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Abstract

A combination of two element (Au, Zn) X-ray Absorption Spectroscopy (XAS) and time-
dependent density functional theory (TD-DFT) allowed the elucidation of differential
substitution pathways of Au(I) and Au(IIl) compounds reacting with biologically relevant zinc
fingers (ZnFs). The C-terminal Cys,HisCys finger of the HIV-1 nucleocapsid protein NCp7, and
the Cys,His, human transcription factor Spl, were probed by gold L;-edge XAS. The
computational studies accurately reproduced the experimental XAS spectra and allowed the
proposition of structural models for the interaction products at early time points. The use of
known model compounds helped assign oxidation states and the identity of the gold-bound
ligands. In the case of [AuCI(PEt,)], interaction with the NCp7 confirmed a linear P-Au-Cys
coordination sphere after zinc ejection whereas for the Sp1, loss of PEt; results in linear Cys-Au-
Cys or Cys-Au-His arrangements. These reactions may be considered as result of direct
electrophilic attack on the zinc finger by the highly thiophilic Au(I). Reactions with Au(III)
compounds on the other hand showed a variety of possible binding modes where the final Au(I)
products vary depending on zinc finger and allowed identification of distinct ligand binding and
Au(IIl) reduction. Prompt reaction between [AuCl(dien)]** and [Au(dien)DMAP]** with Spl
showed a partially reduced Au center and a final linear His-Au-His coordination. On the other
hand, in presence of NCp7, [AuCl(dien)]** readily reduces to Au(I) and changes from square-
planar to linear geometry with Cys-Au-His coordination, while [Au(dien)DMAP]** initially
maintains its Au(IIl) oxidation state and square-planar geometry and the same first coordination
sphere. The latter is the first observation of a “non-covalent” interaction of an Au(IIl) complex
with a zinc finger and confirms early hypotheses that stabilization of Au(IIl) occurs with N-
donor ligands. Modification of the zinc coordination sphere, suggesting full or partial zinc
ejection, is observed in all cases irrespective of whether Au(I) or Au(Ill) is used, and for
[Au(dien)(DMAP)]** represents a novel mechanism for nucleocapsid inactivation. The
combination of XAS and TD-DFT calculations in this study presents the first direct experimental
observation that not only compound reactivity, but also ZnF core specificity can be modulated

based on the coordination sphere of Au(I1II) compounds.

Keywords: Zinc finger proteins, gold complexes, X-ray absorption spectroscopy, TD-
DFT.
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Introduction

Zinc finger (ZnF) proteins are increasingly recognised for their relevance and
importance in diseases. Zinc finger proteins are the largest transcription factor family in
the human genome and there is increasing evidence for their role in cancer progression.'
Several zinc fingers are also involved in immune regulation through effects on cytokine
production and other inflammatory mediators.>’ In antiviral therapy, a desirable target is
the HIV nucleocapsid protein 7 (NCp7), which would complement current anti-retroviral
therapies.” ° In considering specific ZnFs as targets for therapeutic intervention the
structural diversity of the zinc coordination motifs represents a considerable challenge to
specificity.® In this paper we show how X-ray Absorption Spectroscopy (XAS) combined
with Density Functional Theory studies (DFT) can be used to examine the effects of the
zinc cooordination sphere (Cys,His, versus Cys,HisCys) in dictating reactivity and in
delineating the intimate mechanisms of substitution on a ZnF template with multiple
ligand binding sites available.

Zinc fingers are excellent templates for metal ion replacement’ and their interaction with
metal complexes is an important component of bioinorganic and medicinal inorganic chemistry.
Platinum, cobalt and gold compounds have all been designed to attack specific zinc fingers

® Recently, gold compounds have received

(domains or cores) by a variety of mechanisms.”

intensive attention due to their promising cytotoxic and potential anticancer properties. They

have been rationalized as an alternative to cisplatin. A number of possible molecular targets

have been suggested for gold allowing for rational design using molecular biology allied to

modern spectroscopic techniques to enhance specificity."”"> Early studies on the anti-arthritic

action of Au(I) and Au(Ill) compounds suggested interactions with zinc fingers followed by zinc
ejection and formation of the so-called gold fingers."”"” Reactions of gold compounds with zinc
fingers are generally very fast and even ESI-MS spectra at earliest time points show mixtures of
species.”" Gold compounds act as Lewis acid electrophiles by covalent binding to cysteines or
histidines of the ZnF core. The reactivity of Au(I) in the general structure [AuX(PR;)] can be
tuned by variation of leaving group X and/or altering the steric and electronic properties of the
phosphine.'* """ In the case of Au(IIl), the oxidation state of incorporated gold from a variety of
complexes is +1, thus implicating concomitant oxidation of the peptide core. The properties of

[AuX(dien)]™ (dien, (NH,CH,CH,NHCH,CH,NH,, tridentate diethylenetriamine) can also be

3
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modulated by varying the nature of the ligand in the fourth coordination site using AuCIN; or
AuN, compounds.'®* Apart from these series, a variety of Au(IIl) compounds has been studied
as ZnF inhibitors, but the structural details of the products formed still require full elucidation,
especially the question of when reduction to Au(I) occurs, hindering a mechanistic description of

the Zn ejection process.”"

In this study the interaction of Au(I) and Au(Ill) complexes with zinc finger peptides was
investigated using the Au L;- and Zn K-edge XAS in combination with time-dependent density

functional theory (TD-DFT) calculations. In the case of XAS, the samples were frozen in liquid

nitrogen as soon as the mixture was placed in the sample holder (less than one minute of

manipulation) and kept at 50 K during the course of the measurements. The immediate freezing

of the reaction samples for XAS allows for a snapshot of the very early reaction profiles,
complementing other spectroscopic studies. With suitable control samples, Au(I) and Au(IIl) can
be easily distinguished and, when combined with two-element studies probing the Zn
coordination sphere, the initial steps of the interaction can be distinguished. Model peptides of
the C-terminal zinc finger domain of HIV NCp7, (from here on in referred as NCp7), and the N-
terminal finger F3 of the human transcription factor Spl, (from here on called Spl), were
compared. They represent two different ZnF families, NCp7 being the -Cys-X,-Cys-X,-His-X,-
Cys- (Cys,HisCys) motif while the Cys-X,-Cys-X,,-His-X;-His- (Cys,His,) is the coordination
sphere of Sp1, Fig. 1. The peptides differ in their electronic and steric properties with respect to
cysteine nucleophilicity and availability.> ** The intimate behaviour of Au(I) and Au(III)
compounds acting as Lewis acid electrophiles is shown to be dependent on the compound and on
the specific ZnF core. The use of [Au(dien)DMAP]*, (DMAP = 4-dimethylaminopyridine
(NCH,N(CH,),), with a relatively substitution-inert AuN, coordination sphere, allowed the first
observation of a “non-covalent” Au(IIl)-ligand moiety in the presence of NCp7 but not Spl.
Dual-element XAS using Zn K-edge XAS data confirms the simultaneous modification of the Zn
coordiantion sphere. The stabilization of an Au(Ill)-ligand moiety in the presence of a ZnF
illustrates the ability to modulate the Au(III)-ZnF reaction by suitable ligand choice and of ZnF
itself. The compound [Au(dien)DMAP]** and its congener [Au(dien)(9-EtGua)]** inhibit RNA
binding to the “full” HIV nucleocapsid protein (NC) and are moderate inhibitors of HIV
infectivity.”” Therefore, the XAS studies suggest that the compounds may be situated as a novel

class of “non-covalent” zinc ejectors, followed eventually by gold-peptide bond formation.* **

i



1 The combination of XAS and TD-DFT used here is a robust approach that can be extended to
2 studies about the interaction of virtually any metallodrug with a metalloprotein target,

3 particularly in the case of spectroscopically inert Zn(II).
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Figure 1. Structural formulas of the model Au compounds used in this study. Compounds 1-8 are Au(I) and
compounds 9-11 are Au(IIl). Compound 1 is known to possess a polymeric structure. The zinc finger model

7 peptides NCp7and Spl are also shown.
8  Experimental
9  Synthesis and zinc finger preparation

10 Complexes 1, 3-5, 8, 10 and 11 were synthesized and purified according to literature

11 procedures.'” *> *3° The crystal structures of all compounds, except 1, 4 and 11, have been
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already reported elsewhere.”®**'*7 Compounds 2, 6, 7 and 9 were acquired from Sigma-Aldrich
and used without further purification. Characterization of the synthesized compounds (1, 3-5, 8,
10 and 11) were performed by conventional spectroscopic techniques including 'H, °C, *'P NMR
spectroscopy, mass spectrometry, elemental analysis, and infrared and UV spectroscopies,

attesting the success of the syntheses and their integrities.'*

The zinc finger models used in this study were the second finger HIV-1-NCp7 and third
finger Sp-1. The apopeptides were purchased from Aminotech Co. (Sao Paulo, Brazil) and they
have the following sequences: NCp7 (F2) (KGCWKCGKEGHQMKNCTER), monoisotopic
mass 222447 Da; Spl (F3) (KKFACPECPKRFMSDHLSKHIKTHQNKK), monoisotopic mass
3366.95 Da. The apopeptides were checked by mass spectrometry and used as received. Both
zinc fingers were prepared by dissolving sufficient mass of apopeptides in a 100 mmol L
solution of zinc acetate prepared in degassed water. The total volume was achieved by adding

acetate buffer pH 7.4 to a final concentration of 30 mmol L™ of zinc finger.
Sample preparation

The solid samples of compounds 1-9 used in the XAS measurements were finely
grounded and diluted in boron nitride to a maximum X-ray absorbance of about 1. Then, they
were pressed into circular pellets of 13 mm diameter using a hydraulic press, placed in a plastic
sample holder and covered with polyimide adhesive tape (Kapton) with about 40 um thickness.
Gold L;-edge XAS measurements of the complexes 1-9 were performed in solid state at XAFS1

beamline.

Stock solutions of [AuCI(PEt;)] (2) and auranofin (6) were prepared by dissolving the
solid compounds in dimethylformamide (DMF) to a final concentration of 100 mmol L. For
evaluating the interaction of the model compounds with the zinc fingers, a total sample volume
of 10 uL of the Au(I) models 2 and 6 were prepared by mixing sufficient volumes of the
solutions of model compounds to each zinc finger solution (NCp7(F2) and Sp1(F3)) in a molar
ratio of 1:1. A similar procedure was employed in the preparation of the Au(IIl) interaction
products (10 and 11) with both NCp7 (F2) and Spl (F3) zinc fingers. The gold finger sample
(AuF) from Spl (F3) was obtained incubating [AuCI(PEt;)] with Sp1-ZnF3 in a 1:1 molar ratio

for 1h. The reaction mixture was purified using a Waters 515 HPLC instrument with a reverse
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phase Phenomenex Jupiter C,, column (5¢m, 250 mmx4.6 mm, 300 A) and a 100 L sample
injection loop. Flow rate of 1 mL/min was used for all the experiments. Gradient is as follow: 0-
30min, 10-80% B. A is H,O with 0.1% TFA, and B is acetonitrile with 0.1% TFA. UV detection
wavelengths were 280 nm and 220 nm. The composition of the isolated fraction was further
characterized by ESI-MS. The eluent from the collected sample was lyophilized and the solid
was redissolved in ammonium phosphate buffer prior to XAS measurements. A sample with

final concentration of 48 uM was used.

In each XAS measurement of the samples in solution, about 3 uL. of the prepared
solutions of the zinc fingers and the Au(LIII) interaction products (2, 6, 10 and 11) were placed
in a plastic sample holder, covered with the same 40 um thick Kapton adhesive and frozen in a
closed-cycle liquid helium cryostat. The solution samples were kept below 50 K during these
measurements. Inspection of fast XANES scans revealed no signs of radiation damage, and the
first and last scans of each data set used in the averages were identical. The complexes 10 and 11
(100 uM), the isolated zinc fingers and the respective interaction products with the Au(I,III)

models were measured in aqueous solution at the XAFS2 beamline.”

Data averaging, background subtraction and normalization were done using standard

procedures using the ATHENA package.”
XAFS1 and XAFS2 beamlines

Both beamlines are located at the Brazilian Synchrotron Light Laboratory
(CNPEM/LNLS).*** At the XAFS1 beamline the incident energy was selected by a channel-cut
monochromator equipped with a Si(111) crystal, and at the the XAFS2 beamline a double-
crystal, fixed-exit monochromator was used. The beam size at the sample was approximately 2.5
x 0.5 mm”® (hor. x vert.) at XAFS1 and 0.4 x 0.4 mm”* at XAFS2, with an estimated X-ray flux of
10°* ph/sec (XAFS1) and 10° ph/sec (XAFS2). The incoming X-ray energy was calibrated by
setting the maximum of the first derivative of L;-edge of a gold metal foil to 11919 eV. The XAS
spectra of the solid samples (complexes 1-9) were collected in conventional transmission mode
using ion chambers filled with a mixture of He and N,. In the case of the samples in solution,
fluorescence mode detection was used. The fluorescence signal was recorded using a 15-element

Ge solid-state detector (model GLOOS55S — Canberra Inc.) by setting an integrating window of
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about 170 eV around the Au Lo, and Lo, emission lines (97133 eV and 9628.0 eV,
respectively). Zinc K-edge XAS were also collected for the isolated zinc fingers and the
respective reaction products of Au(IIl) models 10 and 11 with both NCp7(F2) and Sp1(F3) zinc
fingers. Zn K-edge XAS data of only interaction of Au(I) compound 2 with NCp7(F2) could be
measured. These data were also recorded in fluorescence mode at XAFS2 beamline using the
same 15-element Ge solid-state detector and setting an integrating window of about 170 eV
around the Zn Ko, and Ko, emission lines (8637.2 eV and 8614.1 eV, respectively). In the Zn K-
edge XAS experiments the incoming energy was calibrated by setting the absorption edge of a

Zn foil to 9659 eV.
EXAFS fitting for auranofin

The EXAFS fit of auranofin (6) was performed in k-space in the interval 2.84-10.65 A",
using the Artemis package.” This was enough to accurately determine the first coordination shell
around the gold center (linear: P-Au-S). FEFF version 6 was used to calculate the scattering

paths based on the auranofin crystalline structure.”” The structural parameter obtained in the

EXAFS fit are given in Table S2.
TD-DFT

Calculations were performed on all Au(IIII) compounds (1-11) to see if our protocol
could reproduce the trends in energy shifts and intensities. A comparison of experimental L;-
edges vs. TDDFT-computed L-edges is shown in Figures S2 and S3 and show overall good
agreement with the experimental data. All calculations were performed using the ORCA

quantum chemistry code, version 3.0.3.*

All molecules were optimized at the PBEO/def2-TZVP level of theory using the def2-
ECP effective core potential.” TDDFT calculations (using the Tamm-Dancoff approximation) as
implemented in ORCA* were performed with the PBEO** functional using an all-electron
scalar relativistic Douglas-Kroll-Hess Hamiltonian**** with the DKH-def2-TZVP-SARC basis
set.”” The Au 2p to valence excitations were performed by only allowing excitations from the Au
2p donor orbitals to all possible virtual orbitals of the molecule (only limited by the number of

calculated roots). Intensities include electric dipole, magnetic dipole and quadrupole



10
11

12

13
14
15
16

17

18
19
20
21
22
23
24
25
26

27

contributions. The RIJCOSX approximation *” ' was used to speed up the Coulomb and

Exchange integrals in both geometry optimizations and TDDFT calculations.

Mass Spectrometry

ImM interaction products were obtained by mixing at room temperature an Au(l)
complex stock solution with the corresponding ZnF stock solution (1 eq of Au complex per ZnF
core, water/acetonitrile mixture, pH 7.0 adjusted with NH,OH if needed). MS experiments were
carried out on an Orbitrap Velos from Thermo Electron Corporation operating in the positive
mode. Samples (25 pL) were diluted with methanol (225 pL) and directly infused at a flow rate
of 0.7 pL/min using a source voltage of 2.30 kV. The source temperature was maintained at

230°C throughout.
Blue Star Sting™

The amino acid relative accessibility is calculated according to SurfV program™.
Numerical values are expressed in A?. Electrostatic potential values are calculated using Delphi*
program according to the modifications made by Walter Rocchia™ and further adapted to Java

Protein Dossier requirements™. The numerical values are expressed in kT/e.
Results and Discussion

Eight Au(I) complexes, representing X-Au-Y coordination spheres (with X, Y =S, P, Cl
and N) and three model Au(Ill) complexes, Fig. 1, had their Au L, near-edge XAS spectra (also
referred to as X-ray Absorption Near-Edge Spectroscopy region — XANES) evaluated. The
choice of these models was based on their linear P-Au-S, S-Au-S, P-Au-N and even P-Au-C
coordination spheres around the gold metal, to aid in understanding the XAS spectra of the
Au/ZnF adducts of interest. The Au(PEt;) compounds 2 ([AuCl(PEt;)], (Et = CH,CH,) and 6
(auranofin, where the “leaving group” is 2,34 ,6-tetra-O-acetyl-1-thio-B-D-glucopyranosato-S
ligand) were chosen because of their structural similarities but different kinetic reactivity.”® *’

Au(Ill) compounds, [AuCl] (9), [AuCl(dien)]** (10) and [Au(dien)(DMAP)]* (11) were

selected because the use of N-donors, such as chelating ligands, nucleobases or simple planar
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amines in gold compounds, has been suggested to stabilize the Au(Ill) oxidation state, even in
the presence of peptides with high cysteine content such as ZnF.">* Details of all experimental

methods are given in the Supplemental Information.

In general, the XAS spectra of the model compounds present the expected white line
peak at about 11921 eV and 11923-11925 eV (in the case of Au(IIl) and Au(l), respectively). In
the case of Au(Ill) (5d%s’ electronic configuration) the peak originates from the dipole-allowed
2p;, 235d transitions characteristic of L;-edges, but similar whitelines have also been seen for
Au(I) [5d'?6s°] valence configuration, suggesting perhaps some unoccupied d-orbital character to
be present as suggested by previous studies’”** or perhaps being due to other transitions (see TD-

DFT discussion below). In a first approximation, using an atomic orbitals picture, rather than

invoking molecular orbitals, is sufficient to explain the proportionality of the intensity of the L,-

edge XAS white line and the metal d-electron hole count. This simple picture allows the

inference of the metal oxidation state in many cases. However, occasionally other effects cannot

be properly accounted for, e.g., charge-transfer transitions, shake up/down, etc. > % A detailed

analysis of the XAS spectra of the model compounds including a summary of the spectroscopic
features observed for each compound is given in Supplementary Information (Figure S1, Table
S1). Figures S2 and S3 compare the experimental and the TD-DFT calculated Au L;-edge
spectra obtained for all model Au(I) and Au(Ill) compounds. Briefly, the trends in Au(I)
compounds are consistent with the understanding of ligand effects. Despite their similarity, by
comparing the XANES of compounds 2-5 it is possible to explain the lower white line intensity
of [AuCl(PPh,)], followed by [AuCI(PEt;)] (compounds 3 and 2, respectively), as a consequence
of chloride’s p-donor character. Furthermore, the Ph,P ligand is a weaker 0 donor than Et,P. The
intense white lines of compounds 7 and 8, unusual for the Au(I) case, reveal a substantial amount
of unoccupied d-orbital character in those complexes, rationalized by the interaction of Au(I) d
orbitals with st* orbitals from CN'. The electronic structure of Au-CN" compounds is of interest
due to the formation of {(NC),Au,-NCp7} (x,y < 3) in the reaction of Au(I)-mercaptothiazoline
compounds with the C-terminal NCp7.°" The electronic structure is also of interest in the broader
context of the effect of CN on biodistribution of gold and the observation of [Au(CN),] as a

common metabolite of Au(I) drugs.*>* Au(IIl) compounds show the highest white line peaks in

the series investigated, as a consequence of empty d orbitals promoting the allowed 2p;, - 5d

transitions in the [;-edge XAS, again having a simplistic atomic orbital picture in mind. As

10
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stated previously, the intensity of the white line can be used as a fingerprint of the d-electron

count in these cases; however, in some cases (e.g., very covalent systems or when significant

charge-transfer is present) the standard relationships between experimental Au L,-edge white

line intensities and oxidation state do not hold.” The XANES spectrum of compound 9 ([AuCl,])
contains a sharp peak in the white line region and presents a distinct XANES spectrum when
compared to the compounds 10 and 11, [AuCl(dien)]** and [Au(dien)(dmap)]**, respectively.
Compounds 10 and 11 have their white line maxima shifted by 0.8 and 1.0 eV to lower energy
respectively, in comparison to compound 9, indicating that the dien ligand has an oxidative effect
(larger number of gold d holes) on the Au center. This confirms a higher stability of Au(III)
species bound to chelating N- donor ligands and the effect of AuCIN; versus AuN, coordination
spheres, which could be important in biological reducing media."”** Point symmetry also plays a

role in giving intensity to the white line in the gold L; XAS.

Interaction of Au(I) compounds with ZnF's

The dominant species in the ESI-MS spectrum of 2 with NCp7 (hereafter called 24NCp7) after

short incubation times (measured as soon as possible after reaction) are attributed to the removal

of zinc and coordination of the {(Et;P)Au} species to the peptide, called here (Et;P)Au-

apopeptide. Signatures of Au-apopeptide, gold finger (AuF), representing the loss of Et3P group

and the original zinc finger (ZnF) are also observed.'*" The *'P NMR spectrum of the interaction

at early time points shows two new °'P peaks, whose chemical shifts can be attributed to
displacement of the Cl' ligand by a sulfur donor ligand, as previously observed for
[AuCI(PPh,)]." In the case of Spl (hereafter called 24+Sp1), a remarkably clean MS spectrum is
obtained containing signatures of only gold finger." This motivated the purification of the
{AuF} produced in the interaction of 2+Sp1 and its concurrent investigation by MS and XAS.

Details about the purification protocol are given in the Supplementary Information.

NCp7.Figure 2 shows the Au L;-edge XANES spectra of the Au(I) model compounds 1,2 and 6
and the interactions of 2 with the NCp7 and Spl zinc fingers. Compound 2 presents an Au
XANES spectrum similar to the other Au(I) compounds with P-Au-Y coordination (where Y can
be CI, N or S), with a white line peak located at 11924.2 eV and about 0.83 normalized units.
After interaction with NCp7, the XANES of the resulting product 2+NCp7 changes slightly: the

11
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broad and weak white line sharpens and gains intensity, peaking at 11925.7 eV and 0.97
normalized units. This final spectrum is almost identical to that of auranofin itself (6), which has
a peak at the same energy and only slightly more intense (0.98 units), indicating similar

geometry and electronic configuration between these species.

The spectrum of auranofin in the presence of NCp7 product showed no discernible difference to

auranofin itself, presenting the same P-Au-S coordination sphere and suggests that no

displacement occurred at this early time point.'> However, over time, *'P NMR spectroscopy did

show slow reaction.'” Displacement could be followed over time in subsequent experiments. The

result is also consistent with our interpretation that the reaction is kinetically much slower than
that of 2."” As the near-edge XAS region is sensitive to both the atomic arrangement and the
electronic structure around the metal,**®’ the data confirm that the product from 2 + NCp7
presents a P-Au(I)-S coordination. The proposed PEt;-Au-Cys coordination is further supported
by the inspection of the EXAFS (Extended X-ray Absorption Fine Structure) of 2+NCp7 which
is virtually superimposable with that of free auranofin (compound 6) up to k=10 A" (Table S2
and Figures S4 and S5). Travelling Wave Ion Mobility spectra of the {AuF} species formed
from 2+NCp7 indicated the presence of Cys-Au-Cys conformers, which is a consequence of the
multiple possible cysteine binding sites.'” The formation of such conformers can now be readily
understood by first the immediate formation of different {(PEt;)Au-F} species as confirmed here

followed by loss of the PEt; ligand and formation of a second Au-Cys bond.

Spl. The XANES of 2+Sp1(AuF) differs considerably from that of compound 2 and
2+NCp7, Figure 2 and 3(a). The white line region of 2 contains a broad and weak peak, which
splits in two in the interaction product 2+Sp1(AuF), with an energy separation of about 5.5 eV
(see Table S1). The weak double feature in the white line of 2+Sp1(AuF) (around 11924-11929
eV) is also evident in the XANES of compound 1 ([Au(nac)], with nac = N-acetyl-L-cysteine),
which contains an S-Au-S environment. In the post-edge region of 2+Sp1(AuF) a single broad
feature is present, contrasting with the two marked structures observed in the spectra of 6,
6+NCp7 and 2+NCp7. Since a similar single feature is also observed in the spectrum of 1, we
can infer at first glance that the purified gold-finger could have a similar structure as compound
1, i.e., a S-Au()-S coordination. The EXAFS of 2+Sp1(AuF) essentially overlaps with that of
compound 1 up to k=8 A" (Figure S6). The apparently slightly shorter bond distance in the first

12



10
11
12
13
14
15
16

17

coordination shell of AuF suggested by EXAFS and the differences in the white line of
2+Sp1(AuF) and compound 1, could be explained by the formation of a shorter and more
covalent Au-S bond in the pure gold finger or perhaps a slightly different local geometry in
2+Sp1(AuF) than in compound 1. Geometry optimizations using DFT of a single molecule of
compound 1 (nac-Au-nac) gave an approximately linear S-Au-S geometry (S-Au-S angle of
177°). The peptide in AuF, however, may impose a different S-Au-S angle that may deviate

more from linearity.

This suggestion contrasts with the conclusions from Travelling Wave Ion Mobility mass
spectral study, which suggests a Cys-Au-His coordination environment for {AuF} formed from
2+Sp1." In the latter case, the gas-phase product ion was isolated and immediately subjected to
further analysis, whereas in the present case we are dealing with an isolated product. Therefore,
discrepancies may reflect kinetic versus thermodynamic preferences given the two
methodologies, which have not been seen in these systems so far. The Cys-Au-His electronic
structure is in fact very similar to that of Cys-Au-Cys (see I-B and I-D of Figure 4(b) below) and
may also explain the spectra and the differences from model compound 1. What is clear is the

lack of any contribution from the {Au(PEt,)} moiety, in line with previous results.'* "
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Figure 2. XANES spectra of the selected Au(I) model compounds and the products of the interaction with NCp7 and
Spl. Compound 1 (S-Au-S coordination) is also shown for comparison. The inset shows a zoom-in of the white line

region, highlighting the spectral changes after interaction with the ZnFs.

TD-DFT. To provide a quantitative description of the interaction products of the Au(l)
and Au(IIT) compounds with the ZnFs, we have employed DFT structural modeling and TD-DFT
calculations of the Au L;-edge XAS. TD-DFT calculations of metal K-edge XAS spectra have
become popular and have been found to reproduce important pre-edge spectral features of metal

complexes and cofactors well.”*’* While I.-edge spectra of first-row transition metals require

more sophisticated wavefunction theory calculations that account for the difficult multiplet

effects and spin-orbit coupling involving p- and d-shells, it has been found that a TD-DFT

approach, neglecting both spin-orbit coupling and multiplet effects, works well for L-edges of

second-row transition metals such as molybdenum and ruthenium where the multiplet effects

should be small due to the larger spin-orbit coupling.**”* For Au, a third-row transition metal

with an even larger spin-orbit coupling constant, this approach would be expected to work even

better as the large spin-orbit coupling should result in even smaller mixing of spin-orbit split

states. The Au(I) model compounds evaluated in this work had their structures optimized using
DFT. More specifically, compound 1 was modelled as an almost linear nac-Au-nac model, while
2, 5 and 6 had their structures optimized starting from the available crystal structures.”® *’
Optimized structures are shown in Figure S2. Theoretical models of the interaction products
were also created based on Et;P-Au(I)-Cys (I-A), Cys-Au(I)-Cys (I-B), His-Au(I)-His (I-C) and
Cys-Au(I)-His (I-D) coordination motifs with Cys being modelled as N-acetyl-N-methylamide-
cysteine and His residues modelled as 5-methylimidazole (Figure 3). TDDFT calculations used a

similar protocol as previously used for Mo L-edge spectra.” Additional details about the

geometry optimizations and TD-DFT calculations are given in the Supplementary Information.
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Figure 3. DFT optimized structures of the theoretical models used for the Au(I)-protein adducts Et;P-Au(I)-Cys (I-
A), Cys-Au()-Cys (I-B), His-Au(I)-His (I-C) and Cys-Au(I)-His (I-D). Cys was modelled as N-acetyl-N-

methylamide-cysteine and His residues were modelled as 5-methylimidazole.

Figure 4 shows a zoom-in of the white line region of the Au L;-edge XANES of the Au(I)
model compounds (1, 2, 5 and 6) and the selected interaction products (2+NCp7 and
2+Sp1(AuF)), and their corresponding TD-DFT-calculated spectra, respectively. An energy shift
of -465 eV was applied to the calculated spectra based on the correlation between experimental
and calculated energies. The constant shift is necessary due to the sensitivity to relativistic
effects of the 2p core-orbital energies as well as the approximate exchange-correlation potential,
which are not perfectly described in our calculations. A broadening of 4.4 eV FWHM, based on
the Au 2p,, core-hole lifetime, was used in all calculated spectra. We note that the TD-DFT-
calculated spectra can only be expected to capture the edge-region well, but not the post-edge
region of the XAS spectra. Overall, the calculated spectra nicely reproduce the observed
experimental trends, both in terms of the energies and the intensity distribution. Furthermore,
TD-DFT can reveal the nature of the transitions involved. As these are all Au(l) model
compounds with formally a full d-electron shell, from an electronic structure point of view Au 2p
—->Au 6s orbital excitations should be the first main contribution to the edge. Analysis of the
transitions reveals that the Au 6s orbital mixes strongly with the bound-ligand orbitals in these
compounds and the excitations are better described as Au 2p - Au-L o*. These excitations make
up the main peak in the near edge region of the spectrum of all Au(I) compounds, but higher

energy charge-transfer excitations into various empty ligand orbitals, in particular the
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phosphorus and sulfur d-shells, contribute as well and broaden the peak or result in a second
peak, as in the case of compounds 1, 2 and Cys-Au-Cys (I-B). In the sulfur-containing Au-
compounds (1, 5, I-A and I-B), the Au 2p — Au-L o* excitations are shifted to slightly higher
energy while the higher intensity of the peak compared to compound 2 can be attributed to
additional Au 2p — S d excitations present (with some mixing with Au 5d orbitals due to
covalency), that arise due to the more covalent Au-S bond compared to the less covalent Au-Cl
bond. Furthermore, the calculated spectrum of the simple theoretical model (PEt;)-Au(I)-Cys (I-
A, Figure 3) is similar to that of compound 6, in agreement with the experimental spectrum and
again supporting our hypothesis that the 2+4NCp7 and 6+NCp7 products consist of a P-Au-S

local geometry.

In the case of interaction with Spl, the comparison of the simulated spectra with the
experimental ones indicates that either the Cys-Au(1)-Cys (I-B) or Cys-Au-His (I-D) theoretical
motifs are clearly much better models for 2+Sp1 than Et,P-Au(I)-Cys (I-A). The calculated
spectra of I-B and I-D are very similar, with slightly different relative intensities. We also note
that the lower energy of the phosphorus d-shell compared to the sulfur d-shell results in a single
broad high-intensity peak for the P-Au(I)-S compounds (6 and I-A), while the S-Au-S
compounds and S-Au-N compounds (1, I-B and I-D) give two peaks (See Fig. 4).
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Figure 4. (a) Experimental Au L;-edge XANES spectra of Au(I) compounds 1, 2, 5, 6, and interaction products
2+NCp7 and 2+Spl (AuF). (b) TD-DFT-calculated L-edge XANES spectra of the same compounds and the
proposed models Et;P-Au-Cys for 2+NCp7 and Cys-Au-Cys and Cys-Au-His for 2+Sp1. The TD-DFT-calculated
spectra have been shifted in energy by -465 eV and broadened by 4.4 eV(FWHM).
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Summary. The overall picture in the case of Au(I) compounds interacting with NCp7 and
Spl zinc fingers is that the gold atom maintains its oxidation state upon interaction, presenting a
slightly higher electronic density on the metal center in the case of reaction with Spl when
compared to NCp7. The stronger donor character of thiols might be responsible for the reduction
of the metal center and act in general as a driving force for these reactions. The observation of
different products after interaction of 2 with the two zinc fingers is intriguing — why do we
observe {AuF} as a dominant species for the Spl interaction ? The result may reflect the greater
reactivity of the Sp1 core with respect to Zn*" affinity. The binding constants for Zn** to the two
peptides differ significantly with the Zn** in NCp7 being held much more tightly, which may be
general for Cys;His coordination sites.” "7’ The {(PEt;)Au-F} adduct must form (with similar
electronic properties to I-A), but further reaction on Spl may be too fast to observe. The
similarities in electronic properties between Cys-Au(I)-Cys (I-B) and Cys-Au-His (I-D)
emphasize that, despite the paradigmatic thiophilicity of Au(I), an important consideration in the
intimate mechanisms of substitution of these species may involve initial histidine binding, which
has high nucleophilicity and availability in these zinc fingers, especially Sp1F3 (Table S3).""7 In
this respect it is notable that *'P NMR studies showed the presence of Au-His binding when
auranofin is allowed to react over time with both the C-terminal NCp7 F2 and the fully
functional “two-finger” nucleocapsid protein NC."> To our knowledge, this is the first Au(I)+ZnF
system evaluated by a combination of XAS and TD-DFT. Here, the element-specific technique
of XAS combined with the TD-DFT calculations was invaluable in corroborating the hypothesis
of electrophilic attack of the metal center (Au(I)) on the cysteine, with replacement of the
chloride (compound 2) and the maintenance of the Et;P group upon initial reaction with NCp7.
This coordination environment has also been observed for the auranofin + bovine serum albumin

and auranofin + apo-transferrin systems.”’
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Scheme 1. Reaction of NCp7 and Spl with [AuCI(PEt;)] (compound 2). The first step is the electrophilic attack of
Au(I) to a thiolate. As consequence, the {Et;PAu} moiety can be identified bound to the apo-peptide as observed for
2+NCp7. In the final step, the phosphine ligand is lost and another residue from the coordination sphere of Zn (Cys
or His) completes the coordination sphere of Au(l), leading to the formation of a gold finger. The final coordination
sphere of the Au-containing species identified in this study by XAS is highlighted in each case, in comparison to the

most similar experimental or theoretical model compound.

Interaction of Au(IIl) compounds with ZnF's

The XANES spectra of the Au(III) model compounds 10 and 11 are presented in Figures
5(a) and 5(b), respectively, together with the products formed after their interaction with NCp7
and Spl zinc fingers. As expected for Au(Ill) compounds, these spectra contain a strong
absorption in the white line region as a consequence of empty Au d orbitals promoting the
allowed 2p;, — 5d transitions in the L;-edge XAS. Compounds 10 and 11 have a white line peak

located at about 11921 eV with a normalized peak intensity of about 1.2 units.
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Figure 5. Gold L;-edge XANES spectra of (a) compound 10 ([AuCl(dien)]**) and its respective reaction products
with NCp7 and Spl (red and blue, respectively); (b) compound 11 ([Au(dien)(dmap)]*) and its respective reaction
products with NCp7 and Spl (red and blue, respectively). The spectrum of model compound 1 is also shown (gray
dashed line) for comparison. TD-DFT-calculated XANES spectra of (c) the Au(IIl) compound 10 together with the
theoretical models for the Au(Ill) interaction products with NCp7; (d) the Au(Ill) compound 11 together with
theoretical models (Au(IIl)(dien)His) (ITII-B) and His-Au(I)-His (I-C). The same energy shift of 465 eV was applied

to the calculated spectra.

NCp7. The interaction product 10+NCp7 presents an unusual even lower intensity white
line, similar to that expected for Au(I) compounds or an even more reduced gold species, thus
suggesting that a reduction of Au(Ill) took place upon the interaction of 10 with NCp7, Figure
5(a). Structurally, 10+NCp7 differs from the model compound [AuCl(dien)]**, as evidenced by
both the XANES (Figure 5(a)) and EXAFS (Figure S7) spectra. The XANES of product
10+NCp7 closely resembles that of model compound 1, presenting a rather weak white line
peak, a pronounced post-edge feature at around 11930 eV and another broad one at 11940-11985
eV (Figure 5(a)). For 10+#NCp7, the TD-DFT calculations in fact show that both Cys-Au(I)-Cys
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(Figure 3, I-B) and Cys-Au(l)-His (Figure 3, I-D) theoretical models reproduce the general
behaviour observed experimentally, i.e., a diminishing of the white line intensity and an energy
shift of about 1.7 eV in the peak position when compared to the spectrum of intact
[AuCl(dien)]** (Figure 5). Both theoretical models indicate that loss of all ligands, Au(Ill) —
Au(I) reduction and coordination to either two cysteine residues or one cysteine and one histidine
has occurred upon interaction of [AuCl(dien)]** with NCp7. If the Au(III) center is reduced, it is
likely that two Cys residues will form a disulfide bond (which releases 2 electrons, reducing
Au(III) to Au(l)). In the NCp7 case, the two remaining residues are one Cys and one His, which
will bind to the Au(I) suggesting Cys-Au(I)-His as the more likely model. In fact, the calculated
spectrum of this model gives a slightly higher white line peak intensity than compound 1,
consistent with the experimental observation of 10+NCp7 having slightly higher intensity than

compound 1.

In contrast, the spectrum of reaction product 11+NCp7 (Figure 5(b)) resembles that of its
precursor, [Au(dien)(DMAP)]*, with only a slight increase in the white line intensity.
Additionally, the EXAFS data of 11+NCp7 and 11 overlaps up to k=8 A", which is sufficient to
conclude that they have identical first coordination shell around the gold (Figure S9). These
results indicate the existence of Au(Ill) in the initial product with NCp7, contrary to what is
observed in the case of 10. This is in agreement with MS data reported previously, which at early
time points shows zinc ejection (apopeptide signal) while signals of [Au(dien)DMAP]* still
persist.20 Thus, to some extent, Au(Ill) redox stability was achieved, even in the presence of the
rich Cys content of NCp7, by modulating the first coordination sphere of the Au(Ill)-dien
complex. An alternative explanation would be formation of a [Au(dien)(His)] intermediate
through the selective electrophilic attack on the histidine residue followed by replacement of
DMAP and maintenance of the (dien)Au-N (AuN,) coordination sphere. The rates of substitution
reactions of [AuCl(dien)]*" are very fast in the presence of nac (N-acetyl-cysteine) (< 1 min), but
somewhat slower for histidine.”** Since 11 is more substitution-inert than 10, it is reasonable to
assume the observation of the starting material as the source of the Au(IIl) species in 11 +

NCp7. The possible mechanisms of reaction of compound 11 are shown in Scheme 2.

Spl. 10+Sp1 and 11+Spl present a well-defined white line peak and the obtained
XANES spectra are identical, with the white line peak shifting slightly to higher energies (about
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1.4 eV) and reducing its intensity to about 1.0 normalized units, suggesting a change in oxidation
state and pointing to the formation of identical species (Figure 5(a), 5(b)). Reaction products
10+Sp1 and 11+Sp1 show experimentally a reduction in white line peak intensity and a slight
energy shift and again appear to result in identical products (Figure S9). The spectra differ

significantly from the {AuF} reaction product of Sp1 with Au(I).

TD-DFT. TD-DFT-calculated L-edge spectra of different Au(III) models were again
fundamental in revealing the nature of the interaction products. Figures 5(c) and 5(d) shows the
TD-DFT spectra of compounds 10 and 11 and theoretical models for 10+NCp7, 11+NCp7,
10+Sp1 and 114Spl. The DFT-optimized structures of the theoretical Au(IIl) models,
supplementing the already considered Au(I) models, are presented in Figure 6: III-A:

(Au(IlT)(dien)Cys), III-B: (Au(IlT)(dien)His) and III-C (Au(II)Cys,His,).
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Figure 6. DFT optimized structures of the models used for the reaction products of 10 and 11 with the
ZnF proteins. (Au(dien)Cys), III-A; (Au(dien)His), III-B and (AuCys,His,), III-C. Cys was modelled as
N-acetyl-N-methylamide-cysteine and His residues were modelled as 5-methylimidazole

For comparison with the experimental spectra obained for 10+Sp1l and 11+Spl, the
theoretical model compounds I-B, I-C, I-D , III-A, III-B and III-C were considered. The
Au(IIl) theoretical models do not reproduce the experimental trends observed. For
(Au(IlT)(dien)His), a white line with higher intensity than that observed for compounds 10 and
11 was obtained. The calculated spectrum of model (Au(Ill)(dien)Cys) shows a rather small
reduction in the peak intensity, inconsistent with the ca. 20% reduction observed experimentally.
The spectrum of the (Au(II)Cys,His,) theoretical model reproduces the observed reduction in

intensity. However, it does not account for the energy shift observed experimentally, which is
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likely a result of Au(Ill) — Au(I) reduction. The His-Au(I)-His model assumes that the two Cys
residues in the Sp1 zinc finger are oxidized to form a disulfide bridge and this electronic transfer
reduces Au(Ill) to Au(I), resulting in ligand loss and binding to the two remaining His residues
to Au(I). The calculated XANES spectrum for theoretical model I-C accounts for both intensity
reduction with respect to the original compounds 10 and 11, and the correct energy shift in the
white line peak. Moreover, the second feature at about 11928 eV is also present in the

experimental XAS data of 10+Sp1 and 11+Sp1, however being slightly broader.

Summary. In the case of Au(Ill) interactions a rich array of structural motifs is found upon
interaction with zinc fingers — dependent both on the nature of the Au(IIl) species and the zinc
finger core. Two principal points to note are that the nature of the {Au(I)F} products formed
from reduction of Au(IIl) are not necessarily the same as those formed directly by the Au(l)
compound 2. Detailed kinetic studies on the reaction of monofunctional gold chelates such as
[AuCl(dien)]** and congeners as well as [AuCl,]” with methionine identified a substitution step
prior to reduction.” * The nature of substitution on a peptide template is likely to be very
different than for simple amino acids and the differences in final products between the Au(I) and
Au(IIl) species studied here suggest that this may be due to a first substitution reaction on the

zinc finger template followed by reduction.

The second point of note is the clear observation for compound 11 of the stabilization of
Au(Ill) at early time points with retention of coordination sphere, the first demonstrated evidence
for a “non-covalent” interaction of molecular recognition between 11 and NCp7. Earlier MS
studies show that the Zn(II) ion is indeed ejected in the interaction product 11+NCp7." The
structural distinction, besides the differences in substitution kinetics of the CI versus N-
heterocycle ligand, 1is the ability of the DMAP ligand to potentially stack with the tryptophan
moiety in NCp7, the initial step in the 11+NCp7 recognition.”” We were also able to identify the
non-covalent adduct between compound 11 with the complete “two-finger” nucleocapsid NC
(Zn,F) by MS, further supporting the importance of an initially st-stacked species in the
recognition of [Au(dien)(DMAP)]** by NCp7, Figure S10. We recently demonstrated that both
11 and its purine analog [Au(dien)(9-ethylguanine)]**, inhibit the interaction of the “full” zinc
finger with a small model for its natural substrate, SL2 RNA, and display moderate ability to
inhibit HIV infectivity.”’ The unique behavior of 11 from the XAS data suggests that inhibition
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of the “full” NC(Zn,F) — SL2 DNA interaction may involve initially a “non-covalent” zinc
ejection mechanism driven by the DMAP-tryptophan recognition. Coordination compounds,
such as those described here, could be used to examine the role of -7t stacking in stabilization or
maintenance of the zinc coordination sphere in nucleocapsid protein-oligonucleotide

interactions.*?>

Zinc K-edge XAS

The zinc K-edge XAS of the ZnFs before and after the interaction with gold compounds
(Zn ejectors) can be a powerful tool to get insight about mechanism of interaction by probing the
ejected zinc species. Indeed, zinc EXAFS has been previously used to structurally characterize
ZnF binding sites in NCp7 and in the N-terminal domain of HIV-2-integrase.** Two element
edges XAS (Au L;-edge and Zn K-edge) were used in the present case to examine the
substitution reactions of Zn ions from the peptide cores. The Zn K-edge XANES of the free ZnF
proteins NCp7 and Spl are shown in Figure 7, together with those from the reaction products
obtained from the interaction with the Au(I) and Au(Ill) model compounds, 2, 10 and 11,
respectively. Initially, the XANES spectra of the free NCp7 and Sp1 proteins are identical, with a
small intensity mismatch in the white line region that can be due to minor different scattering
properties between the two proteins. This confirms that, despite the differences in the protein
core (Spl: Cys,His, and NCp7: Cys;His), the electronic density and chemical/geometrical

environment around the Zn(II) atoms are similar.
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Figure 7. Zinc K-edge XANES spectra of the pure NCp7 (black) and Spl (gray) proteins, and the interaction
products with Au(I) compound 2+NCp7 (red) and Au(Ill) compounds 10+NCp7 (blue), 10+Sp1 (green), 11+NCp7
(orange) and 11+Sp1 (cyan).

The changes in the Zn K-edge XANES upon interaction of 2 with NCp7 indicate a
complete modification of the zinc environment, Figure 7. Likewise, after the interaction of NCp7
and Spl with Au(IIl) model compounds 10 and 11, the spectra change significantly, in particular
in the near-edge region around 9665-9700 eV. Again, this evidences a significant rearrangement
of the zinc coordination shell after interaction of the Au(Ill) compounds with the ZnF proteins.
The Zn K-edge spectra of the reaction products after the interaction of Au(III) compounds with
the proteins are also identical among themselves and different from that obtained after the
interaction with Au(I). Hence, the specific zinc species formed is dependent on whether Au(I) or

Au(III) is used in the perturbation of the structure. This observation can reflect that some gold

compounds can promote the formation of intermediate species with Zn(Il) partially coordinated

to the protein, or the ligands (mainly the nitrogen donors) can help the promotion of zinc ejection

by coordinating zinc. However, additional analyses and modelling are necessary to understand

the complexation of the released zinc. Given the structural adaptability of zinc binding sites in

proteins, a structural model for the eventually displaced Zn species will be subject of future

studies.

Conclusions

The use of model compounds combined with data from the natural protein systems is an
extremely powerful approach to the analysis of metal ion oxidation state and structure in
metalloproteins. The identification of the oxidation state of Mo in the FeMoco cluster of
nitrogenase is perhaps a paradigmatic example.”® ® The study of model Au(I) and Au(II)
compounds, combined with TD-DFT on theoretical products and with dual-element Au,Zn XAS
has allowed a description of the early stages of these reactions with zinc finger peptides. What is
clear is that with multiple possible binding sites on the zinc coordination sphere, the pathways
for production of even a superficially simple species such as {AuF} are rich and diverse. The

coordination sphere of the final Au-containing protein depends on the initial oxidation state of
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Au in metal complex evaluated (Au(I) vs Au(Ill)) and also on the intrinsic reactivity of protein
(NCp7 vs Spl). For the Au(Ill) compounds studied here (10 and 11), the fact that the final
interaction products with NCp7 and Sp1 are not the same as observed for the Au(I) compounds,
is indicative of an important ligand-replacement step prior to reduction. In general, for Au(1II)
complexes with the right ligands (chelators, strong o-donors), the redox process can be slowed

down and ligand replacement will start to be relevant.

In the Au(III) cases where reduction takes place (10+NCp7, 10+Sp1 and 11+Sp1), a mechanism
can also be generalized. We can assume the oxidation of two of the available Cys residues in the
protein, with formation of a disulfide bond, and coordination of the two remaining residues to
Au(I). With this in mind, the final coordination sphere is suggested to be (Cys)S-Au-N(His) for
10+NCp7 and (His)N-Au-N(His) for 10+Sp1 and 11+Sp1. Selectivity towards His coordination
in the Au(IIl) case can also be supported based on the higher stability of the initial Au(III)-
N(His) bond, taking into account the harder Lewis acid character of Au(Ill) vs Au(l).
Examination of the electrostatic potential of the Zn-binding ligands allied to their accessibility
also suggests that we may be observing kinetic versus thermodynamic preferences when we
consider the final products, Table S3. While much emphasis in targeting zinc fingers has

emphasised thiophilic agents™*

, the results presented here suggest that histidine is a competitive
residue susceptible to modification by Lewis acid electrophiles. Finally, the interaction between
11+NCp7 was particularly unique, in that Zn displacement was observed based on the Zn K-edge
XAS while the L3-edge Au XAS was of the interaction product (11+NCp7) was almost identical
with the free compound (11). These results clearly suggest retention of the Au(IIl) oxidation
state and the AuN, coordination sphere, which could correspond to either [Au(dien)(DMAP)] or
[Au(dien)(His)] species (Scheme 2). The kinetics of substitution by His are likely to be slow’*™
butnevertheless the possibility cannot be discarded at this point. In support of the retention of the
coordination sphere, mass spectrometric data (Figure S10) does show a possible non-covalent

intermediate formed by the interaction of 11 and the fully functional HIV nucleocapsid protein.
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Scheme 2. Reaction of zinc fingers NCp7 and Spl with [AuCl(dien)]** (compound 10) and [Au(dien)(DMAP)]*
(compound 11). Zinc ion is replaced by Au complexes with and without ligand loss. The final coordination sphere of
Au is highlighted in each case. Reduction and incorporation of Au(I) to the protein is the typical behavior. On the

other hand, for the reaction 11+NCp7, Au(Ill) is present in product.

In summary, we demonstrated that a combination of XAS and TD-DFT calculations can
be a powerful tool to complement other spectroscopic techniques allowing the elucidation of the
coordination sphere and oxidation state of Au(I,III) compounds upon reaction with zinc fingers.
The ability to probe both gold and zinc metal centers independently is particularly desirable in
these cases as the coordination sphere and oxidation state of the metal might not be directly and
simultaneously assessed by routine techniques such as UV-Vis, NMR and MS spectroscopies.

The XAS results bring additional structural information on these systems besides spectroscopic

and mass spectral techniques and help suggest limiting mechanisms for structurally distinct zinc

fingers. The intimate mechanism of Au-Cys formation could in principle arise from nucleophilic

attack of a zinc-bound thiolate with concomitant loss of Zn or direct attack of a thiolate ligand

after dissociation from the Zn coordination sphere. Dinuclear cysteine-bridged species, possible
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in a multi-cysteine system such as a zinc finger, have been observed in reactions of Au(I)(PR;,)

compounds with N-AcCys." Further studies including time course of the reactions followed by

XAS could help elucidate some of these points.
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