sites in
proteins. Insight into the coordination environment can be
readily obtained by correlating !Hg chemical shifts with those
of structurally characterized compounds.! Despite the ap-
plicability of this technique, few '"’Hg chemical shifts are
available for Hg(Il)-substituted proteins.* Santos et al. have
suggested that the large anisotropies expected for
Hg(I)—protein environments with low coordination numbers
may excessively broaden the 'Hg NMR line widths.”> We
demonstrate here that spectra with reasonable line widths relative
to the '°Hg chemical shift range are readily obtained at high-
field strength in a few hours for the distorted coordination sites
of two mercuric ion substituted blue copper proteins. The
relatively fast !Hg longitudinal relaxation times (77) in these
sites allow acquisition of good signal-to-noise spectra in a few
hours with 30 mg of protein. Furthermore, comparison of
spectra for Pseudomonas aeruginosa azurin and spinach plas-
tocyanin indicate that '®Hg chemical shifts are sensitive to
subtle variations in the coordination chemistry of type 1 copper
sites. The copper environment in each family of blue copper
proteins affects the active site reactivity.® These NMR results
clearly reflect the coordination differences previously observed
in the crystallographically characterized metalloproteins and
suggest that **Hg chemical shifts obtained from straightforward
solution NMR experiments will be useful for defining a variety
of metal coordination sites in other biopolymers.

The best understood mercuric ion—protein complex is Hg-
(II)-substituted plastocyanin. Freeman and co-workers have
solved three-dimensional structures of the Hg(Il)-substituted,’
the apo-,® and the native copper form of spinach plastocyanin >0
Few changes in protein structure occur when the copper atom
of plastocyanin is replaced by Hg(II).” The Hg(II) and the Cu-
(I) ions both bind in a distorted trigonal geometry with primary
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bonds to a thiolate S atom of cysteine and to two imidazole N
atoms of two histidines. The axial mercuric ion—thioether
(methionine) bond at 3.02(5) Ais longer than the sum of the
covalent radii for Hg—S (2.50A),! indicating a secondary
bonding interaction. Considerable variation is observed in the
structure and redox properties of other blue copper proteins.
The metal centers in all structurally characterized type 1 sites
are coordinated to two His and one Cys; however, the slight
displacement of the metal from the N,S plane toward or away
from one or more axial ligands depends upon the specific protein
and the nature of the substituted metal.

Addition of 1—2 equiv of '*’Hg(Il) to the plastocyanin and
azurin apoproteins'! leads to quantitative formation of the
mercury derivatives.>'? The S—Hg LMCT bands were moni-
tored during the addition, and upon reaching a plateau, the Hg-
(II) binding was deemed complete. Final metal-to-protein mole
ratios, determined by ICP—AES analysis after gel filtration, were
0.9 and 0.8, respectively.'?

The '?Hg NMR spectra of the 9?Hg-substituted proteins are
shown in Figure 1. The spectra, obtained using a Bruker 600
spectrometer (14.09 T, 107.4 MHz for '’Hg), exhibit chemical
shifts of —749 ppm for Hg—plastocyanin and —884 ppm for
19Hg—azurin. The '*"Hg chemical shift spans a range of over
5000 ppm'* and is a function of the number and type of ligand
atoms, as well as coordination geometry. Thiolate S atoms form
strong bonds .to Hg(IT) and are highly deshielding,' whereas
amine N atoms are less deshielding. A HgS4 environment can
be over 1000 ppm more deshielded than a HgN. center, as can
be seen in solid state !Hg chemical shifts for the distorted
tetrahedral compounds [N(CHj)4]o[Hg(SCsHsCl4] at —176
ppm!’ and [Hg(NH,CH,CH,NH),][(ClO4),] at —1272 ppm.1®
While the data correlating shielding with structurally character-
ized mercuric complexes containing both S and N ligands are
limited, the '"’"Hg chemical shift of —749 ppm for plastocyanin
is within the range expected for a N»SS’ coordination environ-
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Figure 1. '“Hg NMR spectra at 107.43 MHz of (A) 'Hg—
plastocyanin and (B) '“"Hg—azurin. Each spectrum was obtained using
a broadband tunable 5 mm probe in 3 h with 65 535 scans, a pulse
angle of 90°, a sweep width of 125 000 Hz, an acquisition time of 65
ms, and a relaxation delay of 0.1 s. A 500 Hz line broadening function
was applied. Spectrum A (v = 1600 Hz) was obtained at 10 °C,
with Garp 'H decoupling, on a 6.5 mM '**Hg—plastocyanin solution
in 10 mM sodium phosphate, pH 7.0. Spectrum B (v;» = 1670 Hz)
was obtained at 20 °C, without 'H decoupling, on a 6.2 mM !**Hg—
azurin solution in 4 mM ammonium acetate, pH 8.5, 97% D,0.%
Chemical shifts are reported relative to Hg(CHs), at 25 °C.

ment. In this regard, the structurally well-defined Hg—
plastocyanin complex is an important model compound.

While Hg-L edge EXAFS results for Hg—azurin and Hg—
plastocyanin are very similar,”” comparison of the '9°Hg
chemical shifts indicates differences between these coordination
environments. The upfield 135 ppm shift of '"*Hg—azurin
relative to —plastocyanin is consistent with a subtly different
axial coordination environment that leads to greater shielding.
Crystallographic characterization of Cu—azurin indicates a
methionine and a carbonyl oxygen from the peptide backbone
as distant fourth and fifth ligands to the copper center of the
native protein.!® The crystal structures of Cd- and Zn-substituted
azurin reveal a coordination environment similar to the native
copper protein;, however, the Cd(Il) center is displaced away
from the methionine and toward the carbonyl oxygen.!®-%
Relative to sulfur and nitrogen, ligation of oxygen atoms
generally has a shielding effect on '’Hg chemical shifts.!> The
additional shielding of ®°Hg in azurin relative to plastocyanin
is consistent with either weak bonding of a carbonyl oxygen to
the Hg(II) center in azurin, diminished interaction of the
methionine sulfur, or both. In comparison, an upfield shift of
only 60 ppm was observed for !'3Cd—azurin (P. aeruginosa)
relative to !'*Cd—plastocyanin.2! The '®Hg chemical shift is
clearly more sensitive than ''3Cd to subtle differences in
metalloprotein coordination environments.

Spin—Ilattice relaxation times (7;) are of practical importance
in optimizing data acquisition in both 1D and 2D experiments,
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but no '**Hg T values for a mercury protein have been reported.
The T of Hg—azurin was measured using the standard inversion
recovery sequence and found to be 13(3) ms at 14.09 T. Similar
T, values were estimated for Hg—plastocyanin®> and the
binuclear Hg>S¢ environment of Gal4.2

These T; values for the '®"Hg-substituted blue copper sites
are ~10-fold lower than T; values for the corresponding
113Cd-substituted proteins; however, the latter were determined
at a lower field strength.?’ The relaxation times of the !'>*Cd—
blue copper proteins are much faster than typically found for
113Cd-substituted proteins, where T values range from 0.1 to 8
s, depending on the field strength and temperature.?*>5 Faster
acquisition rates in NMR studies of '**Hg proteins can represent
a significant advantage over ''>Cd in 1D experiments, depending
on the protein.?> These short metal Ty values do not preclude
coherence transfer experiments that establish metal—ligand
connectivity such as 'H{!*Hg} HMQC? and may not be a
problem for observing heteroTOCSY spectra.?

The rapid relaxation times and broad line widths in these
14.09 T '**Hg-protein spectra are most likely the result of a
relaxation mechanism dominated by chemical shift anisotropy
(CSA). Solid-state **Hg NMR experiments of model '*Hg
complexes show that these complexes often exhibit large CSA,
on the order of 400—7000 ppm.’>!5 Nonetheless, the chemical
shift anisotropies of the distorted HgN,SX environments do not
excessively broaden '"Hg—protein signals in solution NMR
experiments even at high field strength. While narrower lines
will be observed at lower field strengths in some '?Hg—protein
spectra, experiments at higher field strengths provide additional
signal intensity.

As our results indicate, 1D '""Hg NMR spectra of Hg(II)-
substituted proteins are observable in a period of a few hours
at high field strength and the '"’Hg chemical shift obtained
accurately reflects subtle differences in metalloprotein environ-
ments. This spectroscopic technique could provide useful
information about coordination in mercuric ion resistance
proteins.?®> Recently, Blake et al. reported relatively large
“through-space” 'H~!Hg J couplings?’ and determined the
chemical shift of '"Hg-substituted rubredoxin by indirect
methods.?® '""Hg NMR will be useful in exploring the
coordination geometry and ligation of a wide variety of copper,
zinc, and iron binding sites.
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