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ABSTRACT: The structures in solution of eight oligonucleotide duplexes each containing either zero, one,
or two 5-fluorodeoxyuridine (FdUrd) or 5-fluorouridine (FUrd) nucleosides were determined by the
combined use of NMR spectroscopy, restrained molecular dynamics, and full relaxation matrix refinement
to determine how FdUrd and FUrd substitution affects the structure of duplex DNA and RNA and to
establish whether structural differences due to FdUrd and FUrd substitution in nucleic acids may be
responsible, in part, for the biological effects of the anticancer drug 5-fluorouracil (FUra). The nucleic
acid directed effects of FUra include induction of single-strand breaks in duplex DNA and altered processing
of pre-mRNA and rRNA. Four self-complementary oligodeoxyribonucleotide sequences were prepared
and studied as duplexes in aqueous solution: dGCGAAUUCGC), (5 dGCGAAUFCGC), (5
dGCGAAFUCGC), and (3 dGCGAAFFCGC). The corresponding oligoribonucleotide sequencés (5
rGCGAAUUCGC), (5 rGCGAAUFCGC), (5 rGCGAAFUCGC), and (3 —GCGAAFFCGC) were also
prepared and studied. The helical parameters for the structures of these eight duplexes were analyzed to
determine how substitution of FdUrd and FUrd affects the three-dimensional structures of duplex DNA
and RNA. FdUrd substitution affects the base roll angle at the site of FdUrd substitution, causing the
helical axis of FdUrd-substituted DNA duplexes to be bent compared to the nonsubstituted duplex. A-FUrd
base pairs show substantial RMS deviations from A-Urd base pairs in all three of the RNA duplexes
substituted with FUrd. Bending of the helical axis due to FdUrd substitution may contribute to the
occurrence of single-strand breaks in duplex DNA while the altered structures of A-FUrd base pairs may
affect RNA—RNA and RNA-protein recognition.

The nucleoside antimetabolite 5-fluorouracil (FUrig)the effects of FUra. It is not known whether direct conforma-
principal chemotherapeutic agent used clinically in the tional effects that result from FdUrd and FUrd substitution
treatment of solid tumors, particularly for gastrointestinal in DNA and RNA are important for the cytotoxic and
malignancies (Prattt al, 1994). The anticancer activity of  anticancer activity of FUra. In the present work, the effects
FUra is believed to result primarily from its metabolism to of FdUrd and FUrd substitution on the structures of duplex
FAUMP and the inhibition of dTMP production (Weck- DNA and RNA are systematically evaluated to better
becker, 1991). FdUMP, together with 5,10-methylenetet- understand how substitution of FUra metabolites in nucleic
rahydrofolate, forms an extremely stable ternary complex acids may be responsible, in part, for the biological activity
with thymidylate synthase, the enzyme required for dTMP of FUra.
production and DNA replication (Saret al.z 1974.)'. FUra The relationship between the incorporation of FdUrd into
may also exert anticancer and cytotoxic activities as a . ) . L

i . : .~ genomic DNA and the cytotoxic and anticancer activities of
consequence of its metabolism to FUTP and the 'ncorporatlonﬂuorinated pyrimidines is not known. FdUrd incorporation
of FUrd into cellular RNA (Doong & Dolnick, 1988) and into duplex DNA may lead to base .air mismatches durin
also by the incorporation of FAUTP into genomic DNA that pe h yl i th hp is of dvsf 9
can result in single- and double-strand breaks. The effectst’aNScription that result in the synthesis of mutant, dysfunc-
of FUra metabolites on RNA and DNA biochemistry are tional PTO‘E'”S- FdUrd substltutlon_ C.OUId also affect the
collectively referred to as the RNA- and DNA-mediated recognltlon ofdu_plex DNA by tran_scnptlon factor complexeg
and interfere with gene regulation. NMR spectroscopic
studies of oligodeoxyribonucleotide duplexes have revealed
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(W.H.G.) and NIH-NCI CA36727.
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; Bn!verS!:y 0; gelbraska Medical Center. between wobble base pair geometry and an ionized base pair
niversity of Calgary. iz ati ;
®Abstractypublishgd %:Aduance ACS Abstract€ctober 1, 1996. (Sower.set "?":' 1988). Th.e |or!|zat|0n of FdUrd stimulates
1 Abbreviations: FUra, 5-fluorouracil; FUrd, 5-fluorouridine; FdUrd, base mispairing frequencies with dG (¥tal, 1993). X-ray
5-fluoro-2-deoxyuridine; FAUMP, 5-fluoro‘adeoxyuridine mono-  crystallographic studies of FdUrd-substituted Z-DNA indicate

phosphate; FAUTP, 5-fluord-Bleoxyuridine triphosphate; FUTP, i in li i i i
5-fluorouridine triphosphate: dTMP. thymidine triphosphate: dG, 2 that substitution results in little distortion to this form of DNA

deoxyguanosine; dA, ‘2leoxyadenosine; dT, thymidine; dUrd-2  (Coll etal, 1989). The biological significance of base pair
deoxyuridine. mismatches involving FdUrd in DNADNA and DNA—
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RNA duplexes is unclear since accumulation of FdUrd into v : s*-acccaavuvcecc UUR : 5'-r GCGAAUUCGC

. . . . . . FUD : 5'-d GCGAAF (¢} 5'-
DNA is slight and incorporation of FdUrd into genomic DNA  rp . 5 acccaav o R oo G 22252222
5'-dGCGARAFFCGC FFR 5-r GCGAAFFCGC

tends to parallel the magnitude of the other biological effects 7> : >’
of FUra (Prattet al., 1994).

Although much of the anticancer activity of FUra can be
explained by thymidylate synthase inhibition and DNA strand
breaks, the metabolic conversion of FUra to FUTP and the
subsequent disruption of RNA-mediated processes by RNA
substituted with FUra are also believed to account for some
of the anticancer and cytotoxic behavior of FUra (Weck-
becker, 1991). Evidence for the importance of the so-called
RNA-mediated biological effects of FUra include the ob-
servation of cytotoxicity of FUra toward cells given dT
exogenously (Spiegelmaat al, 1980), the relationship
between FUra incorporation rates into RNA from tumors and nd  om wd
their response to the drug (Matsu(maah 1992)' and the 5-Fluorouridine (FUrd) 5-Fluoro-2'-deoxyuridine (FdUrd)
observation of biological (Doong & Dolnick, 1988) and Ficure 1: Sequences for the four self-complementary DNA
structural effects (Armstronet al, 1986) on RNA processing  duplexes [UUD], [UFD], [FUD], and [FFD] and the four self-
in cells treated with FUra. The two RNA-mediated processes complementary RNA duplexes [UUR], [UFR], [FUR], and [FFR]

. - analyzed by NMR spectroscopy and rMD simulations. The number-
believed to be most affected by FUrd substitution are rRNA ing of individual nucleosides in the duplexes is shown for [UUD].

a}ssembly and_ pre-mRNA splicing. Con\_/er_sely, the tr_ansla- The structures of the monomeric nucleosides 5-fluorouridine and
tion of MRNA is unaffected by FUrd substitution (Schmittgen 5-fluorodeoxyuridine are also shown.

et al, 1994).
The solution structure of thEcaR| octamer restriction  SPecific structural effects or effects that result from the

fragment substituted with FdUrd obtained by NMR spec- application ofdiﬁerent methods for structure determingtior).
troscopic analysis of synthetic oligodeoxyribonucleotides has The structures obtained reveal that FdUrd substitution in
been reported (Stolarsét al, 1992). The authors compared duplex DNA mainly affects the helical parameter roll and
the final, ime-averaged solution structure for the FdUrd Causes a bending of the helical axis for the DNA duplexes
substituted oligodeoxyribonucleotide duplex obtained from Substituted with FdUrd relative to the unsubstituted control.
restrained molecular dynamics simulations guided by con- FUrd substitution iin duplex RNA results in substantially
straints from NMR data to structures of similar sequences 9reater RMS deviations for the FUrd-substituted base pairs
that were obtained by different methods. FdUrd-substitution than at other sites. These structural alterations at FUrd-A
affected the local structure of the DNA duplex near the site 0as€ pairs may affect RNARNA and RNA-protein
of substitution, but otherwise had little structural effect. reécognition. The studies are consistent with alterations to
Detailed structural analyses describing the effects of the NUcleic acid structure being responsible, in part, for the
substitution of FUrd for Urd on the structure of duplex RNA Nnucleic acid mediated effects of FUra.
have not been previously reported. Additional structural
information on DNA and RNA substituted with FdUrd and MATERIALS AND METHODS
FUrd is essential to elucidating the mechanisms of interfer-  Sample PreparationThe synthesis of'80-(4,4-dimethoxy-
ence by fluorinated pyrimidines in nucleic acid-mediated trityl)-2'-O-(tert-butyldimethylsilyl)-5-fluorouridine 3(2-
processes. cyanoethyIN,N'-diisopropyl-phosphoramidite) and purifica-
The present study elucidates the time-averaged three-tion of RNA containing FUrd were done as previously
dimensional structures of four oligodeoxyribonucleotide described (Gmeinest al, 1994). Syntheses were performed
duplexes and four oligoribonucleotide duplexes, each of on an Applied Biosystems 380B DNA synthesizer on a 10
which differs in the location and number of FdUrd or FUrd umol scale. The RNA sequences synthesized are shown in
substitutions, but are otherwise identical. The three- Figure 1. The preparation and purification of oligodeoxyri-
dimensional time-averaged structures for these DNA and bonucleotides containing FdUrd were accomplished es-
RNA duplexes were obtained by methods similar to those sentially as described previously (Stolarekal, 1992), and
used to obtain the structure of thecaRl DNA octamer the DNA sequences synthesized are also shown in Figure 1.
duplex containing FdUrd by Stolarsldt al. The parent Samples for NMR analysis in 4@ consisted of approxi-
sequence is the self-complementary decarhdfirS5CGAA- mately 90 absorbance units (about 3 mg) of the decamer in
UUCGC. The FdUrd (FUrd) substituted duplexes have 0.7 mL of 2 mM sodium cacodylate, pH 7.3, 100 mM NaCl,
either of the two nonequivalent dUrd (Urd) residues substi- and 0.2 mM NgEDTA. Samples were annealed by heating
tuted with FdUrd (FUrd) or both of these residues substituted to 80 °C followed by gentle cooling. The final concentra-
with FdUrd (FUrd) (Figure 1). The dUrd residues were tions of the oligonucleotides were approximately 1.5 mM.
included in the DNA sequences rather than dT to facilitate = NMR MeasurementsAll NMR experiments were per-
comparison of these duplex DNA structures to the structuresformed using a Varian UNITY 500 NMR spectrometer with
of duplex RNA of similar sequence. The value of the present a 5 mm*H{*3C >N} PFG probe excepfF NMR spectra that
study stems from the elucidation of four closely related DNA were acquired using a Nalordd—!°F dual high-band probe.
structures and four RNA structures obtained by identical 'H spectra were referenced to internal TSP (0.00 ppm) and
methods that differ only by FdUrd (FUrd) substitution. In 1% spectra were referenced to extermal,a-trifluorotoluene
this manner, structural effects due to FdUrd (FUrd) substitu- (0.00 ppm). One-dimensional NMR spectra inQHwere
tion may be readily distinguished from other sequence- obtained at 13C using a +3—3—1 binomial pulse for water
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Table 1: Summary of Constraints Applied to Model Structures during rMD Simulations

UUDNA FUDNA UFDNA FFDNA UURNA FURNA UFRNA FFRNA

total no. of constraints 539 537 538 527 383 389 405 407
distance constraints from NMR 258 244 233 228 100 106 122 124
additional indirect constraints 18 30 42 36 20 20 20 20
angle constraints from NMR 100 100 100 100 100 100 100 100
additional backbone constraibts

distance 17 17 17 17 17 17 17 17

angle 94 94 94 94 94 94 94 94
hydrogen bond constraifits

distance 26 26 26 26 26 26 26 26

angle 26 26 26 26 26 26 26 26

a|ndirect loose constraints in areas poorly defined by NMR constraints (Scletnitz, 1992).° These constraints define the right-handedness
of the double helix (Balej&t al., 1990; Gronenborn & Clore, 1989%)These constraints define the Watsd@rick base pairs (Saenger, 1983).

suppression (Hore, 1989). NOESY spectra isODwvere B-form), and three values for the isotropic correlation time
acquired for three different mixing times, 100, 150, and 200 (2, 3, and 4 ns) for a total of 18 calculations for each of the
ms, using the standard three-pulse sequence with Stateseight duplexes (144 such calculations total). Each calculation
method of phase cycling (States al, 1982). A total of yielded estimates for upper and lower bounds for the
400 free induction decays (FID), 16 scans each, with interproton distances. The upper and lower bounds for each
alternating block acquisition, were collected in thelimen- interproton distance from each of the 18 MARDIGRAS
sion. 2K data points over a spectral width of 5000 Hz were calculations for a given duplex were averaged, and these
collected in the; dimension, and the carrier frequency was bounds were used for subsequent molecular dynamics
set at theHDO resonance. A relaxation delay of 10 s was simulations. Calculations for RNA duplexes differed from
included between scans to allow for adequate relaxation for the calculations for DNA duplexes mainly by having fewer
cross peak quantitation. All data were processed usingexperimental NOESY cross peak intensities in the relaxation
VNMR vs 5.1 from Varian. The spectra were apodized in matrix due to lower proton density and poorer resolution for
both dimensions using Gaussian filter functions. After zero- the NOESY spectra of the RNA duplexes compared to the
filling in the t; dimension, the final matrix was 2k 2K DNA duplexes.

real points. Baseline correction was applied to both the Simulation of DQCOSY Cross PeaksSPHINX and
dimensions after the second Fourier transform. Pure absorp-LINSHA (Widmer & Wuthrich, 1987) were used to simulate
tion double-quantum-filtered COSY (DQCOSY) spectra were DQCOSY cross peaks for the deoxyribose spin systend; H1
acquired using time-proportional phase incrementation (Mar- H2', H2", H3', H4', and the®'P spin-coupled to H3 The

ion & Wuthrich, 1983). Sixteen scans were collected for cross peaks for many different sets of coupling constants
each of 800 points in thig dimension, and 2K points were  and line widths were simulated. These simulated cross peaks
collected in thet, dimension. A square sine bell filter  were then compared with the experimental observations from
function, shifted by 4% was used for apodization in both the DQCOSY spectra. A compilation of reported values of

dimensions. The data matrix was 2K2K points after zero-
filling in the t; dimension.
Circular Dichroism Spectra.Spectra were recorded using

IH—'H coupling constants was used to determine the
conformations of the deoxyribose rings in the DNA duplexes
(Rinkel & Altona, 1987).

a Jasco J-710 spectropolarimeter. Samples were dissolved Construction of Molecular Models Starting models for
in 2 mM sodium cacodylate, pH 7.3, and 100 mM NaCl the oligonucleotide duplexes were built using AMBER 4.1
and were scanned at ambient temperature using a cylindricalPearlmanet al, 1995). Each duplex was built as the
cuvette with a path length of 1 mm (Sahasrabudhal,, canonical A-form double helix (Arnott & Hukins, 1972) and
1995). All CD data were baseline corrected for the cell and B-form double helix (Arnott & Hukins, 1973). The modified
buffer and were processed through a noise reduction program5-fluoro-2’-deoxyuridine and 5-fluorouridine nucleosides
Calculation of Interproton Distances Interproton dis- were created using bond angles and bond lengths from a
tances were calculated from NOESY cross peak intensitiescrystal structure (Harris & Macintyre,1964). Large sodium
using MARDIGRAS (Borgias & James, 1989, 1990). A ions (hexahydrated, radius 5 A) were added (Siegfal.,
complete relaxation matrix was constructed for each duplex 1985) to mimic counterion effects. Sodium ions were placed
using the experimental NOESY intensities. The experimental along the P@ bisection, 6 A away from the phosphorus,
intensities were supplemented with intensities calculated fromand were free to move during energy minimization and
the model structures using CORMA (Borgias & James, 1988) molecular dynamics procedures. The starting structures were
to construct a complete relaxation matrix. About 280 volume energy minimizedn vacuo using AMBER 4.1 (Pearlman
integrals were evaluated for each NOESY data set, and 40et al, 1995). A combination of steepest descent and
of these cross peak intensities were later rejected becauseonjugate gradient methods was used.
they originated from overlapping cross peaks or cross peaks Restrained Molecular DynamicsThe restrained molecular
with low signal/noise ratio. The relaxation rates for each dynamics calculations were carried ot vacuo using
'H were calculated iteratively until the change in the sum of AMBER 4.1 on an SGI Indigo workstation. Distance and
errors was minimized. Calculations were conducted for eachangular constraints were included in the force field as
of the eight duplexes considered in the present study (Figurepseudoenergy terms as previously described (StolatsHi,
1). Calculations for each duplex were carried out with three 1992). The distance and torsion angle constraints applied
experimental data sets (100, 150, and 200 ms mixing times),to the model structures during rMD simulations are sum-
two starting geometries (energy minimized A-form and marized in Table 1. The backbone dihedral angles were
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constrained in a broad. allowed region of the torsional angl? Table 2: Comparison of RMS Deviations for the Final Structures of
space to preserve the right-handed character of the DNA helixgight Oligonucleotides

during the molecular dynamics simulations (Balejaal.,
1991; Gronenborn & Clore, 1989). The allowed angles were

Final/A-final Final/B-final A-final/B-final

: oo : UUDNA 1.160 0.306 0.938
Qerlyed from a compilation of c_onformatlonal angl_gs found  EFipna 0642 0612 0.630
in different DNA types (Suzuket al, 1986). Additional UEDNA 1.009 0.938 0.834
distance and angular constraints were added between the FFDNA 1.062 0.843 0.689
bases to maintain WatsetCrick geometry during the rMD UURNA 0.331 0.530 0.470
simulations (Saenger, 1983) FURNA 0.513 0.524 0.298

ger, . UFRNA 0.337 0.341 0.445
The rMD runs were carried out for 30 ps with 1 fs steps. FFRNA 0.467 0.514 0.296

All atoms within a 35 A radius were included in nonbonded ~ aRMS deviation between the A-form and B-form starting structures
interactions. SHAKE was used to constrain all bonds is 4.5 A.

(Ryckaertet al, 1977), and translational and rotational

motions were removed every 100 steps. The energy-rx index show similar trends. These data are included in
minimized coordinates of A-form and B-form double helices the Supporting Information.

from a Maxwellian distribution at 0.2 K. The temperature parameters were calculated using the program DIALS AND
of the system was modulated during the rMD simulation as \x|NDOWS (Ravishankeet al., 1989; Lavery & Sklenar,
previously described (Schmitt al, 1992). The weights  1988). The RMSD values between various structures were
of the NMR and hydrogen bond constraints were modulated ca|culated using AMBER 4.1. All structures were displayed

by multiplying the force constants by a scaling factor that and plotted using SYBYL from TRIPOS Inc.
varied in magnitude during the course of the rMD simulation

as previously described (Schmigt al,, 1992). For every  RESULTS
rMD run of 30 ps, coordinate sets were recorded each 0.2
ps. The last 20 coordinate sets, arising from the last 4 ps of
simulation, were averaged and subjected to restrained energ
minimization. These simulations were run three times with
different starting velocities for each run. The structure
obtained from each starting model (final A-form and final
B-form) resulted from averaging of the coordinates for the
three structures obtained with different initial velocities. The
final structure for each duplex was obtained by averaging
of the two penultimate structures (final A-form and final
B-form) for a particular duplex as previously described
(Mujeeb et al, 1993). A summary of the data obtained
during the rMD simulations for each of the eight duplexes
is included in the Supporting Information. The data include
deviations for the distance and torsional angle restraints
during the simulations, all pairwise RMS deviations for the

intermediate and final ;tructures, anq energy terms for the spectra. The assignments of all the nonexchangeable protons
structures obtained during the rMD simulations. for each of the four self-complementary oligoribonucleotide
Quality of the Comerged Structures.The refined struc-  duplexes, [UUR], [UFR], [FUR], and [FFR] (Figure 1), were
tures that resulted from the rMD simulations were assessedalso made in a sequential manner from NOESY and
in terms of energetics, atomic root-mean-square deviationsDQCOSY spectra in BD following the strategy described
per residue, restraint violations and the residual indices to previously for A-form duplex RNA (Choet al, 1989). A
determine the quality of the converged structures. A portion of the NOESY spectrum for [UUR] and [UFR]
summary of these data is included in the Supplementary showing the sequential connectivities is available as part of
Information. The atomic RMSD values for comparing the the Supporting Information. The adenine H2 protons were
intermediate and final structures obtained from rMD simula- assigned as described for the DNA duplexes.
tions to the starting A-form and B-form structures for all  The chemical shifts of all the assigned nonexchangeable
eight duplexes are listed in Table 2. Direct comparison of protons for [UUD] and [UUR] at 32C are available as part
the theoretical NOESY spectrum calculated from the final of the Supporting Information. Compilation of the base
structure and the experimental NOESY spectra was doneprotons and Hifor all eight DNA and RNA duplexes is
using CORMA (Borgias & James, 1988). The intensities also available as part of the Supporting Information. Each
from the experimental NOESY data sets acquired with 100, assigned resonance represents two protons because of the
150, and 200 ms mixing times were compared to the symmetry of the double helices. Differences in chemical
calculated intensities for both the structures that resulted fromshift for the base protons and Htkesonances in the FdUrd
rMD simulations and from the calculated intensities for the (FUrd) substituted duplexes compared to the unsubstituted
starting A-form and B-form structures. The results indicate duplex are limited to the central four base pairs of the
that the rMD structures provide a much better fit to the duplexes that contain the sites of FdUrd (FUrd) substitution.
experimental intensities than do the starting structures. TheThe largest differences observed are for the H6 protons of
calculated crystallographke factor and the sixth root residual FdUrd (FUrd) residues that are shifted about 0.2 ppm

Resonance AssignmentsThe assignments of all the
nonexchangeable protons for each of the four self-comple-
¥nentary DNA duplexes, [UUD], [UFD], [FUD], and [FFD]
(Figure 1), were made in a sequential manner from NOESY
and DQCOSY spectra in JO following the strategy de-
scribed previously for B-form duplex DNA (Haret al.,
1983; Feigonet al, 1983). A portion of the NOESY
spectrum for [UUD] and [UFD] showing the sequential
connectivities is available as part of the Supporting Informa-
tion. The adenine H2 protons were assigned by their slow
relaxation rates in inversion/recovery experiments (eee
al., 1988), by the appearance of negative enhancements in
1D NOE difference spectra upon irradiation of complemen-
tary uridine imino protons (data not shown), and by the
appearance of relatively weak cross peaks td éflthe
adjacent 3nucleotides on the same strand in NOESY
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FiGURE 2: 19F NMR spectra for the three RNA duplexes (A) and the three DNA duplexes (B) included in this study that contain FUrd or
FdUrd. A single'®F resonance is observed for the symmetrical duplexes substituted with FUrd/FdUrd at one site, tdrésonances
are observed for the doubly substituted duplexes.

downfield compared to their resonance values in dUrd (Urd) (Figure 1). Urd has A as its 5-neighbor and Urgas its
as a consequence of the electron-withdrawing effects of the3'-neighbor. The chemical shift of FdUyih [FFD] is 0.1
19F nucleus bound to the adjacent carbon (Sylvia & Gerig, ppm upfield relative to [FUD] £100.12»s —100.03; see
1993). Smaller differences in chemical shift are observed Figure 2). The upfield shift at FUgdis greater for the
for the H8 resonances of dA residues in dA-FdUrd (A-FUrd) bissubstituted RNA duplex, resonating 0.8 ppm upfield in
base pairs that are shifted downfield by about 0.04 ppm [FFR] relative to [FUR] (102.93vs —102.16; Figure 2).
compared to the resonance values in dA-dUrd (A-Urd) base This upfield shift is consistent with increased stacking
pairs, indicating that the electron-withdrawing inductive between FUrgand FUrd in the refined structure for [FFR]
effect of 1F is transmitted through hydrogen bonds as well compared to [FUR] (see below and Figure 7). Increased
as through ther-electron system of the aromatic base. stacking at the pyrimidinepyrimidine step in this sequence
19 NMR spectra show one resonance from the single FUrd is not observed for the DNA duplexes substituted with FdUrd
in [FUR] and [UFR] and two resonances from each of the although slight changes are observed in the stacking at
two FUrd nucleosides in [FFR] (Figure 2). Similar results purine—pyrimidine steps in the DNA duplexes (Figures 7
are observed for the DNA duplexes. Assignment of the FUrd and 8). Urd has Urd as its 5-neighbor and C8 as its-3
residues in [FFR] and [FFD] using heteronuclear Overhauserneighbor. The chemical shift of FdUréh [FFD] is moved
effect experiments was not successful due to unfavorable0.3 ppm upfield relative to [FUD]100.04 vs —99.72;
correlation times for these duplexe$’F resonances were Figure 2). No upfield shift occurs at this position for the
therefore assigned by assuming that the FUrd with a bissubstituted RNA duplex in contrast to what is observed
downfield *°F chemical shift in the individually substituted for the DNA duplexes-{102.00vs —102.06; Figure 2). No
duplexes was also more downfield in [FFR] and [FFD] increase in base stacking is observed between §bind
(Figure 2). FUrd; in the refined structure for [FFR] compared to [UFR]
Subtle changes in chemical shift are observed foftRe  (Figure 7). Changes ifH chemical shift for H5 of Urg
resonances in the double helices that contain two FdUrdand Urd in [UFR] and [FUR] compared to [UUR] also occur
(FUrd) substitutions compared to the monosubstituted du- and are consistent with increased base stacking occurring
plexes. These subtle differences in chemical shift are between FUrgland Urg (Supporting Information and Figure
consistent with changes in base stacking due to FdUrd (FUrd)7).
substitution observed in the final refined structures for these  Sugar Torsional AnglesEstimation of the torsional angles
duplexes (see below). The sequence of the DNA and RNA for the deoxyribose sugars was accomplished by comparing
duplexes contains two nonequivalent sites, dJadd Urd the cross peak fine structure from experimentally acquired
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Ficure 3: Final structures of the four DNA duplexes [UUD], [UFD], [FUD], and [FFD] as determined by restrained molecular dynamics
simulations using the experimental distance and torsion angle constraints. The structure determination protocol is described in detail in the
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Ficure 4: Final structures of the four RNA duplexes [UUR], [UFR], [FUR], and [FFR] as determined by restrained molecular dynamics
simulations using the experimental distance and torsion angle constraints. The structure determination protocol is described in detail in the
text.

DQCOSY spectra to simulated DQCOSY spectra that were nucleosides. The spectral simulation data are available as
generated with the programs SPHINX and LINSHA (Widmer part of the Supporting Information.

& Wuthrich, 1987). Comparison of all of the simulated  The ribose sugars were estimated to have pseudorotation
spectra with the experimental DQCOSY spectra did not angles of 34, and torsional angles were restrained to be near
identify a simulation within the range of parameters varied this value during the rMD simulations. This estimation of
that uniquely matched the experimental data. Consequentlythe pseudorotation angle for the ribose sugars is consistent
a dynamic two-state model with two rapidly interconverting with the CD spectra of the native and all three FUrd-
sugar conformations (one from the S and one from the N substituted RNA duplexes that indicate adoption of A-form
region of the pseudorotation circle) was considered. The geometry by these duplexes (Sahasrabudtat, 1995), by
pseudorotation phase angles of the dominant S conformerthe presence of strong cross peaks for base proton to H1
Ps, varied from 135 to 162 and the S population ranged interactions in NOESY spectra for all nucleosides of all four
from 75% to 95% for all of the deoxyribose sugars. The RNA duplexes (and weaker intraresidue base proton to H2
sugar pucker amplitudey,S, was 37. The parameterBy cross peaks in the same spectra), and by the absence of cross
= 9° and¢n¥ = 37° were assumed for simulations of the peaks for the HE-H2' interactions in the DQCOSY spectra
minor conformer. The cross peak patterns from the DQ- for these same RNA duplexes. Based on the digital
COSY spectra for FdUrd nucleosides in duplexes substitutedresolution of the DQCOSY spectra, thky 2 interaction

with FdUrd were not significantly different from the dUrd is less than 3 Hz for all nucleosides, placing the pseudoro-



Effects of FUra on Duplex DNA and RNA Biochemistry, Vol. 35, No. 42, 19963603

UUD/FUD UUR/FUR
25 25
—&—UuD —&—UUR
20 + -~ FUD 20 - i~ FUR
15 15 +
10 + 10 4
54 5
0 0
9 10 2 9 10
5+ 5
-10 10
UUD/UFD UUR/UFR
25 25
—e—UuD —e—UUR
20 + ~fifi-~UFD o0 + -~ UFR
15 + 15 +
10 + 10 -+
5+ 54
0 f 0
2 9 10 2 9 10
5 54
-10 10
UUD/FFD UUR/FFR
25 25
—&—Uuub —e—UUR
20 4 ~#~FFD 20 4 —g— FFR
15 15
10 + 10 +
51 / 5
0 1 + + 0 t
2 8 9 i0 2 3 4 5 6 7 8 9 1P
-5+ 5
-10 -10

Ficure 5: (A, left) Comparison of the helical parameter roll for the central A-U base pairs of the three DNA duplexes substituted with
FdUrd ([FUD], [UFD], and [FFD]) compared to the control duplex [UUD]. (B, right) A similar comparison of the value of roll for the
fSBtlr?e]ll A-U base pairs of the three RNA duplexes substituted with FUrd ([FUR], [UFR], and [FFR]) compared to the control duplex
tation angle in the 26to 40° range. The lack of resolvable 2. The effects of FdUrd substitution to the structure of
fine structure in the DQCOSY spectra prevents the applica- duplex DNA were determined by conducting an analysis of
tion of spectral simulation for determining sugar torsional 20 helical parameters (Dickerson, 1989) for each DNA
angles. The similarities in the intensities for intraresidue base duplex using the program DIALS and WINDOWS (Ravi-
proton to H1 and H2 in the native and FUrd-substituted shankeret al,, 1989). The values for each of these helical
duplexes indicate that sugar conformation does not changeparameters for the FdUrd-substituted DNA duplexes [FUD],
significantly in the FUrd-substituted RNA duplexes, even [UFD], and [FFD] were compared to the control DNA duplex
for the residues directly substituted. [UUD]. The model duplex chosen ([UUB} (5 dGCGAA-
Effects of FdUrd Substitution on Duplex DNAhe final UUCGC),) was selected so that FdUrd substitution would
structures for [UUD], [UFD], [FUD], and [FFD] are shown be near the center of the duplex and end-fraying of the duplex
in Figure 3. The final DNA structures are all clearly B-form at terminal base pairs would not mask structural effects due
helices, as is evident from the RMS deviations listed in Table to FdUrd substitution.
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Table 3: Pairwise RMS Deviations between the Control and
FdUrd-Substituted DNA Oligonucleotides

base pair UUD-FUD UUD-UFD UUD-FFD
C2-G19 1.275 2.013 2.367
G3-C18 0.995 1.709 1.707
A4-UIF17 1.067 1.543 1.585
A5-U/F16 1.080 1.590 1.843
U/F6-A15 1.106 1.688 1.718
U/F7-Al4 1.053 1.886 1.492
C8-G13 1.059 1.944 1.893
G9-C12 1.118 2.482 2.314

uuD FUD FFD

Table 4: Pairwise RMS Deviations between the Control and
FUrd-Substituted RNA Oligonucleotides

base pair UUR-FUR UUR-UFR UUR-FFR
C2-G19 1.122 1.006 0.836
G3-C18 0.626 0.689 0.749
A4-U/F17 0.446 1.721 1.713
A5-U/F16 1.676 0.812 1.688
U/F6-A15 1.649 0.689 1.708
U/F7-Al4 0.697 1.755 1.755
C8-G13 0.496 0.783 0.794
G9-C12 1.161 1.054 1.003

distances between base protons and sugar protons were
UUR FUR FFR lengthened at the site of FdUrd substitution. These distances
FiIGURE 6: Depiction of the helical structure and the helical axis were not observed to lengthen for the dUrd site not
for the four DNA duplexes and the four RNA duplexes determined substituted with FdUrd (except the interresidue distances to
in Lhe_ prezeBtNitUgM |The increallse_d rg” p:ja_\ramefter: for: tlhe leUrd- neighboring FdUrd). Bending of the helical axis for [UFD]
This bending is not abserved for the RNA helices, - and [FUD] relative to [UUD] arises from changes only
involving distances at the site of FdUrd substitution and

The largest and most systematic differences in helical distances between FdUrd and itsaid 3 neighbors.
parameters that arise from FdUrd substitution in DNA  Changes in the three types of distances described above
duplexes occur for the roll angle that measures the relativein relation to bending of the helical axis for [UFD] and
inclination of two consecutive base pairs toward the major [FUD] also occur in [FFD]. The changes observed for the
groove. The roll angle is approximately °Lhore positive bissubstituted duplex, however, differ from the monosub-
when one or both of the dA-dUrd base pairs of the DNA stituted cases in certain aspects. The intraresidue distances
duplexes are substituted by a dA-FdUrd base pair (Figure (type 2) behave similarly in the bissubstituted duplexes as
5). This increase in roll angle observed at consecutive basefor the monosubstituted duplexes in that they are lengthened
pairs when an dA-dUrd base pair is substituted with a dA- for the FdUrd-substituted site. Similarly, the interresidue
FdUrd base pair causes the helical axis of FdUrd substituteddistances between H6 of FdUrdnd the sugar protons of
duplexes to be bent compared to the control duplex (Figure FdUrds are lengthened in the bissubstituted duplex relative
6). Curvature of the helical axis has been observed previ- to [UUD]. However, interresidue distances between H6 of
ously in DNA sequences with four or more consecutive dA- Cgs and FdUrd and the sugar protons of FdUrdnd A are
dT base pairs (Haraat al, 1994; Goodsell & Dickerson,  not lengthened in [FFD] even though these same distances
1994). are lengthened in [UFD] and [FUD]. The net result of the

The bending of the helical axis of FdUrd-substituted changes in distance observed for [FFD] is that the bending
duplexes is consistent with differences in interproton dis- of the helical axis for the bissubstituted duplex [FFD] is about
tances that have been shown by others to be characteristi¢he same as for either of the monosubstituted duplexes [UFD]
of DNA curvature. Such differences in interproton distances and [FUD] (~10° for each). A summary of the changes in
are manifest both in the volumes of cross peaks from NOESY interresidue and intraresidue distances that are responsible
data and in the distances obtained from the MARDIGRAS for bending of the helical axis in FdUrd-substituted DNA
calculations that were used as constraints in the rMD duplexes is shown in Table 5.
simulations. Three types of distances were observed to Analysis of the remaining helical parameters for the four
systematically vary in DNA duplexes substituted with FdUrd DNA duplexes did not reveal any other systematic differ-
compared to the control DNA duplex: (1) interresidue ences in DNA structure that resulted from FdUrd substitution

distances between H6 of dUrdiUrd;, or dG and H1, HZ, in duplex DNA that might be useful in correlating structural
and H2' of the preceding residue @AdUrds, or dUrdy); (2) effects due to FdUrd substitution to the biological conse-
intraresidue distances between H6 and,HH?', and H2 guences of treatment with FUra. The values of helical

of dUrd; and dUrd; and (3) interresidue distances between parameters other than roll that measure rotations between
H1' and H2 (dUrd-As and dUrd-A,). The DNA duplexes  two consecutive base pairs, e.g., twist and tilt, are unaffected
with one FdUrd (JUFD] and [FUD]) showed similar changes by FdUrd substitution. Measures of the translations involv-
for each type of distance compared to [UUD]. For [UFD] ing two consecutive base pairs (shift, slide, and rise) also
and [FUD] both the interresidue distances and the intraresiduedid not vary upon substitution of FdUrd in a dA-dUrd base
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Table 5: Some Interresidue and Intraresidue Distances from A)
FdUrd-Containing DNA Oligonucleotides Compared with the

ControP

distances FUDNA UFDNA

interresidue 5A-6U/FU + 0
intraresidue 6U/FU + 0
interresidue 6U/FY-7U/FU + +
intraresidue 7U/FU 0 +
interresidue 7U/FUJ-8C 0 + 0/—

2+ indicates an increase, 0 indicates no change,-amticates a
decrease in the distance.

FFDNA
0/~

FUDNA
A4-U17, A5-F16

UUDNA
A4-U17, AS-Ul6

pair. Rotation angles for the dA and FdUrd bases of dA-
FdUrd base pairs (opening, buckle, tip) were similar to those
of dA-dUrd base pairs, except for the propeller twist that
was decreased several degrees for the dA-FdUrd base pairs.
Stagger between the dA and FdUrd bases of a dA-FdUrd
base pair was somewhat attenuated from that found for the
dA-dUrd base pair in the control, while other translations
involving the dA-dUrd base pairs did not vary. The values
for three helical parameters, shift, rise, and propeller twist,
for the final structures of [UUD] and [UFD] are available
as part of the Supporting Information.

The stacking of consecutive base pairs in the A-U rich
center of the four DNA duplexes was analyzed to determine
if FdUrd substitution affects base stacking in duplex DNA.
Two base pair steps were analyzed for each of the four DNA
duplexes. The first step involved the stacking of the A4-
U17 and A5-U16 base pairs (Figure 7) while the second step
involved stacking of the A5-U16 and the U6-A15 base pairs
(Figure 8). The nomenclature for the base pairs in the DNA
duplexes is given in Figure 1. The stacking pattern observed
for the control and for each of the FdUrd-substituted duplexes

UFDNA
A4-F17, A5-U16

FFDNA
A4-F17, A5-F16

(B)

UURNA
A4-U17, A5-U16

FURNA
Ad4-U17, A5-F16

UFRNA
A4-F17, A5-U16

FFRNA
A4-F17, A5-F16

is largely that expected from B-form duplex DNA
(Schweitzeret al, 1994). There is a high degree of
intrastrand base overlap at the purirmyrimidine steps but
little intrastrand base overlap at pyrimidinpurine base
steps. Intrastrand base overlap is minimal at purimgrine
steps and essentially nonexistent at pyrimidipgrimidine

FiGure 7: Representation of the base overlap that occurs at the
purine—purine step between A4-U(F)17 and A5-U(F)16 base pairs
for (A) the four DNA duplexes considered in the present study

and (B) the four RNA duplexes. Base numbering is shown in Figure

to substitution with FUrd results in the longitudina) éxis

steps. The effects of FdUrd substitution to helical stacking in the RNA duplexes substituted with FUrd being essentially
are greatest at purirgyrimidine steps where FdUrd sub- unchanged from that of the control duplex (Figure 6). The
stitution augments the relatively large base stacking arrange-values of other helical parameters also do not vary systemati-
ment that is already present in the nonsubstituted duplex.cally with FUrd substitution. The values for shift, rise, and
Successive FdUrd substitutions, as occurs for [FFD], further propeller twist for [UFR] and [UUR] along with the
increase the overlap of stacked bases at the ptirine corresponding values of these parameters for [UFD] and
pyrimidine step. This increased overlap of stacked bases afUUD] are available as part of the Supporting Information.
purine—pyrimidine steps due to FdUrd substitution may be The effects of FUrd substitution on base stacking in duplex
responsible for the enhanced stability observed previously RNA are similar to those observed in duplex DNA. FUrd

for DNA duplexes substituted with FdUrd (Sahasrabuehe
al., 1995).

Effects of FUrd Substitution on Duplex RNAhe final
structures for [UUR], [UFR], [FUR], and [FFR] are shown

substitution further augments the already substantial base
stacking that occurs at purin@yrimidine steps (Figure 8).
This enhanced base stacking may be responsible for the
greater stability of RNA duplexes substituted with FUrd

in Figure 4. The effects of FUrd substitution to the structure compared to control duplexes (Sahasrabuethal., 1995).

of duplex RNA were analyzed by comparing the helical  The structural effects most evident in FUrd-substituted
parameters for the FUrd-substituted duplexes [UFR], [FUR], duplexes compared to control duplexes are observed in a
and [FFR] to the control duplex [UUR]. The same 20 helical comparison of the RMS deviations for individual base pairs.
parameters were evaluated for the final RNA structures asThe RMS deviations for A-Urd base pairs not substituted
were described for the DNA structures (Dickerson, 1989). with FdUrd or for G-C base pairs in RNA duplexes
One notable difference between the RNA sequences substisubstituted with FUrd are all less than 1.0 A compared to
tuted with FUrd compared to the DNA sequences substitutedthe control RNA duplex. The RMS deviations for all
with FdUrd is that the roll angle between consecutive base A-FUrd base pairs are, in contrast, between—2% A
pairs is not affected by FUrd substitution in duplex RNA compared to the coordinates for the A-Urd base pairs in the
(Figure 5). The insensitivity of the roll angle in duplex RNA  control duplex (Table 3). No such systematic variation in
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Aa)

UUDNA
A5-Ule, U6-A15

FUDNA
AS5-F16,F6-A15

UFDNA
A5-Ul6, U6-A15

FFDNA
A5-F16, F6-A15

(B)

UURNA
A5-U16, U6-A15

FURNA
A5-F16,F6-A15

UFRNA
AS-Ule6, U6-A15

FFRNA
A5-F16, F6-A15

Ficure 8: Representation of the base overlap that occurs at the
purine—pyrimidine step between A5-U(F)16 and U(F)6-A15 base
pairs for (A) the four DNA duplexes considered in the present study
and (B) the four RNA duplexes. Base numbering is shown in Figure
1.

RMSD values for the dA-FdUrd base pairs of duplex DNA
was observed (Table 2). This displacement of A-Urd base
pairs upon FUrd substitution may impact the binding affinity
for duplex RNA by proteins that bind duplex RNA. The
altered affinity for duplex RNA by RNA-binding proteins
may be responsible, in part, for the observed alterations in
the processing of RNA in cells treated with FUra.

DISCUSSION

The anticancer drug FUra was first synthesized nearly 40
years ago, and combination chemotherapy including FUra
is currently utilized in the treatment of most solid tumors,
particularly for malignancies of the gastrointestinal tract,

Sahasrabudhe et al.

utility of FUra for the treatment of solid tumors results from
the occurrence of multiple mechanisms of cytotoxicity for
this drug.

The importance of FAUTP incorporation into genomic
DNA for the activity of FUra is demonstrated by numerous
reports indicating that DNA isolated from cells treated with
FdUrd had undergone strand scission (Willmore & Durkacz,
1993). Resistance of a human ovarian cancer cell line to
FUra has also been associated with decreased levels of FdUrd
in DNA (Chuet al, 1990). A number of investigations into
the structural properties of duplex DNA that contains FdUrd
have been pursued in order to establish that the altered
biological properties of FdUrd-containing genomic DNA are
a consequence of altered structural characteristics that can
be detected in relatively short duplex oligodeoxynucleotides.
We report here that FdUrd substitution in DNA decamer
duplexes affects the helical parameter roll at the nucleotide
step of substitution and causes bending of the helical axis
for FdUrd-substituted duplexes compared to duplexes that
contain dUrd. While our results are in qualitative agreement
with previous investigations describing the structures of
duplex DNA containing FdUrd, the present study is unique
in that direct comparison between the structures of the same
DNA sequence with and without FdUrd substitution was
made. Differences between the structure of the DNA
sequence containing dUrd and the same sequence with a
FdUrd substitution were observed that reveal FdUrd substitu-
tion is directly responsible for bending of the DNA-helical
axis. Interestingly, substitution of two FdUrd in this
sequence does not significantly increase the bend in the
helical axis above that observed for the monosubstituted case.
These results indicate that caution needs to be exercised in
using FdUrd-substituted DNA duplexes to investigate the
structure of nonsubstituted DNA (Rastinejad & Lu, 1993;
Gmeineret al.,, 1990).

The effects of FdUrd substitution in duplex DNA have
been investigated previously using NMR spectroscopy and
X-ray crystallography. Kremer and co-workers conducted
NMR studies on the Pribnow recognition sequence and
reported that FdUrd substitution destabilized the DNA duplex
due to ionization of the FdUrd imino proton (Kremetral,
1987). The NMR spectroscopic studies of Sowers and co-
workers on a 7-mer duplex containing a central dA-FdUrd
base pair revealed that duplex DNA substituted with FdUrd
adopts a normal right-handed configuration with a dA-FdUrd
Watson-Crick base pair (Sowet al, 1987). In a separate
study, Sowers and co-workers determined that a dG-FdUrd
base pair alternates between a wobble and an ionized base
pair as a function of pH (Soweet al,, 1988). A dG-FdUrd
wobble base pair was also observed in Z-form DNA in an
X-ray crystallographic investigation (Colkkt al, 1989).
Detailed analysis of the structure of a duplex octamer

breast, head, and neck. FUra is an antimetabolite, and threecontaining a single FdUrd revealed local conformational

products of its metabolic activation, FAUMP, FAUTP, and
FUTP, are each considered responsible for part of its
anticancer activity. FAUMP is a potent inhibitor of thymidy-

changes in the DNA helix that were attributed to FdUrd
substitution (Stolarskét al, 1992). In particular, the authors
reported some irregularities in the helix axis that had a global

late synthase and is the metabolite responsible for thecurvature of 5.8 but with more pronounced bends near

cytotoxicity of FUra in most instances. Deprivation of

FdUrd-dA base pairs. The FdUrd-dA base pairs also had

thymidine monophosphate due to FUra treatment is insuf- the smallest inclination and the largest tip angle observed in
ficient to induce cytotoxicity, at least in some instances, and this structure. The structures of the DNA decamer duplexes
incorporation of FAUTP into DNA and FUTP into RNA may determined in the present study reveal a systematic change
be important for the cytotoxicity of FUra (Spiegelmetal., in the roll angle for steps involving FdUrd-dA base pairs
1980). It is likely that the longstanding and widespread compared to dUrd-dA base pairs, in agreement with the
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