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Understanding the structure and function of purple copper
centers in proteins have been the focus of recent stdidies.
Purple copper centers, found in cytochromexidase (COXj
and nitrous oxide reductadere a new class of copper centers
in biology. They all display an intense purple color due to
strong absorptions around 480, 530, and 80 antypical EPR
spectrum indicative of a mixed-valence binuclear copper cénter,
and a characteristic resonance Raman-8ustretching fre-
guency around 340 crd.® Recent X-ray structural studies of
two COX and one engineered cytochroraeuinol oxidasé

have shown that the purple copper center is a dithiolate-bridged
binuclear copper center where both coppers are in distorted

tetrahedral sites.
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While the structure of the purple copper center in COX is

now known, many questions related to the structure and function rRosenberg, R. C.; Gray,

of the center, such as metal-binding properties, rigidity, and
electronic structure of the center, still remain to be understood.
Metal ion substitution has contributed greatly to the understand-
ing of the structural properties of metalloprotefrzarticularly
copper thiolate proteins such as blue copper prot§inGE1L
protein}! and metallothioneid? Studies by UV electronic
absorptior? X-ray absorptior? 19Hg NMR spectroscopif
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and X-ray crystallograpi§ have shown that Hg(ll) is an
effective probe of Cu(ll) in copper thiolate centers such as blue
copper proteins and metallothioneins. Ag(l) has also been used
to mimic Cu(l) in proteins such as superoxide dismutaaad
metallothioneint® Therefore, we prepared mercury and silver
derivatives of a purple copper center that had been engineered
in Pseudomonas aeruginoaaurin by our groug? Electronic
absorption (UV-vis) and electrospray mass spectrometry (ES-
MS) characterizations show that a Hg(l)Ag(l) derivative of the
purple copper center can be prepared by a sequential addition
of Hg?t and Ag' ions to either holo or apo proteins.

The holoprotein of the engineered Lazurin construct was
prepared and purified as previously reporedyith a few
modifications!® Titration of HgCh into holoprotein of the
purple copper constri@tresulted in a quench of the visible
spectrum, at approximately 1 equiv of Hg(Figure 1, insert).

At the same time, increases in absorptions around 250 and 290
nm, typical of S-to-Hg(ll) charge transfét,were observed
(Figure 1Ab). The ES-MS spectrum shows that Hg(ll) has
replaced one of the coppers in the binuclear center (Figure
1Bb)2 The strong absorptions around 485 and 530 nm have
been assigned as S-to-Cu(ll) charge transfee complete
quench of these absorptions by addition of Hg(ll) indicates that
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Figure 1. Addition of metal ions to holo-Cuazurin construct. (A) Figure 2. Addition of metal ions to apo-Guazurin construct. (A)
Electronic absorption spectra: (a) holozCazurin construct+¢-), (b) Electronic absorption spectra: (a) apoaCGarurin construct+¢-), (b)
holo-Cw + 1 equiv of HF* (- - -), (c) holo-Cu, + 1 equiv of Hg' + apo-Cu + 1 equiv of HF" (- - -), (c) apo-Cu + 1 equiv of Hg* +

1 equiv of Ag" (—). Insert shows spectra in the visible region. (B) 1 equiv of Agh (—). (B) ES-MS spectra: (a) apo-&@azurin construct,
ES-MS spectra: (a) holo-Gazurin construct, (b) holo-Gut- 1 equiv (b) apo-Cy + 1 equiv of HF", (c) apo-Cu + 1 equiv of HF" + 1

of Hg?*, (c) holo-Cw + 1 equiv of HF" + 1 equiv of Ag", (d) holo- equiv of Agt, (d) apo-Cu + 10 equiv of Hg" + ~1 equiv of Ag'.

Cua + 1 equiv of Hg* + 10 equiv of Ag". no spectral evidence attributable to Cu(ll)Cu(ll) derivative has
been observed after addition of € The mixed-valent Cu-
(INCu(l) center can be obtained only after Cis formed during

the titration, presumably because of reduction of'Ceither

by externally-added reductants such as ascorbate or by the cys-
teines in the apoproteins, some of which serve as a sacrificial
reductangd The different preference of metal ion substitution
of the two sites could be due to their different ligand environ-
ments. The site containing Met could be the putative binding
site for Hg(ll) because the thioether is softer than the carbonyl
oxygen of Gly in the other sit&. It is not known if our Hg-
(INAg(l) derivative mimics the intermediate or the final state
of Cu(ll)/Cu(l) binding to the purple copper center. After Cu-
(I and Cu(l) bind to their respective sites, similar to our Hg-
(INAg(l) derivative, a local structural change may or may not
be necessary to achieve the spectroscopic equivalency. Further
characterization of the above derivatives B¥Hg NMR
spectroscopy, X-ray absorption, and X-ray crystallography are
in progress. Comparison of these results with those of the Cu-
(INCu(l) derivative will contribute to our understanding of the
metal-binding affinity, rigidity, and other structural properties
of this new class of copper centers.

the Cu(ll) was replaced first, rather than the Cu(l). Therefore,
we assign the product to be the Hg(ll)Cu(l) derivati¢eWhen
this derivative is further treated with 1 equiv of AgN@ new
species with a molecular weight consistent with a Hg(I)Ag(l)
derivative was observed by ES-MS, in addition to the Hg(Il)Cu-
() derivative (Figure 1Bc), indicating that Ag(l) is capable of
replacing the Cu(l) in the Hg(Il)Cu(l) derivative. Addition of
10 equiv of AgNQ can replace all the Cu(l) in the Hg(Il)Cu(l)
derivative (Figure 1Bd).

When the apoprotein of the purple copper construct is reacted
with 1 equiv of HgC}, strong absorptions in the UV region
were also observed (Figure 2A%). The ES-MS spectrum
(Figure 2Bb) shows that this species is the single mercury
adduct, resulting in a Hg(Il)E derivative. Addition of one equiv
of AgNOs to Hg(IE resulted in an ES-MS spectrum (Figure
2Bc) consisting of both Hg(I)E and Hg(Il)Ag(l) derivatives.
In a separate experiment, 10 equiv of Hg®kre added to the
apoproteir?® Both Hg(ll)E and Hg(I)Hg(ll) were observed by
ES-MS and both can be converted to Hg(Il)Ag(l) by addition
of AgNO; (Figure 2Bd). These results suggest that, although
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Hg(ll) is present in the Cu(ll) sité* JA962280H

In conclusion, we have demonstrated that Hg(ll_) can replace (24) Preliminary results show that the Hg(I)Ag(l) derivative can also
the Cu(ll) of the purple copper center preferentially and the pe obtained by addition of Agfirst, followed by Hg* to either the holo-
Hg(ll)Ag(l) derivative of the purple copper center can be or apoproteins. However, Agf more than 3 equiv has to be used in these
prepared by a sequential addition of"ﬁ@nd Ag* ions to either experiments. If only 1 equiv Agis titrated into the holoprotein, (2Ag-

. . . (N)Cu(l) was detected by ES-MS and UV-vis, indicating two Ag(l) have
holo- or apoproteins. The observation of the different preference réplaced one Cu(ll) in the purple copper center. The two Ag(l) in the Cu-

of Hg(ll) and Ag(l) suggests that the two copper sites in this (ll) site can be replaced by Hg(l) by addition of 1 equiv of¥igresulting

; ; i in a Hg(Il)Cu(l) derivative. Addition of 1 equiv of Agto apoprotein
purple copper.proteln may nOt. be equivalent with respect .to resulted in mainly a (2Ag(1))Ag(l) derivative. The Hg(II)Ag(I) derivative
metal substitution, even though it has been shown that both sites;an be obtained after further addition of 1 equiv of?HgTherefore, the
are spectroscopically equivalent. This is not surprising becausemetal affinity for the putative Cu(ll) site is in the order of Hg(H) 2Ag(1)
> Cu(ll) and the metal affinity for the putative Cu(l) site is Agét) Cu(l)

(22) In this paper, we use MMo represent different metal derivatives > Hg(ll).
in this binuclear copper center, where M is in the putative Cu(ll) site, M (25) An alternative explanation can rationalize the observation that Hg-
is in the putative Cu(l) site, and an E represents an empty site. (1) replaces Cu(ll) preferentially and Hg(I)Ag(l) is the most stable
(23) The absorption bands are similar to those observed in the Hg(ll) derivative; the purple copper center is built so that a #idtcharged
titration into the holoprotein (Figure 1Ab), but the peaks are less well- M(II)M(ll) in the binding site is less favored than the3-charged M(I1)M(I)
defined as revealed by difference spectra (data not shown). derivative.




