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Gold(l) has long been used in the treatment of rheumatoid arthritis,
but the therapeutically relevant biological targets of gold(l) are not
well understood. Here, we report the results of a spectroscopic
investigation into the formation of goldfingers. By exploiting a
thiolate to gold charge-transfer band in the UV, we observed that
gold(l) interacts with zinc finger peptides with a stoichiometry of
one gold ion for each two cysteine residues, forming 1:1, 1.5:1,
and 2:1 adducts with zinc finger peptides containing CCHH, CCHC,
and CCCC donor sets, respectively. In addition, circular dichroism
experiments provided evidence that goldfingers are more ordered
than the corresponding metal-free peptides but do not exhibit the
canonical zinc finger structure.

Gold(I) complexes have been used in the treatment of
rheumatoid arthritis for over 80 years,' but their mecha-
nism(s) of action are still only poorly understood.>~> Gold(I)
is a soft, thiophilic metal ion that readily undergoes ligand
exchange to interact with biological thiolates under physi-
ological conditions.**® As an example, serum albumin, an
abundant transport protein known to carry metal ions and
other drugs throughout the body, coordinates to gold(I)
through the cysteine residue at position 34.”'° The ability
of gold to inhibit thiolate-dependent enzymes has been
demonstrated as well.''? The crystal structures of several
gold(I)-enzyme adducts have been solved, indicating that
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gold(I) binds to the active-site cysteine residues of these
enzymes and exerts its inhibitory effect by directly blocking
the activity of the enzymes.”>** The crystal structure of
gold(I) bound to human glutathione reductase provides an
illustrative example.”> Gold(I) is bound in a linear, two-
coordinate geometry to cysteine 58 and cysteine 63 from
the enzyme active site. Although interactions of gold(I) with
thiolate-dependent enzymes can account for many of the
biological effects of the gold(I) drugs, it is likely that there
are other biological targets of gold(I) as well.

The biological effects of gold(I) are consistent with the
decreased transcription of several genes, and there is growing
evidence that the anti-inflammatory effects of gold(I) may
be mediated through interactions with transcription factors.*’
Gold(I) has been shown to interfere with the activity of both
metal-independent transcription factors and metal-responsive
transcription factors. In addition, gold(I) has been shown to
inhibit DNA binding of zinc finger proteins through gel-
mobility shift assays.’®?” The zinc finger family of transcrip-
tion factors employs a tetrahedrally coordinated zinc ion to

(12) Fox, P. K.; Lewis, A. J.; McKeown, P.; White, D. D. Br. J. Pharmacol.
1979, 66, 141P-142P.

(13) Rohozkova, D.; Steven, F. S. Br. J. Pharmacol. 1983, 79, 181-189.

(14) Menninger, H.; Burkhardt, H. Rheumatology 1983, 8, 84-98.

(15) Chircorian, A.; Barrios, A. M. Bioorg. Med. Chem. Lett. 2004, 14,
5113-5116.

(16) Gunatilleke, S. S.; Barrios, A. M. J. Med. Chem. 2006, 49, 3933—
3937.

(17) Rigobello, M. P.; Messori, L.; Marcon, G.; Agostina Cinellu, M.;
Bragadin, M.; Folda, A.; Scutari, G.; Bindoli, A. J. Inorg. Biochem.
2004, 98, 1634-1641.

(18) Rigobello, M. P.; Scutari, G.; Boscolo, R.; Bindoli, A. Br. J.
Pharmacol. 2002, 136, 1162—1168.

(19) Rigobello, M. P.; Scutari, G.; Folda, A.; Bindoli, A. Biochem.
Pharmacol. 2004, 67, 689-696.

(20) Jeon, K.-1.; Byun, M.-S.; Jue, D.-M. Exp. Mol. Med. 2003, 35, 61—
66.

(21) Jeon, K.-1.; Jeong, J.-Y.; Jue, D.-M. J. Immunol. 2000, 5981-5989.

(22) Wang, Q.; Janzen, N.; Ramachandran, C.; Jirik, F. Biochem. Phar-
macol. 1997, 54, 703-711.

(23) Urig, S.; Fritz-Wolf, K.; Reau, R.; Herold-Mende, C.; Toth, K.;
Davioud-Charvet, E.; Becker, K. Angew. Chem., Int. Ed. Engl. 2006,
45, 1881-1886.

(24) Weidauer, E.; Yasuda, Y.; Biswal, B. K.; Cherny, M.; James, M. N. G.;
Bromme, D. Biol. Chem. 2007, 388, 331-336.

(25) Handel, M. L.; deFazio, A.; Watts, C. K. W.; Day, R. O.; Sutherland,
R. L. Mol. Pharmacol. 1991, 40, 613-618.

(26) Handel, M. L.; Watts, C. K. W.; DeFazio, A.; Day, R. O.; Sutherland,
R. L. Proc. Natl. Acad. Sci. U.S.A. 1995, 92, 4497-4501.

(27) Larabee, J. L.; Hocker, J. R.; Hanas, J. S. Chem. Res. Toxicol. 2005,
18, 1943-1954.

10.1021/ic800157t CCC: $40.75 © 2008 American Chemical Society

Published on Web 04/22/2008



COMMUNICATION

1.4 0.3

1.2 0.25

S 7

(72 3al
7

0.2
0.15
0.1

0.8 0.8

0.6 0.6

0.05

0

0.4 2 3 4 0.4

1
Au(l) Equiv

02 0.2

1 2 3 4

Wavelength (nm)

240 290 340 390 440 490 2:10 290 340
Wavelength (nm)

1 2 3 4 5 Au(l) Equiv
Au(l) Equiv
390 440 490 440 490

Wavelength (nm)

Figure 1. Titrations of reduced zinc finger peptides with EtsP-Au~Cl monitored by UV/vis. The insets show increases in A3 as a function of added gold(I):
(a) a solution of 1.34 x 10 M CCHH coordinates 1 mol equiv of gold(I); (b) CCCC (1.42 x 10* M) and (c) CCHC (1.50 x 10~* M) bind 2 and 1.5 mol

equiv of gold(I), respectively.

achieve the secondary structure necessary for DNA bind-
ing.”®? The zinc binding site in canonical zinc fingers has
two cysteine-derived thiolate ligands and two histidine-
derived nitrogen ligands coordinated to the metal ion (a
CCHH zinc finger).** Biologically relevant variations of this
sequence include CCHC and CCCC.*-** Recently, gold(I)
has been shown to coordinate to a CCHH zinc finger peptide
and to inhibit the formation of a zinc finger-DNA complex.?’
In addition, electrospray ionization mass spectrometry ex-
periments indicate that gold(I) has a stronger affinity for this
zinc finger than zinc(Il) (K&K = 4.2).*” On the basis of
these studies, it has been proposed that gold(I) could replace
zinc(Il) in zinc finger proteins at physiologically relevant
concentrations. Because of the thiophilicity of gold(I) as well
as its tendency to form two-coordinate, linear complexes, it
is reasonable to propose that the gold(I) ion would coordinate
to the two cysteine residues in the CCHH zinc finger,
distorting the canonical zinc finger secondary structure and
abrogating DNA binding activity. zinc fingers with CCHC
and CCCC coordination sites could also presumably bind
gold(I), although these interactions had not been studied. In
order to better understand the gold(I)-zinc finger interaction,
we undertook a spectroscopic investigation into the stoichi-
ometry and structure of the gold(I)-zinc finger complexes.
A 26-amino acid consensus zinc finger sequence has been
identified as a model for metal binding to the full-length
transcription factors and is often used in studies of metal
binding and the effect of metal ions on zinc finger secondary
structure.® The consensus sequences for the CCHH, CCHC,
and CCCC zinc fingers are shown in Scheme 1.

One of the major challenges in the study of gold(I)-
biomolecule adducts is the “spectroscopically quiet” d'°
electron configuration of the ion. However, absorbances
attributable to ligand to metal charge transfer bands have
been identified at short wavelengths for several d!° metal
ions, including Au(I), bound to cysteine residues in pro-
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Scheme 12

“ Sequences of the three zinc finger model peptides CCHH, CCCC, and
CCHC along with a schematic indicates the secondary structure in the
canonical zinc fingers where a straight arrow indicates 5 sheet, a curved
arrow indicates o helix, and the curved line indicates a flexible loop.
teins.”* The formation of Au(I)-thiolate complexes can
be followed by monitoring the formation of a shoulder at
310 nm. In order to follow the formation of goldfingers, we
chose to use EtsP-Au—Cl, a known metabolite of auranofin
that does not contain a thiolate ligand.” The phosphine-based
reductant tris(2-carboxyethyl)phosphine (TCEP) was used to
maintain the fully reduced state of the cysteine residues in
the peptides without the addition of exogenous thiolates that
would interfere with the electronic spectra.

As illustrated in Figure 1, EtzP-Au—Cl binds readily to
the zinc finger peptides that have been reduced with excess
TCEP. As shown in Figure la, the absorbance of the
Au(I)-~CCHH mixture increased until a 1:1 molar ratio was
reached, after which further additions of Et;P—Au—Cl resulted
in no subsequent increase in absorbance. The observation
that 1 equiv of gold(I) can bind to each 1 equiv of CCHH is
consistent with the data in the literature.?’ Previous inves-
tigations of metal binding to CCCC and CCHC zinc fingers
invariably show that metals coordinate to this peptide model
in a 1:1 ratio, as seen with CCHH.?*-3*37-3%40 The titration
of the reduced CCCC peptide with Et;P—Au—Cl is shown in
Figure 1b. In this case, a 2:1 Au(I)/CCCC ratio was observed,
independent of the peptide concentration, TCEP concentra-

(35) Klotz, I. M.; Urquhart, J. M.; Feiss, H. A. J. Am. Chem. Soc. 1952,
74, 5537-5538.

(36) Fleissner, G.; Reigle, M. D.; O’Halloran, T. V.; Spiro, T. G. J. Am.
Chem. Soc. 1998, 120, 12690-12691.

(37) Payne, J. C.; ter Horst, M. A.; Godwin, H. A. J. Am. Chem. Soc. 1999,
121, 6850-6855.

(38) Brown, D. H.; McKinley, G. C.; Smith, W. E. J. Chem. Soc., Dalton.
Trans. 1977, 1874-1879.

(39) Magyar, J. S.; Weng, T.-C.; Stern, C. M.; Dye, D. F.; Rous, B. W.;
Payne, J. C.; Bridgewater, B. M.; Mijovilovich, A.; Parkin, G.; Zaleski,
J. M.; Penner-Hahn, J. E.; Godwin, H. A. J. Am. Chem. Soc. 2005,
127, 9495-9505.

(40) Berg, J. M.; Godwin, H. A. Annu. Rev. Biophys. Biomol. Struct. 1997,
26, 357-371.

Inorganic Chemistry, Vol. 47, No. 10, 2008 3929



COMMUNICATION

(b) af (c)

6 -

-8

-16

190 200 210 220 230 240 250 260
Wavelength (nm)

190 200 210 220 230 240 250 260
Wavelength (nm)

190 200 210 220 230 240 250 260
Wavelength (nm)

Figure 2. CD spectra of zinc fingers (a) CCHH, (b) CCCC, and (c) CCHC. The data represent zinc fingers (M), goldfingers (solid lines), reduced peptides

(dashed lines), and oxidized peptides (@®).

tion, and titration increment. To our knowledge, this is the
first example of multiple metal ions binding to one zinc finger
peptide. Previous studies of the metal-binding properties of
CCCC have focused on metal ions capable of adopting a
four-coordinate ligand environment. Although three- and
four-coordinate gold(I) complexes are known, linear com-
plexes are strongly preferred, especially in the presence of
anionic ligands such as thiolates.* The titration of reduced
CCHC with EtsP-Au—Cl is shown in Figure 1c. The binding
curve indicates that gold(I) coordinates to CCHC in a
noninteger ratio. The absorbance at 310 nm increases until
approximately 1.5 equiv of Et;P—Au—ClI has been added. One
possible explanation for the observation that two peptides
seem to bind three gold(I) ions is the formation of two
intramolecular Cys—Au—Cys centers and one intermolecular
Cysa—Au—Cysg center. This type of coordination has been
observed in metal-binding studies of flexible peptide mod-
els.*!

It is well-known that zinc finger model peptides have no
defined secondary structure if there is no metal present.?’**
Circular dichroism (CD) spectra of the reduced and oxidized
peptides alone and in the presence of zinc(Il) and gold(I)
are shown in Figure 2. The reduced (unstructured) zinc
fingers have pronounced minima near 200 nm. The oxidized
peptides are slightly more rigid because of the formation of
disulfide bond(s) but also have distinct minima near 200 nm
and little secondary structure. As expected, the zinc(Il)—pep-
tide adducts have strong maxima located at approximately
190 nm and broad minima at 205 nm.** These trends are
consistent for all three of the zinc finger peptide motifs
investigated.

When the reduced peptides are treated with Et;P—Au—Cl,
distinct spectra are obtained. The maximum at 190 nm, which
corresponds to the formation of an o-helical secondary
structure, is decreased significantly as compared to the parent
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zinc finger. It is clear that the a helix is compromised upon
gold binding. In addition, the minimum seen at 205 nm in
the intact zinc finger peptides is blue-shifted by approxi-
mately 5 nm upon gold(I) coordination. On the basis of these
data, we conclude that the goldfingers have different second-
ary structures than their zinc finger counterparts. This
observation correlates well with the biological data, indicating
that goldfingers are no longer able to bind to DNA.?” Again,
these trends are consistent for peptides with a CCHH metal-
binding motif, a CCHC motif, and a CCCC motif. It is
important to note that the goldfingers, although they have
less secondary structure than the corresponding zinc fingers,
are more ordered than the metal-free peptides in either the
oxidized or reduced state. In addition, no change is seen when
an oxidized peptide is exposed to gold(I), providing further
evidence that the thiol ligands must be available in order
for gold to bind.

The secondary structure of zinc finger transcription factors
is integral to their ability to recognize and bind DNA. As
described above, the secondary structure of the goldfinger
peptides is significantly different compared to the parent zinc
fingers. The prominent difference is the lack of oa-helical
character, as evidenced by loss of the maximum at 190 nm
in the CD spectra. Our data suggest that gold(I) could
interfere with the DNA binding activity of zinc finger
peptides by coordinating to the cysteine residues in the zinc
binding site and inducing a conformational change.
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