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ABSTRACT: This paper describes for the first time the intimate molecular details of the
association between a platinated oligonucleotide and a zinc finger peptide. Site-specific
platination of the guanine in a single-stranded hexanucleotide gave {[Pt(dien)d(S"-
TACGCC-3')], Pt(dien)(6-mer)} (II) characterized by mass spectrometry and 'H nuclear
magnetic resonance (NMR) spectroscopy. The work extends the study of platinum—
nucleobase complex—zinc finger interactions using small molecules such as [Pt(dien)(9-
EtGua)]*" (I). The structure of the (34—52) C-terminal finger of HIV nucleocapsid protein
HIVNCp7 (ZF1) was characterized by "H NMR spectroscopy and compared with that of the
N-terminal single finger and the two-finger “intact” NCp?7. Interaction of IT with ZF1 results
in significant changes in comparison to the “free” uncomplexed hexanucleotide; the major
changes occurring for Trp37 resonances that are broadened and moved upfield, and other
major shifts are for Gln4S (He21, Hy3, Qf), Met46 (NH, Hy2), Lys47 (NH, Qy), and GluS0
(Hy2, Hy3). The Zn—Cys/His chemical shifts show only marginal deviations. The solution

structures of ZF1 and the 6-mer—ZF1 and II-ZF1 adducts were calculated from the nuclear Overhauser effect spectroscopy-
derived distance constraints. The DNA position in the II-ZF1 adduct is completely different than in the absence of platinum.
Major differences are the appearance of new Met46—Cyt6 HS and Trp37—CytS HS contacts but severe weakening of the
Trp37—Gua4 contact, attributed to the steric effects caused by Gua4 platination, accompanied by a change in the position of the
aromatic ring. The results demonstrate the feasibility of targeting specific ZF motifs with DNA-tethered coordination
compounds, such as Pt compounds and Co macrocycles, with implications for drug targetting and indeed the intimate

mechanisms of DNA repair of platinated DNA.

he zinc finger motif represents 1—3% of the human

genome.1 Zinc finger (ZF) proteins are imfortant targets
for antiviral and anticancer drug interventions.” As a general
strategy, modification of the zinc-binding site through electro-
philic attack (alkylation or oxidation) on the nucleophilic zinc—
thiolate bond and/or zinc chelation results in a loss of tertiary
structure and inhibition of function (DNA—RNA binding).
Nucleocapsid protein NCp7 of human immunodeficiency virus
type 1 (HIV-1) contains two highly conserved zinc finger
domains that are necessary for viral replication with a high
affinity for nucleic acids and participate directlgr in multiple
aspects of genome recognition and encapsidation.” As such, it is
an attractive target for anti-HIV therapy, capable of
complementing the activity of drugs already clinically used in
HAART (highly active antiretroviral therapy).* Various classes
of organic-based molecules have been extensively studied on
this basis.””

Coordination compounds in general act as electrophiles
toward ZFs with implications for new anticancer and antiviral
drug design.2 Small molecules such as cis-[PtCL,(NH;),]
(cisplatin), trans-[PtCl(9-EtGua)(pyr),]*, and [PtCl(dien)]*
bind to various discrete ZFs, disrupting protein conformation
with eventual Zn loss.* " Specifically, a novel small molecule
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approach to targeting the retroviral zinc finger—DNA
interaction uses the electrophilic nature of platinum—
nucleobase compounds.” The displacement of Zn in the C-
terminal (34—52) finger of HIV NCp7 [ZF1 (Figure 1)] by
monofunctional platinum—nucleobase compounds such as
trans-[PtCl(9-EtG)(pyr),]* and [SP-4-2][PtCI(9-EtG)(NH,)-
(quin)]* is consistent with the incipient antiviral activity of
these species.” The moderate antiviral selectivity and relatively
noncytotoxic properties of these compounds are in contrast to
the high cytotoxicity shown by the parent dichlorides trans-
[PtCL(pyr),) and trans-[PtCl,(NH,)(quin)].

An inherent challenge in the use of small molecule
electrophiles to inhibit protein function is selectivity. In this
respect, the details of the zinc finger—nucleotide interaction can
be examined for systematic approaches to drug design.
Hydrophobic, electrostatic, and hydrogen bonding interactions
all contribute to the stabilization of the nucleocapsid—nucleic
acid complex. A key molecular recognition feature is based on
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Figure 1. Structures of [Pt(dien)(9-EtG)]** (I), {

[Pt(dien)d(5-TACGCC-3)], Pt(dien)(6-mer)} (II), and the entire HIV nucleocapsid protein.

The site of DNA platination is denoted Gua4. The (34—52) C-terminal finger used in this study (ZF1) is shown in a dashed box.

Table 1. Structural Statistics for the 20 NMR Structures of ZF1 and 6-mer/ZF1 and II/ZF1 Mixtures

no. of distance restraints
total distance restraints from NOEs
short-range (li —jl < 1)
medium-range (1 < li — jl < 5)
long-range (li —jl > S)
zinc distance restraints
CYANA statistics (20 structures)
target function
maximal distance violation (A)
average backbone rmsd
average heavy atom rmsd
Ramachandran plot analysis (%)
favorable
additional
generous

nonfavorable

ZF1 6-mer/ZF1 I1/ZF1
290 394 418
196 217 254
49 60 68
45 117 9%
4 4 4
0.08 2.15 125
0.11 0.82 0.72
0.62 0.24 0.37
135 0.67 0.94
639 60.2 70.0
332 383 282
2.9 LS 1.8
0.0 0.0 0.0

the 7-stacking between purine (guanine and adenine) nucleic
acid bases and aromatic amino acid residues tryptophan and
phenylalanine, as exemplified by interactions between Trp37
and guanine bases in interactions of NCp7 with small
oligonucleotides such as d(5-~ACGCC-3’) and larger stem—
loop SL3 w-RNA."”™' The interaction of [Pt(dien)(9-
EtGua)]** (I) with ZF1 is a model for “noncovalent” molecular
recognition based on the “natural” biological motif of purine/
pyrimidine—tryptophan interactions (see Figure 1).° Platina-
tion (metalation) of purine nucleobases, in analogy to
alkylation, enhances stacking overlap with aromatic amino
acids such as tryptophan, and this recognition feature may be
modulated by the nature of the metal coordination sphere.%'>'¢
Fluorescence and mass spectrometric studies were consistent
with 7—x stacking of the platinum—guanine moiety in I with
the tryptophan of ZF1.* The association constants with ZF1
from fluorescence studies using Eadie—Hofstee analysis for
[Pt(dien)(9-EtGua)]*" and the S-guanosine monophosphate
analogue [Pt(dien)(GMP)]* of 7.5 and 124 X 10° M7,
respectively, compare favorably with the value of 60.0 X 10°
M™' found for the single-stranded (ss) hexanucleotide
d(TACGCC).* 'H nuclear magnetic resonance (NMR)
spectroscopic studies of the binding of hexanucleotide
d(TACGCC) to ZF1 were consistent with destacking of the
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cytosine from the nucleic acid single strand rather than a formal
intercalation of the tryptophan ring between the adjacent C;
and G, bases. The results are very similar to those for ZF
protein NCp10 of Moloney leukemia virus and d(ACGCC)."”
It was therefore of interest to examine how platination of small
oligonucleotide sequences can affect zinc finger interactions
and interruption of the nucleic acid chaperone function of the
protein. DNA-conjugated cobalt—Schiff base complexes have
been designed to attack zinc-bound histidine in a zinc finger-
selective manner."®"® This paper describes for the first time the
intimate molecular details of the association between a
platinated oligonucleotide {[Pt(dien)d(S-TACGCC-3')], Pt-
(dien)(6-mer)} (II) with ZF1 (Figure 1).

B EXPERIMENTAL PROCEDURES

Sample Preparation. The complex [PtCl(dien)]Cl (dien =
dlethylenetrlamme) was prepared according to the literature
procedure.* Oligonucleotide d(5-TACGCC-3') (6-mer) was
purchased from The Midland Certified Co., Inc.. and peptide
KGCWKCGKEGHQMKDCTER was from GenScript. ZF1
was synthesized using the reported method and characterized
by TOF ESI-MS (Figure S1 of the Supporting Information)
and 'H NMR in D,0 and a 90% Milli-Q H,0/10% D,0O
mixture.®
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II was synthesized by reacting the 6-mer with [PtCl(dien)]Cl
in a 10 mM NaClO, aqueous solution at 37 °C. The reaction
was followed by fast performance liquid chromatography
(FPLC) on a strong anionic Mono Q 5/50 GL column
(Pharmacia Biotech system) with a 0.05 to 0.8 M NaCl
gradient in 10 mM Tris buffer (pH 7.4). After 24 h, the product
was collected, extensively dialyzed against H,O at 4 °C,
lyophilized; and characterized by TOF ESI-MS and NMR
spectroscopy (Figures S1 and S2 of the Supporting
Information).

NMR Spectroscopy. The samples for NMR experiments
were lyophilized twice from 99.96% D,O and redissolved in
99.96% D,0, and the pD was adjusted to 5.7 with NaOD. For
H,0 NMR spectra, the D,O solutions were lyophilized and
redissolved in a 90% Milli-Q H,0/10% D,O mixture, and the
pD was adjusted to 5.7 with NaOD or DNO;. NMR spectra
were recorded at 298 K on a Varian Unity 400 MHz or a
Bruker Avance III 600 MHz (Bruker, Wissembourg, France)
instrument equipped with a 5 mm inverse detection triple-
resonance z-gradient probe. One-dimensional (1D) 'H NMR
spectra were recorded employing a 14423.077 Hz spectral
width, with 32K data points. Water suppression was achieved
by using excitation sculpting with gradients.*'

To assign the nonexchangeable protons of free ZF1 and the
6-mer/ZF1 and II/ZF1 mixtures, spectra were acquired via
standard two-dimensional (2D) gDQ-COSY, total correlation
spectroscopy (TOCSY), and nuclear Overhauser effect spec-
troscopy (NOESY). The 2D gDQ-COSY spectra were acquired
with eight scans and 4096 points in the direct dimension and
1024 increments. The 2D TOCSY spectra were acquired with
eight scans and 4096 points in the direct dimension and 512
increments. The mixing time was set to 80 ms, and the time
domain data were zero filled to yield a 2048 X 1024 data matrix.
The 2D NOESY spectra were acquired with eight scans and
2048 points in the direct dimension and 512 increments. The
mixing time was set to 60 ms, and the time domain data were
zero filled to yield a 2048 X 1024 data matrix. For all spectra,
the spectral width was 9615.385 Hz in both dimensions and the
central frequency was set on the solvent signal (water). Long-
range "N HSQC spectra provided connectivities between 'H
and "N atoms in the ring of the single His residue and were
acquired with 2048 X 256 points and 512 scans. The spectral
widths were 14423 Hz for 'H and 12164 Hz for "“N. The
central frequency for the proton was set on the solvent signal
(water) and for nitrogen was set on the center of the aliphatic
amine region. All spectra were analyzed with Topspin2.0
(Bruker). Assignment and cross-peak area calculations were
performed with Sparky by using the classical NOE-based
methodology.zz’23

Interaction of ZF1 with 6-mer and {Pt(dien)(6-mer)}.
The interaction of free ZF1 with 6-mer and II was studied by
NMR chemical shift perturbations. For this study, natural
abundance "H—"N HSQC spectra of free ZF1 and 6-mer/ZF1
and II/ZF1 mixtures were acquired with 2048 X 256 points
and 256 scans. The spectral widths were 9615 Hz for 'H and
2311 Hz for N. The central frequency for the proton was set
on the solvent signal (water) and for nitrogen was set on the
center of the amide region.
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To evaluate the behavior of individual amino acids upon
addition of 6-mer and II, we have calculated the combined
chemical shift differences using eq 1:**

ABcomb = \/(ASH)2 + (WiAéN)2 (1)

where Adyy and Ady are the chemical shifts of the proton and
nitrogen, respectively, and w; is a weighting factor that accounts
for differences in sensitivity of different resonances in an amino
acid (e.g,, amide 'H and ""N). The weighting factors are given
by

Iyl
we =

 yyl @)

with y; and yy being the magnetogyric ratios of nucleus i and
the proton, respectively. For the calculation of the cutoff value,
we have used the corrected standard deviation to zero 6" **

Structure Calculation. After the assignments had been
completed, peaks from NOESY spectra were analyzed in a
semiautomated iterative manner with CYANA2.1.>* The NOE
coordinates and intensities used as input for automated analysis
were generated automatically with Sparky. This information
was used by CYANA/CANDID to compute seven cycles of
NOE cross-peak assignment and structure calculation, each
with 100 starting structures. A Zn atom was added to the
CYANA library as a replacement for H, of residue Cys36, and
specific distance constraints were imposed for the Zn(II)
coordination by residues Cys36, Cys39, Cys49, and His44
[Zn—S, (225-2.35 A) and Zn—N,, (195-2.05 A)]2° The
long-range N HSQC spectrum provided connectivities
between 'H and "N atoms in the ring of the single His
residue, and the observed N,,—H,;, N,,—Hjy,, and Ns—H,
cross-peaks clearly established the presence of the Nj—H
tautomer.”” These results, along with the "N, and '*Ny
chemical shifts, indicated that the zinc ion is coordinated to
N,,. Input data and structure calculation statistics are
summarized in Table 1.

The 20 conformers with the lowest final CYANA target
function values were further subjected to restrained energy
minimization in a water shell by using the AMBER 9.0
package,”® using the ff99SB all atom force field.** The complex
was immersed in an octahedral box using the TIP3P water
model,®® with a thickness of 10 A. Counterions were also
included to neutralize charge, and a total of four sodium ions
were added. The simulation was performed by using periodic
boundary conditions and the particle mesh Ewald approach to
account for the electrostatic interactions.” The restrained
energy minimization was performed in three stages. In the first
stage, the solvent molecules were minimized by MM keeping
the solute fixed with a positional restraint of 500 kcal mol™" A
followed by the relaxing of the entire system after the removal
of restraints. In the last stage, a maximum of 1500 steps of
restrained energy minimization and a combination of the
steepest descent and conjugate gradient algorithms were
applied by using a parabolic or linear penalty function for the
NOE upper distance bonds and torsion angle restraints. The
final ZNF1, 6-mer/ZNF, and II/ZNF structures were
deposited in the Biological Magnetic Resonance Data Bank
(BMRB) as entries 17228, 17229, and 17230, respectively, and
in the Protein Data Bank (PDB) as entries 2144, 2145, and 2146,
respectively.

Quantum Mechanics/Molecular Mechanics (QM/MM).
The starting structure of the protein and DNA was taken from
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the first NMR structure. PROPKA was used to determine the
protonation states of the titratable residues.** The binding site
of platinum on the guanine was confirmed to be N7."
Therefore, after preoptimization of the {Pt(dien)} fragment
with a model {Pt(dien)NH,}, the inorganic complex was
placed close to the N7 atom within the available space close to
it. Then the system was solvated with a 30 A water droplet that
was relaxed to soak (200 ns MD) the II complex, which was
repeated once to achieve a sufficient solvation. In total, 3494
TIP3P waters were added and only 88 in the second solvation
that were all on the droplet surface. The complete system
consists of 10990 atoms.

The QM/MM methodology used here has been successfully
applied in many enzymatic studies with transition metals and is
described in more detail in several reviews.>** Briefly, the
B3LYP functional was chosen for the QM part, and these
calculations were performed with TURBOMOLE.*~* The
CHARMM 35.1b force field was employed for the MM part,
and these calculations were performed with DL_POLY.***
The dien topology and parameters were obtained from the
Swissparam website (http://swissparam.ch/). The hydrogen
link atom approach with charge shift was used for the QM/MM
boundary region, and the electrostatic embedding scheme also
was used.*** The QM/MM calculations were performed using
ChemShell that links input/output from DL POLY and also
runs the HDLC optimizer.**"'

The QM region consists of the Pt, dien, and Gua4 moieties
and therefore a total of 37 atoms. All atoms with 15 A of the Pt
ion were identified as active MM atoms, which was a total of
1705 atoms. The QM/MM structure was obtained by using the
def2-TZVP basis set as implemented in TURBOMOLE.>” The
described model and basis set result in a total of 706 basis
functions. For Pt, a 60-electron relativistic effective core
potential was used.>

Molecular Dynamics. The molecular dynamics (MD)
calculations were performed with CHARMM version 35b3 and
the CHARMM?27 force field.*>*™%” The three different
systems (free ZF1 and 6-mer/ZF1 and II/ZF1 mixtures)
were set up separately from their first NMR structures. The
structures were solvated within a cubic box of TIP3P waters
(3591, 3693, and 4505 waters, respectively), and the system
was then neutralized with chloride and potassium ions.>® After
energy minimization, the system was heated and equilibrated
for 200 ps at 300 K. The production step was run for 1 ns with
the leapfrog integrator at a time step of 1 fs and under constant
pressure and temperature conditions at 300 K. The SHAKE
algorithm was used to constrain all hydrogen bonds.*’

The zinc ion was placed within the tetrahedral coordination
sphere formed by the three sulfur atoms from cysteines 36, 39,
and 49 and the N,, atom of histidine 44. The four first-sphere
ligand atoms of the zinc ion were fixed. The charge and force
field parameters for the thiolate residues were used as
previously published.*°

B RESULTS AND DISCUSSION

Characterization of Platinated Oligonucleotide {[Pt-
(dien)d(5’-TACGCC-3")1}. The adduct ({Pt(dien)(6-mer)})
was isolated and purified by FPLC (see Experimental
Procedures). ESIMS-TOF in negative mode confirmed the
1:1 adduct with two major peaks at m/z 1023 and 2049
assigned to {Pt(dien)(6-mer)}*~ and {Pt(dien)(6-mer)}",
respectively (Figure S1 of the Supporting Information).
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Table 2. Selected Peptide "H NMR Chemical Shifts, at 298 K, in the 6-mer/ZF1 Mixture (I), in the II/ZF1 Mixture (II), and for free ZF1 (III)
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Figure 2. Superposition of the best 20 structures of the ZF1 (blue), 6-
mer/ZF1 (green), and II/ZF1 (orange) adducts. The 6-mer/ZF1
structure was calculated using a total of 394 distance constraints, of
which 30 were intermolecular, with an average rmsd of 0.24 A for the
backbone. When the 6-mer/ZF1 structure was superimposed with free
ZF1, the backbone rmsd was 0.90 A. When the II/ZF1 structure was
superimposed with the other two structures, the backbone rmsd was
0.91 A. See Table 1.
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Gly35
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Residue

Figure 3. Al for the II/ZF1 adduct vs ZF1. The combined
chemical shift changes were determined on the basis of directly
observed *N and 'H chemical shifts according to Schumann.** The
cutoff value was calculated with the corrected standard deviation to
zero 03°". The disposition of the tryptophan residues is summarized in
Table S3 of the Supporting Information, with a summary of major
deviations of the other peptide residues.

Figure 4. (A) Superposition of the minimized structures of the 6-mer/
ZF1 adduct (green) and the II/ZF1 adduct (orange) showing the
change in peptide conformation upon oligonucleotide platination. (B)
Detail of ZF1 denoting the change in conformation of Trp37 in the
two environments.

Circular Dichroism Spectroscopy. Conformational
changes from the interactions of the 6-mer and its Pt(dien)
adduct, II, with ZF1 were monitored by circular dichroism
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(CD). The CD spectra of the oligonucleotides are characterized
by the presence of two positive bands at 275 and 212 nm and
one slightly negative band at 242 nm. The spectrum of the free
zinc finger shows two positive bands centered around 212 and
220 nm and a negative band at 200 nm, which report on
peptide secondary structure and are characteristic of a f-
sheet.*'® Upon incubation of ZF1 and 6-mer, the 190—250 nm
region shows a deviation from the arithmetic sum of the
components, and in the presence of II, smaller deviations were
observed. Because the spectra contain contributions from both
the peptide and the oligonucleotide in this region, analysis is
correspondingly more complex (Figure S3 of the Supporting
Information).

NMR Spectroscopy. The 1D 'H NMR spectrum of adduct
II shows a downfield shift of the guanine H8 of approximately
0.4 ppm (8312 ppm vs 7.891 ppm), indicating N7-guanine
platination (Table S1 and Figure S2 of the Supporting
Information), confirmed by the QM/MM calculations (see
below). The slight downfield shifts observed for Cyt3 and CytS
HS/H6 also reflect their proximity to the platination site (Table
S1 of the Supporting Information). Total assignments of the
nonexchangeable protons were Iperformed using NOESY data
following standard procedures.'® Some of the base protons
were not assigned because of the proximity of the water signal.
The sequential connectivity pattern formed by intra- and
internucleotide NOEs involving the H6/H8 base and the H1’
and H2'/H2" sugar protons in the platinated oligonucleotide is
shown in Figures S4 and S5 of the Supporting Information,
respectively. Some cross-peaks, such as the internucleotide
Ade2 HI'-Cyt3 H6 and CytS H1'-Cyt6 H6 NOEs, are
missing or are very weak because of the absence of a double
strand. A very strong intranucleotide H8—H1' NOE of Gua4
confirms the syn nucleoside conformation, common upon
platination. Interestingly, the strong intranucleotide H6—H1’
cross-peaks of Cyt3 and Cyt$ also indicate a syn conformation
for these nucleotides. The results may be compared with those
of the Pt(dien) adducts of trinucleotides d(5-AGA) and d(5-
CGT).®"** In these cases, the conformational changes are
sequence-dependent, with platination resulting in a G syn
conformation for the latter but more indicative of high anti in
the former.®** Conformational changes of binding of Pt(dien)
to duplex DNA have been reported,®® but to the best of our
knowledge, no extended single-stranded DNAs have been
studied. The “delocalization” of conformational changes
beyond the platinum binding site is reminiscent of the situation
in which monofunctional platinum binding of the phase II
clinical drug BBR3464 [{trans-PtCl(NH;),},-u-{trans-Pt-
(NH,),(H,N(CH,)(NH,),}]* in formation of a 1,4-inter-
strand cross-link in the 8-mer d(ATG*TAC*AT}, also results
in “cooperative” anti — syn conformational changes of the
intervening adenine bases.%*

The complete specific assignment of all protons correspond-
ing to the C-terminal (34—52) finger of HIVNCp7, ZF1, and in
presence of the free and platinated 6-mer II was also obtained
following general procedures (Tables S2 and S3 of the
Supporting Inforrnation).16 Addition of ZF1 induces few
significant changes in the spectrum of II; Gua4 H8 remains
downfield, confirming platination, and the cytosines remain in
the same environment (Table S1 of the Supporting
Information). For Gua4, the main changes are for H4'
(4.304—4.156 ppm) and HS' and HS” (4.040—4.200 ppm)
(Table S1 of the Supporting Information). In the presence of
II, the tryptophan resonances (except for HpB2) are shifted
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Figure S. Optimized QM/MM structure at the BALYP/def2-TZVP level of theory of the II/ZF1 HIVNCp7 adduct. QM atoms are shown in CPK
and nearby MM atoms as lines: (A) front view, (B) side view, and (C) overall view showing the most important residues. The Pt coordination
sphere is square planar with three of the first-ligand sphere nitrogens being equally distant from the Pt, with the central Pt—N(dien) bond length
(2.04 A) slightly shorter than the others (2.08 A). These results are consistent with reported Pt—nucleobase structures.' '

upfield and broadened. Other major shifts are for Gln4$ (He21,
Hy3, QB), Met46 (NH, Hy2), Lys47 (NH, Qy), and Glus0
(Hy2, Hy3). The Zn—Cys/His chemical shifts show only
marginal deviations. The major peptide deviations are listed in
Table 2.

Determination of Solution Structures. The solution
structures of ZF1 and the 6-mer/ZF1 and II/ZF1 adducts were
calculated from the NOESY-derived distance constraints (Table
1 and Figure 2)." For the peptide in the absence of any DNA,
the NMR-derived solution structures of HIV-1 nucleocapsid
proteins (13—S1)HIVNCp7 and (1-$5)HIVNCp7 (MN
strain) may be used for comparison.*** ZF1 is 100%
homologous to both strains, and no appreciable differences
between free ZF1 and these structures (PDB entry 1ESK) are
found (rmsd of 0.64 A). The 6-mer/ZF1 structure is, however,
very different from that of the adduct between full HIVNCp7
and d(5-ACGCC), where there are stabilizing interactions with
the N-terminal and C-terminal fingers, and the oligonucleotide
adopts an almost perpendicular orientation relative to the
critical linker region between the two ZFs." In the absence of
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the N-terminal ZF and the linker, the hexanucleotide adopts a
completely different orientation (Figure S6 of the Supporting
Information), although several amino acids implicated in the
interaction with the nucleic acids and responsible for the
stability of the complex are the same (Trp37, GIn4S, and
Met46). The hydrophobic interaction between Trp37 and
guanine bases in interactions of NCp7 with d(5-ACGCC-3")
and stem—loop SL3 y-RNA/NCp7 is a principal feature of
NCp7—oligonucleotide recognition.'*™** Here there is also an
interaction between Trp37 and the ribose protons of Gua4,
exemplifying the carbohydrate—aromatic ring interaction as a
further important molecular recognition motif.% Interestingly,
investigation of cTAR DNA-NC(11—S5) protein contacts
indicates a significant role for hydrophobic interactions
involving nucleobases and deoxyribose sugars with C1’ and
C2’ of the sugar moieties in contact with the aromatic side
chains of Phel6 and Trp37.”

The chemical shift changes of ZF1 in the presence of II may
predict the interaction interface, with Trp37, Lys38, Met46, and
Lys47 being the most affected (Table 2 and Figure 3). These
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Figure 6. Overlay of 10 frames taken every 200 ps of the 2 ns MDs for
(A) free ZF1, (B) the 6-mer/ZF1 adduct, and (C) the II/ZF1 adduct.
Green denotes the starting structure from the NMR data and red the
last structure at 2 ns. For each simulation, the first NMR structure was
used as a starting structure. The zinc ion and Zn-coordinating atoms
were kept fixed. When the Zn and the ligand atoms were free to move,
the ZF1 structure remained stable, even when an additional water
molecule was included in the Zn coordination sphere. After the
equilibration period, the starting structure (panel A, green) undergoes
a transition into a stable conformation and does not change very much
over the 2 ns of the MD. The rmsd plots are provided in the Figure
S11 of the Supporting Information. Two H-bonds are present: one
between the amino group of Cyt6 and the backbone ketone oxygen of
the Cys49—Thr50 peptide bond and the other between the hydroxyl
group of ThrS0 and the ketone oxygen of Cyt6 (see also Figure 7).

shifts are accompanied by the appearance of new Met46—Cyt6
HS and Trp37—CytS HS NOEs but severe weakening of the
Trp37—Gua4 contact (Figure S7 of the Supporting Informa-
tion). This loss of contact with Trp37 is attributed to the steric
effects caused by Gua4 platination and is accompanied by a
change in the position of the aromatic ring (Figure 4B). The
position of the DNA in the II/ZF1 structure is completely
different than in the absence of platinum (Figure 4A).
Theoretical QM/MM calculations on the II/ZF1 adduct
supplemented the NMR structure description (Figures S8 and
S9 of the Supporting Information). The dien ligand is rotated
90° with respect to the Gua4 residue, possibly because of (i)
CytS hindrance of dien rotation and (ii) H-bonds from a H,O
molecule to the Gua4 oxygen and a dien amino group (Figure
5). The CytS N3 atom is in an axial position, 3.55 A from the
Pt center, closer than the Met46 sulfur (5.24 A). This latter
approximation is supported by the observed Met46—Cyt6
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NOE in the II/ZF1 adduct. The bulkiness of the platinated
DNA adduct should be partly responsible for the change in the
relative position of the free 6-mer and also for some of the
conformational changes in the peptide backbone.

Finally, the protein—DNA interactions were simulated by
MD (Figure 6). The atomistic level confirms the 6-mer—ZF1
stabilizing interactions to be (i) Trp37 z-stacking with Gua4
and (ii) H-bonds between the pentose oxygens and phosphate
oxygen of CytS and Gua4 (Figure S10 of the Supporting
Information). Upon platination, the 6-mer is less flexible and
stays in one stable conformation on the ZF1 surface (Figure
6C). The Gua4—Trp37 interaction is disrupted as expected,
and instead, there are H-bonding interactions between Cyt6
and Cys49 and ThrS0 (Figure 7). Additionally, the backbone
CH group is close to N3 of Cyt6. Although the N--HC
interaction is weak, the interatomic distance fluctuates around
2.5 A during almost the entire 2 ns of the simulation. Via
inclusion of this third H-bond, the bonding modes mimic the
three intermolecular Cyt—Gua base pair H-bonds (Figure 7).

Conclusions. In conclusion, this is to the best of our
knowledge the first structural characterization of platinated
single-stranded DNA showing delocalized nucleoside (anti —
syn) conformational changes over three bases, either side of the
platination site. The results further show for the first time that
platinated oligonucleotides may interact intimately with ZFs
with the peptide undergoing a conformational change. In this
case, strong H-bonding interactions contribute to the overall
stability of the II/ZF1 adduct even when the Trp—Gua 7-
stacking in the 6-mer/ZF1 adduct is disrupted by the steric and
conformational effects of nucleobase platination. The results
further demonstrate the feasibility of targeting specific ZF
motifs with DNA-tethered coordination compounds, such as Pt
compounds and Co macrocycles.®'®'® The wide variety of
nucleotide binding sites identified for NCp7°® thus allows for
suitable modulation of the platinated guanine site. The
conformational changes of the single-stranded DNA could be
sequence-dependent, as seen in early work with trinucleotides.
DNA targeting is especially attractive for HIVNCp7, given its
multiple roles in nucleic acid recognition.®

Protein recognition and repair of damaged DNA from
intrinsic and extrinsic perturbations are critical cellular
functions.®>”® Many proteins containinlg the zinc finger binding
motif process platinum-bound DNA.”"’* Zinc finger proteins
such as the Sp1 transcription factor and the XPA (mammalian)
and UvrABC (bacterial) nucleotide excision repair complexes
recognize and bind to cisplatin-damaged DNA.”>™7° In the
structure described here, the distortion of the methionine
suggests that, besides the Zn-bound cysteinates, suitable
backbone residues may be positioned to enhance nucleophilic
attack on a “saturated” or substitution-inert PtN, center, a
novel possibility for chemical repair of platinated duplex DNA
by zinc fingers. This possible chemistry would be highly
dependent on both the nature of the DNA adduct (1,2/1,3-
intrastrand; 1,2-interstrand) and the reactivity of the Zn
coordination sphere (Cys,His,, Cys;His, or Cys,).>’® These
considerations suggest that the study of platinated duplex DNA
and zinc finger motifs is a rich area of chemistry worthy of
further study.
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Figure 7. (A) Stabilizing interactions of Cyt6 with the protein residues, Cys49 and ThrS0, in the II/ZF1 adduct (frame 844 ns). (B) Detail showing

the H-bonds.
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