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ABSTRACT: Cidofovir (1(S)-[3-hydroxy-2-(phosphonome-
thoxy)propyl]cytosine, CDV) is a potent inhibitor of ortho-
poxvirus DNA replication. Prior studies have shown that,
when CDV is incorporated into a growing primer strand, it
can inhibit both the 30-to-50 exonuclease and the 50-to-30 chain
extension activities of vaccinia virus DNA polymerase. This drug
can also be incorporated into DNA, creating a significant impedi-
ment to trans-lesionDNA synthesis in amanner resemblingDNA
damage. CDV and deoxycytidine share a common nucleobase, but CDV lacks the deoxyribose sugar. The acyclic phosphonate bears a
hydroxyl moiety that is equivalent to the 30-hydroxyl of dCMP and permits CDV incorporation into duplex DNA. To study the structural
consequences of insertingCDV intoDNA,we have used 1HNMR to solve the solution structures of a dodecamerDNAduplex containing a
CDVmolecule at position 7 and of a control DNA duplex. The overall structures of both DNA duplexes were found to be very similar. We
observed a decrease of intensity (>50%) for the imino protons neighboring the CDV (G6, T8) and the cognate base G18 and a large
chemical shift change for G18. This indicates higher proton exchange rates for this region, which were confirmed using NMR-monitored
melting experiments. DNA duplex melting experiments monitored by circular dichroism revealed a lower Tm for the CDV DNA duplex
(46 �C) compared to the control (58 �C) in 0.2M salt. Our results suggest that the CDV drug is well accommodated and stable within the
dodecamer DNA duplex, but the stability of the complex is less than that of the control, suggesting increased dynamics around the CDV.

’ INTRODUCTION

The antiviral agent cidofovir (1(S)-[3-hydroxy-2-(phosphono-
methoxy)propyl]cytosine, CDV) is the prototype of the acyclic
nucleoside phosphonate class of drugs. This compound is a deoxy-
cytidinemonophosphate (dCMP) analogue in which the phosphate
has been replaced by an isosteric phosphonate moiety (Figure 1A).
CDV is an effective inhibitor of a broad spectrum of double-stranded
DNA viruses, including poxviruses, herpesviruses, and adenoviruses,
and is currently approved for the treatment of cytomegalovirus
retinitis in AIDS patients.1 The main drawbacks encountered during
clinical use ofCDVare its poor oral bioavailability, requiring that it be
administered by intravenous infusion, and its tendency to concen-
trate in the kidney proximal tubule, resulting in nephrotoxicity.2,3

However, a lipid conjugate of CDV, (hexadecyloxy)propyl-CDV
(CMX001), appears to overcome these limitations.4 Interestingly,
CMX001 possesses increased antiviral activity over the parent com-
pound against vaccinia virus, cowpox virus, ectromelia virus, cyto-
megalovirus, herpes simplex virus, and adenovirus.5-9 CMX001 is
currently being developed as an orally active drug that could be used

in case of an outbreak of smallpox10 or for various double-stranded
DNA virus infections.

We have been studying how CDV and related acyclic nucleo-
side phosphonates inhibit orthopoxvirus DNA replication.11-14

CDV is taken up into cells by fluid-phase endocytosis15 and then
converted by cellular kinases into CDV diphosphate (CDVpp),
an analogue of dCTP.16 The enhanced antiviral efficacy of
CMX001 is due to increased uptake as well as better metabolic
conversion into CDVpp.17 We have used vaccinia virus DNA
polymerase to show that CDVpp is a substrate for orthopoxvirus
polymerases in vitro, although it is used less efficiently than dCTP,11

and unlike many drugs based upon nucleotide analogues, adding
CDV to a growing DNA strand does not cause immediate chain
termination.11 Instead, incorporating this drug into DNA has three
different effects on reactions catalyzed by the DNA polymerase.11,12

First, after CDV and onemore dNMP (CDVþ 1) are incorporated
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into a growing primer strand, addition of the next nucleotide is
greatly slowed. Second, this CDV þ 1 structure blocks the 30-to-50
proofreading exonuclease activity, preventing drug excision. Finally,
when CDV is incorporated into what is destined to become the next
template strand, the polymerase cannot extend new primers beyond
the site of CDV incorporation, effectively blocking further rounds of
replication. More recent studies have shown that virus DNA forms
aberrant structures that are packaged poorly when vaccinia virus
replicates in the presence of CDV.18 Interestingly, the related com-
pound 9(S)-[3-hydroxy-(2-phosphonomethoxy)propyl]adenine
[(S)-HPMPA] is incorporated much more efficiently into DNA
by vaccinia DNA polymerase than is CDV. However, it also creates a
profound block to replication when encountered by the polymerase
in the template strand.12 This difference in substrate properties may

be reflected in the relatively greater antiviral activity of (S)-HPMPA
over CDV.19

Vaccinia virus has also been used to study the development of
resistance to CDV and other related nucleoside phosphonate
drugs. We, and others, have mapped resistancemutations to both
the proofreading exonuclease and DNA polymerase domains of
vaccinia DNA polymerase,13,20,21 reflecting the drug’s complex
mechanism of action. Although viruses encoding these mutations
are 3-14-fold more resistant to CDV than the wild-type virus
in vitro, they are attenuated in vivo,13,20,21 and these mutations
do not preclude still using CDV to treat CDV-resistant virus
infections in mice.13,20

Structural studies of amolecule containing an embeddedCDV
could provide better insights into why these drugs create such a
profound impediment to orthopoxvirus DNA synthesis. There-
fore, we synthesized a single-stranded dodecamer containing
CDV using a combination of “reverse” phosphoramidite DNA
synthesis and methods previously described by Birkus et al.22

The duplex form d(50-CGCATG-CDV-TACGC-30) 3 d(5
0-GC-

GTAGCATGCG-30) was prepared in sufficient quantity for
detailed studies by 2D nuclear magnetic resonance (NMR)
and circular dichroism (CD) spectroscopy. In this study, we
compare the 3D structure and dynamics of the CDV-containing
DNA duplex to those of an isosequential control DNA.

’EXPERIMENTAL SECTION

General Synthetic Chemistry. 1H NMR spectra were recorded
on a Varian HG spectrophotometer operating at 400MHz and are reported
in units of parts per million relative to internal tetramethylsilane at 0.00 ppm.
Electrospray ionizationmass spectra were recorded on a Finnigan LCQDECA
spectrometer at the small molecule facility, Department of Chemistry,
University of California, San Diego. Chromatographic purification was done
using the flash method and silica gel 60 (EMD Chemicals, Inc., 230-
400 mesh). The purity (>98%) of the target compounds was assessed by
thin-layer chromatography (TLC) using Analtech silica gel-GF (250 μm)
plates. The products were visualized with UV light, Phospray (Supelco,
Bellefonte, PA), and charring.
Synthesis of the CDV Monomer. Dimethoxytrityl chloride (8.5 g,

25mmol) was added to a solution of diethyl (S)-4-N-benzoyl-1-[3-hydroxy-
2-(phosphonomethoxy)propyl]cytosine (1; 8.9 g, 20.25 mmol; prepared
according to the procedure of Brodfuehrer et al.23) and 4-(dimethyamino)-
pyridine (200mg, 1.6mmol) in anhydrous pyridine (100mL). Themixture
was stirred at room temperature (rt) for 18 h and then quenched with H2O
(2mL) and concentrated under reduced pressure. The residuewas dissolved
in CH2Cl2 (150 mL) and washed with saturated aqueous NaHCO3. The
organic layer was concentrated, and the crude product was purified by
column chromatography on silica gel 60. Elution with 1:1 hexanes/ethyl
acetate yielded 13.3 g of diethyl (S)-4-N-benzoyl-1-[3-(dimethoxytrityloxy)-
2-(phosphonomethoxy)propyl]cytosine (2) as a glassy solid (82% yield).
1H NMR (DMSO-d6): δ 8.05 (d, 1H), 8.03 (d, 1H), 7.66 (t, 1H), 7.55
(t, 2H), 7.46 (d, 2H), 7.36 (t, 2H), 7.34-7.21 (m, 7H), 6.94 (d, 4H),
4.14-3.88 (m, 9H), 3.77 (s, 6H), 3.29 (d, 1H), 3.00 (d, 1H), 1.23 (t, 3H),
1.21 (t, 3H).

Bromotrimethylsilane (830 mg, 5.4 mmol) was added to a solution of
diethyl ester 2 (1.0 g, 1.35mmol) and 2,6-lutidine (1.15 g, 10.8mmol) in
anhydrous acetonitrile (25 mL). The mixture was stirred at rt overnight
and then concentrated in vacuo. Water (5 mL) was added to the residue,
and the mixture was frozen and lyophilized. The crude phosphonic acid
[(S)-4-N-benzoyl-1-[3-[(dimethoxytrityl)oxy]-2-(phosphonomethoxy)-
propyl]cytosine (3)] was used for the next step without further
purification.

Figure 1. (A) Structures of deoxycytidine monophosphate (left) and
CDV (right). (B) Sequences of the control DNA duplex (top) and the
CDV DNA duplex (bottom), showing insertion at position 7 (X7).
(C) 1D 1H NMR spectra of the imino proton regions acquired at 25
�C on a 600 MHz NMR spectrometer for the control DNA duplex
(top) and CDV DNA duplex (bottom). The most perturbed imino
protons G6, T8, and G18 are marked with an asterisk. The largest
chemical shift change is for G18, the base complementary to CDV in
the dodecamer.
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N,N-Dicylohexylcarbodiimide (DCC; 618mg, 3mmol) was added to
amixture of phosphonic acid 3 (1.06 g, 1.35mmol) and 4-methoxy-1-oxido-
2-pyridylmethanol (314 mg, 2 mmol; prepared according to the procedure
of Rejman et al.24) in dry pyridine (10 mL), and the reaction mixture was
stirred overnight at rt and then quenched with H2O (0.5 mL) and concen-
trated under reduced pressure. The product [4-methoxy-1-oxido-2-picolyl
(S)-4-N-benzoyl-1-[3-[(dimethoxytrityl)oxy]-2-(phosphonomethoxy)pro-
pyl]cytosine (4)] was purified by column chromatography on silica gel
60 using an elution gradient from 100%CH2Cl2 to 20% EtOH/CH2Cl2.

1H
NMR(DMSO-d6):δ 8.13 (d, 1H), 8.11 (d, 1H), 8.03 (d, 2H), 7.65 (t, 1H),
7.55 (t, 2H), 7.43 (d, 2H), 7.33 (t, 1H), 7.29 (d, 4H), 7.23 (t, 1H), 7.17 (d,
1H), 7.13 (d, 1H), 6.90 (d, 4H), 4.90 (d, 2H), 3.77 (s, 3H), 3.75 (s, 6H),
3.50-3.64 (m, 4H), 3.40 (dd, 2H), 3.0-2.8 (m, 3H). MS (electrospray
ionization): m/z 821.38 [M - H]-.
Oligonucleotide Synthesis. The single-strand CDV-containing

oligonucleotide was prepared by TriLink BioTechnologies, Inc. (San
Diego, CA). The oligonucleotide was synthesized on a 10 μmol scale in
the 50-to-30 direction using 50-phosphoramidite monomers. CDV
monomer 4 was incorporated into the oligonucleotide using the
phosphotriester coupling method.22 The synthetic oligonucleotide was
purified by reversed-phase HPLC and analyzed by PAGE and mass
spectroscopy. An isosequential control and complementary oligonucleo-
tides were synthesized by the University of Calgary Core DNA Services
(Calgary, AB) on a 15 μmol scale and purified by standard desalting.
Additional oligonucleotides used for primer extension analyses were
purchased from IDT (Coralville, IA).
CD Spectroscopy. Samples of the CDV and control DNA du-

plexes were prepared at a final concentration of 3.25 μM in 10 mM
sodium phosphate (pH 7.3), 185 mM sodium chloride. These samples
were scanned from 205 to 360 nmwith a 1 nm increment using a 10 mm
path length and from 20 to 92 �C in 3 �C increments. A sample
containing only buffer was used as a control. All scans were performed
on an Olis DSM 17 circular dichroism spectrophotometer. The CD
spectra were corrected to subtract the solvent blank (acquired at 20 �C)
and plotted using GraphPad Prism software.
NMR Spectroscopy of the DNA Duplexes. The NMR sam-

ples were prepared in 95% H2O/5% D2O or 99.99% D2O, pH between
7.0 and 7.2, 50 mM NaCl, 20 mM Na2HPO4, 1 mM EDTA, and
0.25 mM DSS-d6. According to UV absorbance measurements, the final
concentration of control and CDV DNA dodecamers in the sample was
approximately 2 mM for both samples. All NMR spectra used in this
study were collected at 25 �C (unless otherwise specified) using Varian
Inova 500 and 600 MHz NMR spectrometers equipped with triple-
resonance probes with z-pulsed field gradients and a computer-con-
trolled variable-temperature (VT) module to regulate the temperature.
The NOESY spectra were acquired at 600 MHz with a spectral width of
20 ppm (H2O samples) or 14 ppm (D2O samples) in both the t2 and t1
dimensions, with 2048 (ω2) and 512 (ω1) complex points, a saturation
delay of 1.5 s, and a mixing time of 80 ms. DQF-COSY spectra were
acquired at 600MHzwith a spectral width of 20 ppm in both the t2 and t1
dimensions, with 4096 (ω2) and 512 (ω1) complex points and a
saturation delay of 1.5 s. Natural abundance 1H-13C HSQC spectra
were acquired at 500 MHz with spectral widths of 10 and 30 ppm in the
t2 and t1 dimensions (carrier at 56 ppm in t1), 610 (ω2) and 256 (ω1)
complex points, and a saturation delay of 1.4 s.

Temperature series (from 5 to 40 �C) were performed for both the
control and CDV DNA duplexes and monitored by NMR spectroscopy
at 600MHz. The spectra were acquired with the water pulse sequence of
Biopack (Varian Inc.) with a spectral width of 30 ppm to ensure a flat
baseline, 128 transients, a relaxation delay of 2 s, and an acquisition delay
of 2 s. The spectra were processed and plotted with VnmrJ 2.1B using a
line broadening of 1.5 Hz. Backward linear prediction was used to
correct the first two points of the free induction decay.

All 2D NMR spectra were processed with nmrPipe v4.925 and
analyzed with NMRviewJ v8.0.b30 (One Moon Scientific Inc.). For
theNOESY andHSQC spectra, a sine-bell function shifted by 90� or 75�
was applied to the free induction decays in each dimension, followed by
zero-filling to a maximum of 2 times the number of complex points and
Fourier transform. For the DQF-COSY spectra, an unshifted sine-bell
function was applied in both 1H dimensions before continuing with the
processing mentioned above.
Structure Calculations. Models of the control and CDV B-DNA

12-mers were built using Nucleic Acid Builder26 and LEap and
Antechamber27 included in Ambertools 1.3. To build the CDV DNA
duplex, the X-ray structure of CDV28 was superimposed on C7 of the
control DNA duplex. The coordinates of C7 were then removed. The
aliphatic backbone dihedral angles of the new X7 nucleotide were
adjusted to obtain appropriate P50 and O30 atom positions with PyMOL
(Delano Scientific Inc.). Finally, a short minimization was performed on
both DNA dodecamers with Amber 1029 to obtain a starting point for
the structure calculations using experimental restraints. Antechamber
was used to obtain the topology information (bond lengths, angles, and
torsion angles force constants) of the modified nucleotide by itself and
when incorporated into DNA, on the basis of the X-ray coordinates of
CDV (Crystallography Information File ab0159). The nonstandard
terms that were missing were estimated from parameters found in other
molecules.

The calibration of the NOE cross-peak intensities obtained with
NMRViewJ was performed with MARDIGRAS30 using a full-relaxation
matrix approach. All NOE cross-peak intensities involving the cytosine
H6 protons were doublets because of the 3JH5H6 coupling observed in
the spectra, while the intensities of the T and G imino contacts with the
A and C amino protons were divided by 3 and 2, respectively, to
compensate for chemical exchange. An initial run of MARDIGRAS was
performed using the B-DNA models of the control and CDV DNA
duplex described above. The rms error between the model and the
calibrated NOE distances was 0.57 Å for both duplexes. The upper
bounds obtained from MARDIGRAS were multiplied by a factor 1.25
before being exported to Amber 10 for a 25 ps simulated annealing
protocol (25 000 steps). The simulated annealing protocol using the
pairwise generalized Bornmodel31 was as follows: the temperature of the
system was kept constant at 600 K during the first 5 ps, cooled slowly to
100 K between 5 and 18 ps, and cooled to 0 K for the last 7 ps. The
protocol was repeated 50 times to obtain an NMR ensemble with the 10
lowest rmsd structures. The structure with the lowest rmsd of the
ensemble was put back into MARDIGRAS for a second and third cycle
of NOE calibration and structure calculations.

For the control DNA duplex, 181 NOE distance restraints were used
in addition to 19 pseudorotation phase angle restraints of 162 ( 20�
based on the measurement of 3JH1H20 and

3JH1H20 0 coupling constants. A
total of 52 standard Watson-Crick interstrand distance restraints were
added to keep the two strands together during the simulated annealing.
A total of 158R, β, γ, δ, ε, and ζ backbone angle restraints ((30�) based
on the Dickerson-Drew B-DNA dodecamer X-ray structure32 were
used to keep the molecule in a loose B-DNA duplex conformation. For
the CDV DNA duplex, 195 NOE distance restraints and 17 pseudo-
rotation phase angle restraints based on 3JH1H20 and

3JH1H20 0 coupling
constant measurements were used. A total of 150 R, β, γ, δ, ε, and ζ
backbone angle restraints ((30�, none given for X7) and 52 standard
Watson-Crick interstrand distance restraints were used during the
calculations. The helical parameters of the DNA structures were
calculated using the program X3DNA.33

’RESULTS

Synthesis of a CDV-Containing Oligonucleotide. Oligonu-
cleotides containing isosteric phosphonate residues have been
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described in several previous papers.34,35 In particular, Birkus et al.22

described the preparation of oligonucleotides containing 9(S)-
[3-hydroxy-2-(phosphonomethoxy)propyl]adenine residues. Employ-
ing a similar strategy,we synthesizedprotectedCDVmonomer4 and
used it to incorporate CDV at the center of a dodecanucleotide. As
shown in Scheme 1, 30-O-dimethoxytritylation of the 4-N-benzoyl
derivative of cidofovir (1) yielded fully protected CDV derivative 2.
Removal of the ethyl ester groups with bromotrimethylsilane
followed by esterification of phosphonic acid 3 with 4-methoxy-1-
oxido-2-pyridylmethanol afforded the CDV monomer (4). The
modified oligonucleotide (dCGCATG-X7-TACGC), where X7 =
CDV, was synthesized from the 50-to-30 end using reversed 50
phosphoramidites; CDV monomer 4 was introduced into the
oligonucleotide chain using the phosphotriester method. The com-
plementary and dCMP-containing control strands (Figure 1B) were
all synthesized using standard chemistry.
We had previously used enzymatic methods to prepare a

CDV-containing DNA template and showed that the drug blocks
chain extension by vaccinia DNA polymerase.12 To show that the
chemically synthesized substrate behaved the same way, we
compared the properties of the CDV- and dCMP-containing
template strands in primer extension assays (see the Supporting
Information). Each 12-mer was first ligated to a template-extend-
ing oligonucleotide in the presence of an IRDye700-labeled primer
to create a longer and more stable primer-template substrate
(Figure S1A, Supporting Information). The assay showed that
template-primer pairs composed of the dCMP-containing con-
trol dodecamer permitted efficient primer extension to the ends of
the template (Figure S1B). In contrast, negligible primer extension
was detected when the template contained a CDV molecule
(Figure S1B).
CD Spectroscopy of the CDV DNA Duplex. We next used

CD spectroscopy to see whether the substitution of CDV for
dCMP would radically perturb the structure of a DNA duplex.
Figure S2 (Supporting Information) shows the CD spectra for
the two DNA duplexes at 20 �C in ∼0.2 M salt and spanning
wavelengths from 205 to 360 nm. The two spectra are quite
similar and exhibit features characteristic of B-DNA. There are,
however, some differences in the peak intensities between these
two spectra at 255 and 282 nm, suggesting a minor alteration in
the structure of the CDV-containing duplex. We also obtained
melting profiles of the two duplexes at different wavelengths and
spanning temperatures ranging from 20 to 92 �C. Figure 2 shows
the change in molar CD at 246 nm. Curves fitted to these and
other data (collected at different wavelengths) indicated Tm values
of 46 ( 1 and 58 ( 1 �C for the CDV- and dCMP-containing
DNA duplexes, respectively. The lower melting point of the

CDV-containingmolecule reflects differences in both the van’t Hoff
melting enthalpies (ΔΔHCDV-dCMP = 3.6 kcal/mol) and entropies
(ΔΔSCDV-dCMP = 13 cal/(mol 3 deg)) under these salt and DNA
concentration conditions.
NMR Spectra. The 1H NMR spectra of the control and CDV

DNA duplexes were remarkably similar in all respects—chemical
shift dispersion, line widths, intensities, and resolution—imply-
ing homologous structures for both duplexes.
Exchangeable Imino Protons. The hydrogen-bonded imino

protons from the G and T nucleotides observed in the very low
field region of the 1H NMR spectrum are highly sensitive indi-
cators of the Watson-Crick base pairing and stability of DNA
duplexes in solution. The imino regions of the 1D 1H NMR
spectra of the control and CDV DNA duplexes are compared in
Figure 1C. The imino protons of the six G and four T nucleotides
of the duplexes are clearly observable, with the exception of
weak G13 and G24 resonances located at the extremities of
the dodecamers. The presence of all imino protons and the

Scheme 1. Synthesis of the Monomer Used To Prepare a CDV-Containing Oligonucleotidea

aReagents and conditions: (a) dimethoxytrityl chloride, 4-(dimethylamino)pyridine, pyridine; (b) (1) bromotrimethylsilane, acetonitrile; (2)
H2O; (c) 4-methoxy-1-oxido-2-pyridylmethanol, N,N-dicyclohexylcarbodiimide, pyridine.

Figure 2. Melting profiles for CDV- and dCMP-containing duplexes.
Each sample was dissolved in 10 mM sodium phosphate (pH 7.3), 185mM
sodium chloride, and CD spectra were acquired at each of the indicated
temperatures. The figure shows the CD signal recorded at 246 nm for
each duplex, and the curve fits suggested Tm values of 58 and 44 �C for
dCMP- and CDV-containing duplexes, respectively. Nearly identical
melting points were determined over a spectral range spanning
245-255 nm (58 ( 1 and 46 ( 1 �C (SEM) for dCMP- and CDV-
containing duplexes, respectively).
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strong similarities between the control and CDV duplex spectra
indicate normal base stacking for both duplexes. Most resonances
have very similar intensities and chemical shifts between both
molecules, with the exception of G6, T8, and G18 for the CDV
duplex, which show approximately half the intensities found in the
control. These three resonances are in contact with X7 in the CDV
duplex. Moreover, G18, the base complementary to X7, shows by
far the largest chemical shift change (0.3 ppm observed between
both duplexes at 25 �C). To make sure that the CDV base makes
canonical hydrogen bonds to its complementary base, we acquired
a 2D 1H-1HNOESY spectrumof the CDVDNAduplex at 10 �C
to identify the interstrand NOE contacts (Figure 3). Six imino-
imino, ten imino-amino, and four imino-methyl NOE contacts
were identified. Of special interest, two strong NOEs were found
between the imino protons of G18 and the amino protons of X7,
confirming that X7 is properly hydrogen bonded with G18 in a
Watson-Crick manner.
Temperature Series of the CDV and Control DNA Du-

plexes. One-dimensional 1H NMR spectra of both DNA du-
plexes were acquired at 5, 10, 15, 20, 25, 30, 35, 40, and 45 �C.
The imino regions between 12 and 15.5 ppm are shown in
Figure 4A,B. The peak intensities of four resonances of interest
(G6, T8, G18, and G15) are plotted as a function of temperature
in Figure 4C-F. The peak intensity of a given imino resonance
is dependent on multiple complex phenomena, including the
molecular rotational correlation time, which influences NMR
relaxation, the hydrogen bonding strength, which influences the
rate of chemical exchange of the proton, and conformational
changes. For a DNA duplex, it is typical to observe an increase in
the NMR signal with temperature as molecular motion increases
and then a decrease as the temperature approaches the melting
point of the base pair in question, resulting in a parabolic profile.

From Figure 4C-E it is clear that the imino proton resonances of
G6, T8, and G18 are less stable in the CDV DNA duplex
compared to the control by 10-20 �C, but those of base pairs
further away from the inserted drug, such as G15 and G22, have a
very similar stability (Figure 4F).
Chemical Shift Assignments of the CDV and Incorpora-

tion IntoDNA. The chemical shift assignment of the proton and
carbon resonances of the CDV drug was accomplished using
natural abundance 1H-13C HSQC and DQF-COSY spectra
(Figure 5A,B). The 1H and 13C chemical shifts of the drug are in
good agreement with previously published chemical shifts for
CDV-phosphocholine extracted from rat kidney.36 Of particu-
lar interest are the resonances of C40, H40 and H400. Since 13P
decoupling was not used during the acquisition of the HSQC
spectra, the 13C40 nucleus showed a splitting of 153 Hz char-
acteristic of a 13C-31P coupling constant (1J13C-31P). A chemical
shift difference of 9.5Hz between the two equivalent protonsH40
and H400 was also observed in the HSQC spectrum. This results
from the coupling constant between the H4 protons and the 31P
nucleus (2J1H-31P), as confirmed in the 1D 1H NMR spectrum.
This E.COSY-like pattern37 depends upon the relative signs of
the coupling constants involved and leads to an apparent offset in
the chemical shift of the coupled protons. The recognition of this
particular J coupling pattern was essential to the assignment of
the CDV resonances in the DNA duplex (Figure 5C,D). Unlike
the situation for the CDV drug, the protons H40 and H400 are
nonequivalent in the duplex. This was confirmed by the NOE
contacts found in the 2D NOESY spectrum of the duplex. These
experiments were necessary to carefully assign the X7 reso-
nances, particularly because protons H100, H400, and H30 all
possess very similar chemical shifts, making the assignment of
the NOE contacts more prone to error. The natural abundance
1H-13C HSQC and DQF-COSY spectra of the control DNA
duplex are presented in Figure 5E,F for comparison.
Sequential Assignment of the Nonexchangeable Protons

in the Control and CDV DNA Duplexes. Sequential assign-
ment of the nonexchangeable base protons (purine H8 and
pyrimidine H6) was performed using through-space connectiv-
ities with the H10-ribose protons in the 2D 1H-1H NOESY
spectra. The sequential assignments for the control and CDV
DNA duplexes are shown in Figure 6. The connectivities of the
first strand (nucleotides 1-12) and the second strand
(nucleotides 13-24) are identified with solid and dashed lines,
respectively. In Figure 6, the strong intraresidue NOEs between
cytosine H5 andH6 protons are labeled with a superscript pound
sign, and the base H8 protons with the base H5 protons of the
previous residue are grouped together in the gray areas. All
expected H6/H8-base and H10-ribose connectivities were found
in the NOESY spectra. Strong NOEs were found for the H6
protons of X7 and T8, making connections with the H10 andH100
protons of X7 (see below for a more detailed description of the
NOEs found for X7). The H20 and H30 sugar protons were
subsequently assigned on the basis of these assignments.
Solution Structures of the Control and CDV DNA Du-

plexes. To measure the effect of the incorporation of the
CDV drug on the structure of the DNA duplex, we performed
restrained molecular dynamic simulations on both the control
and CDV DNA duplexes (see the Experimental Section for
details). Distance restraints were obtained by calibration of the
NOEs using MARDIGRAS.30 A detailed visualization of the
NOE contacts involving the CDV incorporated into DNA is

Figure 3. 2D 1H-1H NOESY spectrum of the imino proton regions of
the CDV DNA duplex at 10 �C. Assigned imino-imino and imino-
amino contacts are indicated, including G18-X7 contacts.
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shown in Figure S3 (Supporting Information). The position of
X7 in the DNA duplex is defined by 18 experimental NOEs.
The sugar pucker pseudorotation angles were determined by

measuring the 3JH1H20 and
3JH1H20 0 coupling constants to esti-

mate the percentage of C20- and C30-endo populations (see the
Experimental Section).38 Backbone dihedral restraints based on
the Dickerson-Drew B-DNA structure32 and standard Watson-
Crick interstrand distance restraints were added to keep the two
strands together during the simulated annealing. The molecular
dynamics simulations were repeated 50 times for each duplex, and
the 10 structures with the lowest root-mean-square deviation (rmsd)

were kept for analysis. TheNMR ensembles of the control andCDV
DNA duplexes containing the 10 lowest rmsd structures are
presented in parts A and B, respectively, of Figure 7. The super-
imposition of the representative structure of the control (green) and
CDV (blue) DNA duplexes is shown in Figure 7C. The rmsd
between both structures is 1.5 Å over all common atoms, confirming
a similar overall B-DNA structure. The comparison of the helical
parameters of the control and CDV DNA duplexes is presented in
Figure 8.
To validate the structure determination protocol, a back-

calculation of the NOESY spectrum based on the NMR structure

Figure 4. Temperature seriesmonitored by 1D 1HNMR spectra: (A) control DNAduplex, (B) CDVDNAduplex. As reflected by the plots of peak intensities
of the imino protons of G6, T8, and G18 as a function of temperature (C-E), the CDV DNA duplex shows a decrease in the local stability of the nucleotides
surrounding the modified base. The imino protons from bases further away, such as G15 and G22 (F), show very similar melting profiles for both duplexes.
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was performed using a complete relaxation matrix analysis
method (CORMA39) using an 80 ms mixing time and a theo-
retical isotropic correlation time of 2 ns. The high level of
similarity between the back-calculated and the experimental
NOESY spectra of the control DNA duplex presented in Figure S4
(Supporting Information) confirms that the structures deter-
mined here well represent the experimental data. Moreover,
structure calculations were performed with and without the
presence of the dihedral restraints and with and without the
presence of the NOEs to evaluate the effect of the respective
restraints on the ensembles. A typical B-DNA duplex ensemble
(but with higher rmsd) was obtained without the use of

the dihedral restraints, while a fully distorted structure was
obtained without the NOE restraints. No dihedral restraints
were used in any calculation for X7. No NOE violations over
0.3 Å were observed in any structure, and only one NOE over
0.2 Å was violated in more than one structure. The average total
distances and torsion penalties obtained for the ensembles were
7.92 and 0.92 for the control DNA duplex compared to 3.35 and
1.33 for the CDV DNA duplex.

’DISCUSSION

The structure of an asymmetric DNA duplex containing a
single molecule of the antiviral agent CDV has been compared to

Figure 5. Natural abundance 1H-13C HSQC (top) and DQF-COSY (bottom) spectra showing the chemical shift assignments of Cidofovir: (A, B)
CDV drug, (C, D) CDV DNA duplex, (E, F) control DNA duplex. The H40 and H400 protons of the phosphonate show an E.COSY-like pattern
reflecting coupling to the 31P. The 1H-13C HSQC and DQF-COSY spectra were acquired at 500 and 600 MHz, respectively.
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a DNA duplex containing dCMP at the equivalent site. The
CDV-containing oligonucleotide was prepared using a reverse
synthesis method22 and permitted the efficient synthesis of
milligram quantities of DNA without constraining our choice
of flanking sequence.We subsequently tested what effects a CDV
molecule, located in the template strand, would have on reactions
catalyzed by vaccinia virus DNA polymerase and observed that it
blocked DNA synthesis across the drug lesion (Figure S1B,
Supporting Information). Thus, these fully synthetic substrates
behave just like the enzymatically synthesized oligonucleotides
that we have used previously.12 We then used CD and 2D NMR
spectroscopy to examine why CDV-containing DNA can so
negatively affect trans-lesion synthesis catalyzed by vaccinia
DNA polymerase.

The CDV and control DNA duplexes exhibited CD spectra
characteristic of B-DNA under near physiological salt and tempera-
ture conditions (Figure S2, Supporting Information) and differed
only slightly in the intensities of the absorbance peaks at 255 and 282

nm.This suggested someminor differences in base stacking between
the two duplexes. CD methods have previously been used to
examine the structures ofDNAs containing the nucleoside analogues
ganciclovir40 and cyclohexenyladenine41 and with similar results. For
example, Marshalko et al.40 studied a self-complementary 10-mer
containing two molecules of the antiviral drug ganciclovir. Ganci-
clovir is an acyclic nucleoside analogue possessing an unmodified
guanine base, and these authors showed that the ganciclovir and
control DNA duplexes produced similar CD spectra characteristic of
B-DNA.40We concluded that CDV causes onlyminor perturbations
of the overall double-stranded DNA structure.

CD analysis was also used to determine the melting properties of
the two oligonucleotides. The data indicated that the incorporation
of a singlemolecule ofCDV into this duplex lowers the overallTmby
∼12 �C in 0.2 M salt (46( 1 and 58( 1 �C for CDV and dCMP
duplexes, respectively). The 1D 1HNMRtemperaturemelting series
showed that the instability is localized to the region around the CDV
molecule. The nucleotides surroundingCDV(G6, T8, andG18) are

Figure 6. 2D 1H-1H NOESY NMR spectra showing the sequential assignment of the base H6/H8 protons with the H10-ribose protons: (A) control
DNA duplex, (B) CDV DNA duplex. Solid and dashed lines indicate the assignments of both strands. The H8-H5 NOEs are located in the gray areas,
while the H6-H5 NOEs are marked with a pound sign.
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less stable by 10-14 �C compared to those surrounding a dCMP
control (Figure 4C-E), whereas nucleotides located further away
show melting profiles similar to that seen in the control duplex
(Figure 4F). Similar effects have been reported for other forms of

modified DNAs. For example, the two molecules of ganciclovir
noted above lowered the Tm by 13 �C relative to a control 10-mer
duplex,40 and a glycerol-based acyclic nucleoside linked to a thymine
base reduced the Tm of a 9-mer DNA by 15 �C.42 Interestingly, the

Figure 7. NMR structures of DNA duplexes. (A) Control DNA duplex: ensemble of the 10 lowest rmsd structures. (B) CDVDNA duplex: ensemble of
the 10 lowest rmsd structures. (C) Superimposition of the control (green) and CDV (blue) DNA duplexes. The rmsd between both structures is 1.5 Å
over all common atoms (PDB accession codes 2L8P and 2L8Q).

Figure 8. Comparison of the helical parameters for the ensemble of 10 structures obtained for the control DNA duplex (b) and the CDVDNA duplex
(4). The error bars correspond to the standard deviations of the ensembles. The parameters were calculated using the program X3DNA.33
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12-mer DNA containing a normal furanose sugar replaced by a
cyclohexenyl ring exhibited a Tm only 0.4 �C different from that of
the dAMP-containing control.41 These data show that modified
nucleotides can be readily incorporated into B-DNA structures, but
that, as Marshalko et al. have suggested,40 a cyclic sugar moiety may
provide an additional important stabilizing element.

The solution structures of the CDV and control DNA duplexes
confirmed the B-DNA configuration suggested by the CD spectra,
and the similarities between the two structures are illustrated by an
rmsd of only 1.5 Å over all common atoms between both duplexes.
The ready accommodation of CDV into B-DNA contrasts with the
structure of a DNA containing ganciclovir.43 Although the guanine
base of ganciclovir can form a normal Watson-Crick pair with a
cytosine on the opposite strand, the ganciclovir-containing DNA
duplex still exhibits a kink in the sugar-phosphate backbone on the
30 side of the drug. Closer inspection of the region surrounding the
CDVmolecule in our structure showed only a small conformational
change in the position of the cytosine base of CDV (X7) relative to
that of dCMP (C7) (Figure 9). This is associated with a significant
alteration in the base pair stagger, rise, and tilt at C7/X7, although
the deviation does notmarkedly exceed the natural variation in these
parameters that can be observed elsewhere in the DNA (Figure 8).
The next nucleotide, T8, superimposes well in both the CDV and
control DNA duplex structures, although again one does see some
changes in the helical parameters (Figure 8). One also still sees some
alteration in thepositioning of the 50-phosphonate and30-phosphates
flanking theCDVmolecule. Themovement of the phosphorus in the
50-phosphonate linkage, relative to its phosphate homologue, may
cause some perturbation of the G6 deoxyribose in the CDV-
containing structure and is reflected in a change in rise (Figure 8).
One also sees displacement of the phosphorus linking X7 and T8,
although this is accommodated within the helix without further
perturbing the T8 deoxyribose.We acquired 31PNMR spectra (data
not shown), but the individual phosphates were not sufficiently
resolved for either DNA to be assigned with the exception of the
phosphonate from the CDV. That said, slightly larger 31P chemical
shift dispersion was observed for the CDV DNA duplex.

Vaccinia virus DNA polymerase has been shown to be the
target of the antipoxvirus activity of CDV on the basis of analyses
of mutants resistant to the drug;13,20,21 our laboratory has also
shown that the incorporation of CDV into DNA affects both the
30-to-50 exonuclease and 50-to-30 polymerase activities of the
enzyme.11,12 The alterations seen in the CDV-containing struc-
ture provide some insights into how this nucleotide analogue
affects the activities of the DNA polymerase although with the
caveat thatwe are extrapolating from a duplex structure to enzyme-
bound and partially single-stranded DNA substrates. For example,
the 30-to-50 exonuclease activity cannot attack the phosphodiester
bond linking CDV to another 30 nucleotide (the CDV þ 1 pro-
duct).11 On the basis of the conservation of sequence, this reaction
will presumably depend upon ametal ion coordinated nucleophilic
attack44 on the phosphorus linking the CDV to the 30-terminal
dNMP (i.e., between X7 and T8). The displacement of this
atom, perhaps further exacerbated by an altered configuration
around the 50-phosphonate linkage in a displaced single-strand of
DNA (Figure 9), could severely interfere with the reaction geometry
within the exonuclease active site. The same arguments could
be marshaled to explain how these structures partially inhibit
DNA polymerization from a CDV þ 1 terminated primer11 or
completely block synthesis across a CDV in the template
strand.12 Although the position of the T8 30-oxygen can be
nearly superimposed in the two stacked structures, the several
small distortions we see might be exacerbated in the absence
of a fully duplex structure and disturb the positioning of the
30-hydroxyl residue. This would disfavor 30-chain extension from
a CDV þ 1 terminated primer. The block to synthesis across a
CDV residue is nearly absolute (Figure S1, Supporting In-
formation) and suggests that a CDV molecule in the template
strand creates much greater problems for virus polymerases. Two
features of the DNA could account for this effect. For example,
any enhancement of the perturbations we see in the rise
(Figure 8) would interfere with H-bonding of an incoming
nucleotide to the G6 residue. Furthermore, the altered posi-
tions of the phosphorus atoms flanking the CDV molecule
(Figure 9) might interfere with movement within the poly-
merase’s DNA binding site, much as a nut cannot easily move
on a damaged bolt. Both effects would inhibit polymerization
across a CDV residue.

Although one can select viruses encoding polymerasemutations
that independently promote enhanced drug excision45 and prob-
ably inhibit CDVpp binding,13 even double-mutant viruses exhibit
only a 15-fold increase inCDV resistance.High-level resistance has
proven impossible to obtain without severe effects on virulence.
This may reflect the fact that no simple evolutionary path exists
for producing DNA polymerases that can accommodate these
insidious forms of drug-damaged DNA templates and illustrates
the promising clinical value of these non-chain-terminating
antivirals.
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Figure 9. Structural comparison of C7 (green) and X7 (blue) in the
middle of the DNA duplexes. The nucleobases C7 and X7 superimposed
relatively well on each other with an rmsd of 0.88 Å for the heavy atoms
of the ring. The absence of the ribose ring for X7 leads to a small
conformational change in the positioning of the base of X7. The ring of
X7 is positioned with a tilt between G6 and T8. Base pairs G6-C19, X7/
C7-G18, and T8-A17 were superimposed to obtain this alignment.
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