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ABSTRACT. The structures and stabilities of three RNA duplexes that differed only in the position of
5-fluorouridine (FUrd) substitution were elucidated using NMR spectroscopy and UV hyperchromicity
studies to determine if FUrd substitution altered the structure or stability of RNA duplexes that contained
G-U base pairs. The duplexes investigated corresponded to the region of tHé6lEhRNA complex

that contained the'Germinus of U4 snRNA. The control duplex contained a G-U wobble base pair and
also a G-A mismatched base pair. FUrd was substituted in one duplex at the G-U wobble base pair and
in the second duplex at an A-U base pair adjacent to the wobble base pair. FUrd substitution slightly
destabilized the duplex that contained a G-FU base pair but stabilized the duplex that contained an A-FU
base pair. NOESY spectra were used to determine interproton distances, and these distance constraints
were used in a restrained molecular dynamics protocol to determine the three-dimensional structures of
these RNA duplexes. Analyses of helical parameters, backbone torsion angles, and rms deviations between
the final structures revealed no systematic differences due to FUrd substitution in RNA duplexes that
contained G-U base pairs. The G-FU base pair adopted wobble geometry, while the G-A mismatch formed
a sheared base pair. NOESY spectra #®Holution revealed the imintd from FUrd exchanged more

rapidly with solvent than did the Urd imintH but did not show the G-FU base pair adopted an ionized
structure. Reduced stacking occurred for the G-FU base pair relative to the G-U base pair in the time-
averaged structure, and this, rather than ionization of the base pair, was responsible for the slight
destabilization of the duplex that contained the G-FU base pair.

5-Fluorouracil (FUra) is an antineoplastic agent used (Daheret al.,, 1990) and, when incorporated into DNA, is
singly or in combination with folate analogs such as removed by uracil deglycosylase (Ingrahamal., 1980).
leucovorin and methotrexate, as well as others drugs, for theSignificant incorporation of FAUTP into DNA occurs only
treatment of solid tumors in humans (Pettal, 1994). FUra after dTMP levels are depleted following TS inhibition and
is converted intracellularly to FdAUMP, a dUMP analog that result in strand breaks (Schuett al, 1986; Cheng &
together with reduced folate and thymidylate synthase (TS) Nakayama, 1983). FUTP is readily incorporated into cellular
forms a stable ternary complex that irreversibly inhibits TS RNA, and no repair processes that remove 5-fluorouridine
enzymatic activity (Santt al, 1974). Exposure of cellsin  (FUrd) from RNA are known. FUrd incorporation into both
culture to FUra results in a cytostatic condition referred to pre-mRNA and snRNA has been shown to reduce the
as “thymineless cell death” (Weckbecker, 1991; Houghton efficiency of pre-mRNA splicing (Parker & Cheng, 1990;
et al, 1994). Simultaneous exposure of cells in culture to Schmittgeret al., 1994; Doong & Dolnick, 1988). Similarly,
both FUra and dTMP also results in cytostasis, implicating yrd — FUrd substitution in pre-rRNA reduced the efficiency
non-TS inhibitory processes in the growth inhibitory activity of rRNA assembly (Wilkinson & Pitot, 1973).
of FUra (Spiegelmaret al., 1980). The cytostatic activity
of FUra due to mechanisms other than TS inhibition is not

well understood; however, metabolic activation of FUra to is not known. FdUrd incorporation has been shown to affect
FAUTP and FUTP occurs readily and is followed by their ' : o
incorporation into nucleic acid)s/ (Tanaket al 193521. the structures of duplex DNA near the site of substitution
Chaudhuriet al, 1958). FdUTP is cleaved by’ dUTPélse (Stolarskiet al., 1992). Specifically, substitution of FdUrd
B ' in duplex DNA increased the roll angle at the base steps

involving FdUrd and increased the curvature of the DNA
(W*;hg)reszaﬁrHW’f}é ISUCpAp%Fée?dz ;Jy funds from NIH-NCI R29CA60612 duplex. In contrast, site-specific FUrd substitutions in duplex
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The physicochemical basis for alteration of RNA structure
and function as a consequence of UrdFUrd substitution

S0006-2960(97)00057-3 CCC: $14.00 © 1997 American Chemical Society



5982 Biochemistry, Vol. 36, No. 20, 1997 Sahasrabudhe and Gmeiner

mismatches or G-U wobble base pairs could be more previously described (Sahasrabudbe al, 1995). Six
significant toward its biological effects than FUrd substitution measurements were made for each sample. Melting curves
in A-U base pairs. No high-resolution structures of RNA for the three 8mer duplexes were acquired at 12 different
duplexes containing noncanonical base pairs involving FUrd concentrations from 18 to 10°% M in a buffer consisting
have been previously reported, although NMR and X-ray of 0.1 M NaCl and 2 mM sodium cacodylate at pH 7.3. All
studies of duplex DNA containing a dG-FdU base pair and the initial and final absorbance values were between 0.25
the structure oEscherichia colitRNAY® containing G-FU and 2.2 (optical density). Six measurements were made for
wobble base pairs were reported (Sowetrsil., 1988; Coll each sample at each concentration. Numerical values for
et al,, 1989; Chu & Horowitz, 1989). the thermodynamic parametek$s®, AH®, andAS’ associ-

The stem Il duplex of the U4U6 snRNA complex from ated with the duplex to single-stranded transition for each
Saccharomyces cerisiaehas been shown to be exquisitely Of the RNA duplexes were obtained using the software
sensitive to single nucleotide mutations. In fact, the U6C Written by Petersheim and Turner (1983). Valuesy®éf
mutation that converts an A-U base pair in stem Il into an resulting from the parametric fitting for each of the experi-
A-C mismatched base pair was lethal to this strain of yeast mental melting curves were less than~10 Melting tem-

(Hu et al, 1995). Conditional growth resulted from several Pperatures,Im, were calculated from the first derivative of
other single nucleotide substitutions in this region. While the absorbance versus temperature data for each duplex at
the effects of Urd— FUrd substitution may be expected to €ach concentration. Numerical valuesAdi® andAS’ were

be less deleterious than Uret Cyt substitution, little is ~ obtained from plots of If, versus log¢r/4) (Boreret al,
known about mismatched and wobble base pair structure andl974).

stability in RNA substituted with FUrd. In order to gain ~ NMR Spectroscopy.Samples for NMR analysis were
greater insight into the effects of FUrd on the structure and Prepared by mixing equimolar amounts of the two strands.
stability of the stem Il duplex from the U4U6 snRNA Each sample contained about 50 absorbance units of one
complex, we have prepared synthetic oligoribonucleotides duplex in 0.6 mL of 2 mM sodium cacodylate (pH 7.3), 100
with site-specific substitution of FUrd (Gmeinet al, mM NacCl, and 0.2 mM disodium EDTA. All NMR
1994b). The stabilities of these RNA duplexes were experiments were performed using a Varian UNITY 500
investigated using UV hyperchromicity studies. The three- NMR spectrometer wit a 3 mm [H,**C *P] triple-resonance
dimensional structures of these RNA duplexes were deter-2Z-gradient probe except spectra that were acquired using
mined using NMR spectroscopy in conjunction with com- @ Nalorac'H—9F dual high-band probe'H spectra were
plete relaxation matrix analysis and restrained molecular referenced to internal TSP (0.00 ppm), dffd spectra were
dynamics simulations. These investigations conclusively referenced to externat,o,o-trifluorotoluene (0.00 ppm).
showed that Ure~ FUrd substitutions did not systematically One-dimensional NOE spectra in® were obtained at 15
affect the structures of RNA duplexes that contained °C using a +-3—3—1 binomial pulse for water suppression
mismatched and wobble base pairs. These studies providgHore, 1983). Two-dimensional NOESY spectraiO

a model for the association of U4 and U6 snRNAs via Wwere acquired for three different mixing times, 100, 150,
formation of the stem Il duplei zivo. This model suggests and 200 ms, using standard three-pulse sequences with
that the unique structural and thermodynamic stability States’s method of phase cycling (Stagesl, 1982). Two
properties of this duplex arise from formation of mismatched hundred fifty-six free induction decays (FIDs), 16 scans each,

and wobble base pairs but that the substitution of uridine by were collected in the; dimension with alternating block
5-fluorouridine in this sequence context is not a major acquisition. Two thousand data points were collected over

determinant in the RNA-mediated effects of 5-FU. a spectral window of 5000 Hz in the dimension. A
relaxation delay of 10 s between scans was used to allow
EXPERIMENTAL PROCEDURES nearly complete relaxation of magnetization. All data were
processed using VNMR v. 5.1 from Varian. The data were
Solid-Phase Synthesis of Oligoribonucleotiddhe syn-  extended using forward linear prediction in thelimension,
thesis and purification of'80-(4,4-dimethoxytrityl)-2-O- to create the final matrix containing 2K 2K points
(tert-butyldimethylsilyl)-5-fluorouridine 3(cyanoethyN,N'- (Babcooket al., 1996). Baseline correction was applied to

diisopropylphosphoramidite) and purification of RNA  poth dimensions after the second Fourier transform.
containing FUrd were done as previously described (Gmeiner  Calculation of Interproton Distanceslnterproton dis-
etal, 1994b). Syntheses were performed using an Applied tances were calculated from NOESY cross-peak intensities
Biosystems 380B DNA synthesizer at the ifhol scale. using MARDIGRAS (Borgias & James, 1989, 1990). A
The material was purified on a denaturing 20% polyacryl- complete relaxation matrix was created for each duplex using
amide gel. Three 8mer RNA duplexes were prepared thatexperimental intensities, and estimated intensities from the
differed onIy in the location of FUrd substitution. The geometry of the Starting structure for those Cross-peak
sequence selected corresponds to the “A” half of the stem Il jntensities which were unavailable from the experimental
sequence from the U4U6 snRNA complex that included  data. The diagonal and off-diagonal terms were compared
the 3 terminus of U4 snRNA (Figure 1). This sequence iteratively until the sum of the residual errors was minimized.
contained an A-G mismatched base pair and a G-U wobble cajculations for each duplex were carried out with three
base pair. The control sequence is denoted S2A-C through-experimental data sets (100, 150, and 200 ms mixing times),
out the text, while the sequence containing a G-FU base pairtwo geometries for the initial structure (A-form and B-form
is denoted S2A-GF and the sequence containing an A-FUdouble helix), and three values for the isotropic correlation
base pair S2A-AF (Figure 1). times (1.5, 2.0, and 2.5 ns). Eighteen calculations were
Thermodynamic AnalysesThermodynamic analyses for carried out for each duplex, yielding 18 sets of interproton
the FUrd-substituted and control duplexes were made asdistances. These data sets were averaged, and the calculated
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Sequences from the stem II of U4-U6 snRNA complex
used in this study:

(B)

123456 78
S2A-C: 5'-AGCUUUGC
3'-UAGGAACG

16 1514 13 12 11 10 9

S2A-GF: 5'-AGCFUUGC
3'-UAGGAACG

S2A-AF: 5'- AGCUF UGC

3'- UAGGAACG
Ficure 1: (A) Structure of the human U4U6 snRNA complex. The bracketed (A) region of stem Il contains the sequence that was

considered in the present study. (B) The sequences of the three duplex oligoribonucleotides studied. S2A-C is the native sequence, while
S2A-GF contains FUrd substitution at the G-U base pair and S2A-AF FUrd substitution at the A-U base pair indicated.

standard deviation was used to set the width of the flat part

Restrained Molecular DynamicsRestrained molecular

of the potential well for distance constraints in the restrained dynamics calculations were carried ootvacuo using the

molecular dynamics calculations.

Construction of Molecular Modelsinitial structures for
each duplex were constructed with A-form (Arnott & Hukins,
1972) and B-form (Arnott & Hukins, 1973) double-helical
geometry using SYBYL. Coordinate and topology files were
created using AMBER 4.1 (Pearlmaat al, 1995). The

SANDER module of AMBER 4.1. Distance and angular
constraints were included in the force field as pseudoenergy
terms, which had the form of a flat well with parabolic sides
extending 0.5 A or 5from the flat part of the potential well
and continued linearly beyond these margins (Stolagski
al., 1992). The MARDIGRAS calculations determined the

modified 5-fluorouridine nucleosides were created using bond Width of the flat portion of the potential well. The backbone
angles and bond lengths from a previously published crystal dihedral angles were constrained in a broad allowed region

structure (Harris & Mclintyre, 1964). Large hexahydrated
sodium ions wih a 5 A radius (Singhet al., 1985) were

of the torsional angle space to preserve the right-handed
character of the RNA helix during the molecular dynamics

added to mimic counterion effects. These counterions weresimulations (Balej&t al., 1990; Gronenborn & Clore, 1989;

placed along the phosphate bisecti6nA away from the

Suzuki et al, 1986). Additional distance and angular

phosphorus, and were free to move during energy minimiza- constraints were added between the bases to maintain

tion and molecular dynamics procedures.
structures were energy minimizédvacuousing a combina-

The starting Watsorr-Crick geometry during the rMD simulations (Schmitz

etal, 1992). Flat angles were determined by the three atoms

tion of steepest descent and conjugate gradient methods usinghat formed the hydrogen bond. Constraints representing

AMBER 4.1.

hydrogen bonds were not added for the G-A mismatched



5984 Biochemistry, Vol. 36, No. 20, 1997 Sahasrabudhe and Gmeiner

Table 1: Thermodynamic Parameters for the RNA Duplexes

F2 ]
Considered in This Study ooy 136

FFIAH2-->™ S - = - EY -

average fitted parametérs

AH° AS AG®37 101
duplex (kcal/mol) (calmort°C™) (kcal/mol) Tn(°C)
S2A-C  —37.84+16 -—-105.3+5.2 -5.1+0.01 30.5+:0.2

S2A-GF —32.5+0.3 —88.8+£0.8 —4.94+0.01 285+0.1 1
S2A-AF —447+0.9 -—127.1+29 -52+0.02 32.3+0.1 12402 >

a2 The data were analyzed using a Studentsst; P < 0.002.

base pair. The only additional constraint added for the G-A
base pair was between the 'Gitoms of the bases, which
was broader (10:512.0 A) compared to the same constraint
for other base pairs. An average of 298 constraints were
used in the rMD simulations for each duplex with 161 of
these based on NMR spectroscopic data (Table 4). TherMD ~ 3isanz->
simulations were carried out for 30 ps with 1 fs steps. All
atoms within a 35 A radius were included in nonbonded ]

interactions. SHAKE was used to constrain all bonds e e
(Ryckaertet al, 1977), and translational and rotational g ee 2: Region of the NOESY spectrum containing H8#H6
motions were removed every 100 steps. Application of the H1' cross-peaks for the S2A-C duplex. The spectrum was acquired
NMR constraints and the duration of the rMD simulations with a 200 ms mixing time. The intraresidue base proton t6 H1

were done as previously described (Mujesttal., 1993). proton cross-peaks are indicated by the residue number, while

. . . vertical and horizontal lines show the sequential connectivity. Cross-
The structures obtained from rMD simulations for each o< arising from the H5 to H6 protons of pyrimidines are

initial geometry (final A-form and final B-form) resulted indicated by bold letters, and cross-peaks from the AH2 to H1
from averaging the coordinates for the three structures protons are indicated with asterisks.

obtained with different seed values for initial velocities. The
final structure for each duplex was obtained by averaging must belong to the same residue, while for the interresidue
the two penultimate structures (final A-form and final index, the protons do not belong to the same residue.
B-form) for a particular duplex. The final structure was Examination of these indices accentuated structural differ-
subsequently subjected to a 20 ps rMD run, where the ences localized in the molecule. A summary of these indices
temperature was maintained at 300 K and the force constantds included in the Supporting Information.
were maintained at 20 kcal mdlA—2 and 80 kcal moit Structure Analysis and DisplaySugar pucker and helical
rad 2 throughout the run. The coordinates were saved at parameters were calculated and displayed using the programs
0.2 ps intervals, and the last 20 coordinates were averagedURVES and Dials and Windows (Lavery & Sklenar, 1988;
to obtain a structure that was then subjected to restrainedRavishankeet al,, 1989). The rmsd values between various
energy minimization to obtain the final structure for that Structures were calculated using the ANAL module of
particular duplex (Mujeelet al., 1993). AMBER 4.1. All structures were displayed and plotted using
Assessment of Quality of Structurehe refined structures ~ SYBYL from TRIPOS Inc.
that resulted from the rMD simulations were evaluated in RESULTS
terms of various energy values, atomic root mean square
deviations (rmsd), restraint violations, and the residual indices  Effects of FUrd on Duplex StabilityThe effects of single
calculated from the complete relaxation matrix analysis of Urd — FUrd substitutions on the stabilities of oligoribo-
different intermediate structures. The overall and base pair nucleotide duplexes corresponding to region A of stem Il of
rmsd values between several starting, intermediate, and finalthe U4-U6 snRNA complex (Figure 1) were determined
rMD structures were calculated using AMBER 4.1 and are both by parametric fitting of individual UV hyperchromicity
listed in Table 5. The energy terms for various structures curves and from the concentration dependence ofTthe
were obtained from the output files from energy minimization The results are summarized in Table 1. Similar trends for
and rMD calculations and are available as a table in the the three duplexes were observed for the two methods. The
Supporting Information. control duplex S2A-C had &, intermediate between those
The complete relaxation matrix analysis (CORMA) (Bor- of the two FUrd-substituted duplexes. FUrd substitution at
gias & James, 1988) was used to calculate theoretical two-the G-U wobble base pair slightly decreasedftheand FUrd
dimensional NOESY spectra from various starting, interme- substitution at the adjacent A-U base pair slightly increased
diate, and final rMD structures. The calculated intensities theT,. These slight differences if, observed for the FUrd-
were compared with the experimental intensities using substituted duplexes, relative to the control duplex, were
CORMA to calculate numerical indices that indicate the consistent with the calculation of modest differences in the
consistency of the structure with the experimental data usingfree energy of dissociation for duplexes that differed in FUrd
a sixth-root residual index, the dependence of the NOE on substitution at or near wobble base pairs (Table 1).
the interproton distance. The indices were summed for all NMR Resonance Assignmenthe assignments of the
the observed intensities, and also as two categories, internonexchangeable protons for each of the three RNA duplexes
residue and intraresidue cross-peak intensities. In an in-(S2A-C, S2A-GF, and S2A-AF) were made in a sequential
traresidue index, both the protons included in the summation manner from NOESY and COSY spectra using the strategy

7 15A
8.0 | 1aH2 >

i
|
I
|
T
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Table 2: Chemical Shifts for Nonexchangeable Protons for the Three Stem Il Duplexes

1H chemical shifts

S2A-C S2A-GF S2A-AF
residue H6/H8 H2/H5 H1 H2' H6/H8 H2/H5 H1 H2' H6/H8 H2/H5 H1 H2'
Al 8.28 7.98 5.92 4.68 8.25 7.95 5.90 4.65 8.35 7.85 5.87 4.65
G2 7.79 - 5.74 4.59 7.77 - 5.69 4.60 7.98 - 5.73 4.53
C3 7.62 5.44 5.61 4.57 7.61 5.45 5.58 4.60 7.71 5.38 5.56 4.55
U/F4 7.91 5.81 5.69 4.06 7.99 - 5.63 4.11 7.88 5.79 5.65 4.04
U/F5 8.10 5.58 5.52 4.40 8.13 5.58 5.51 4.43 8.48 — 5.43 4.39
U6 8.03 5.63 5.65 4.57 8.07 5.63 5.67 4.61 8.10 5.66 5.62 4.57
G7 7.71 - 5.76 4.37 7.71 - 5.77 4.40 7.75 - 5.74 4.38
C8 7.46 5.29 5.55 3.94 7.46 5.28 5.53 3.97 7.52 5.33 5.51 3.95
G9 7.97 - 5.49 4.41 7.98 - 5.48 4.43 7.99 - 5.43 4.39
C10 7.80 5.14 5.44 4.55 7.83 5.11 5.42 4.58 7.86 5.10 5.37 4.49
All 7.98 6.75 5.88 4.48 7.98 6.78 5.88 4.50 8.00 6.77 5.84 4.46
Al2 7.83 7.32 5.97 4.49 7.83 7.35 5.97 4.52 7.89 7.36 5.94 4.48
G13 6.74 - 5.44 4.57 6.74 - 5.38 4.58 6.74 - 5.42 4.50
G14 7.13 - 5.65 4.38 7.18 - 5.63 4.42 7.12 - 5.60 4.44
A15 7.92 8.16 6.10 4.39 7.92 8.18 6.10 4.43 7.98 8.27 6.06 4.39
ul6 7.54 5.28 5.72 4.02 7.53 5.29 5.69 4.04 7.59 5.25 5.72 4.04

described previously for A-form duplex RNA (Chea al.,
1989). Figure 2 shows a portion of the NOESY spectrum
for S2A-C in the fingerprint region, illustrating the sequential
connectivities in the base H6/H8 to sugar'lédgion. The
adenine H2 protons were identified from the characteristic
cross-peaks observed with Hif the 3 neighboring residue
and with HI of the 3 neighbor of its base pairing partner
(Chouet al,, 1989). The chemical shifts of the nonexchange-
able protons (H8/H6, H1 and H2) for S2A-C, S2A-GF,

A-U base pairs. Similar effects were observed previously
for FUrd imino protons from other RNA duplexes (Sahas-
rabudheet al, 1996). Second, the intensities of both the
cross-peaks and the diagonal peaks in two-dimensional
NOESY spectra acquired in B solution were greatly
diminished for FUrd imindH relative to Urd imino*H for

both A-U and G-U base pairs with the exception of the
exchange cross-peak of the FUrd imite with H,O that
was increased for the G-FU base pair. The resonance
and S2A-AF at 15C are listed in Table 2. Differences in frequencies, line widths, and intensities of cross-peaks and
chemical shift for the base protons and’Hésonances in  diagonal peaks from other imin1, including the partner
the FUrd-substituted sequences compared to the controlG for the G-FU base pair, were not affected by FUrd

sequence were limited to the site of substitution.

substitution. The chemical shifts for the exchangeable

The exchangeable imino and amino protons for each RNA 0f S2A-C, S2A-GF, and S2A-AF are listed in Table 3.

duplex were assigned using two-dimensional NOESY ex-
periments in HO solution (Figure 3). The pathway of
sequential connectivity between imifd from adjacent base

19 Chemical Shifts. The one-dimensionat®r NMR
spectra for S2A-AF and S2A-GF are provided as part of the
Supporting Information. Thé’F NMR spectrum for each

pairs of S2A-C is presented in Figure 3A. The imino protons duplex consisted of a single resonance from the site of FUrd
from the two A-U base pairs (U5 and U6; for numbering, substitution. Thé®F resonance for S2A-GF, which contains
see Figure 1) were assigned to the resonances at 14.1 and G-FU base pair, is shifted almost 3 ppm downfield from
13.2 ppm, respectively, the two most downfield peaks in the the °F resonance from S2A-AF, which contains an A-FU
'H spectrum, while the imino protons from G13 and U4 of base pair. These results are consistent with previous reports
the G-U base pair were assigned to the resonances at 11.that the'*F signal from base-paired FUra differs considerably
and 11.6 ppm, respectively. The intense imiiitmino NOE between WatsonCrick and wobble geometry (Chu &
between G13 and U4 is characteristic of wobble geometry Horowitz, 1989).

for the G-U base pair. The peak at 12.7 ppm was assigned Effects of FUrd on RNA Duplex Structurd@he distance
to resonances from two imino protons (G7 and G14) that and angular constraints applied during the molecular dynam-
were degenerate in chemical shift. The imino protons from ics calculations are summarized in Table 4. The refined
the terminal base pairs were not detected due to exchang&sryctures that resulted from the rMD simulations were
broadening, nor was an imino proton from the putative A-G evaluated in terms of energy values, restraint violations
mismatched base pair observed. NOESY cross-peaks wergsypporting Information), atomic root mean square deviations
also observed between the imino and amfiHaresonances  (ymsd) (Table 5), and the residual indices calculated from
of G-C and G-U base pairs, between the uridine imiHo  the complete relaxation matrix analysis of different inter-
and AH2 of its base pair partner or its Beighbor, and  mediate structures (Supporting Information). The values for
between the G13 iminéH and the H1 of its base pair  total energy and constraint violation energy for the final rMD
partner, C3 (Figure 3). structures were significantly reduced compared to those of
The pathways of sequential connectivity for S2A-GF and the starting structures, indicating compliance of the final
S2A-AF are similar to those described for S2A-C and are structures with the applied experimental constraints. The
shown in panels B and C of Figure 3. The NOESY spectra final, time-averaged structures for S2A-C, S2A-GF, and S2A-
for the FUrd-substituted duplexes differ from those of the AF are presented in Figure 4. Inspection of these structures
control duplex in several properties. First, the FUrd imino revealed all three duplexes adopted right-handed, A-form
H for G-FU and A-FU base pairs is broadened and resonatesdouble-helical geometry. Analysis of the helical parameters
further downfield than does the Urd imiriél in G-U and for each duplex using the program Dials and Windows
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o o 3 Table 4: Summary of Applied Constraints during the Restrained
Gl3 3 Molecular Dynamics Calculations
H1'
e . o e o S2A-C S2A-GF  S2A-AF
clo. a7 S:;t total number of constraints 301 298 296
<3 g NaH2 NH, . distance constraints from NMR 84 81 79
NH, - @ additional indirect constrairits 16 16 16
& B = o angle constraints from NMR 80 80 80
a additional backbone constraihts
@ - distance 13 13 13
Al2 HO angle 74 74 74
H2 2 hydrogen bond constraifits
: ‘ : ‘ ‘ distance 17 17 17
9 8 7 6  Fl(ppm) angle 17 17 17
e a|ndirect loose constraints in areas poorly defined by NMR
G613 3 constraints (Schmitet al, 1992).° These constraints define the right-
NH, HI handedness of the double helix (Balgfal., 1990; Gronenborn &
: B Clore, 1989)° These constraints define the WatsdaPrick base pairs
cio a1 G4 “:v (Saenger, 1983).
ogls S D g
NH,
' ® o @ o . Table 5: (A) Overall and (B) Base Pair rmsd Values for the Three
Al Stem Il Duplexes
© ° (A~
] N wd final/A-final final/B-final A-final/B-final
S ’ S2A-C 0.621 1.125 0.563
14 13 12 11 10 9 8 S2A-GF 0.685 1.199 1.016
] (C)S2A-AF . - S2A-AF 0.558 1.225 1.038
(oo % a3 ®
E = base pair S2A-C/S2A-GF S2A-C/S2A-AF
12 o o G2-A15 1.456 1.669
] o NH, C3-G14 0.823 0.529
] ‘ 67, 614 ’““'“‘““‘“‘i%@ U/F4-G13 1.490 0.386
134 © o U/F5-A12 0.485 1.524
3 ué ; ‘ U6-Al1l 0.788 0.566
G7-C10 0.746 0.685
14 4
armsd between the A-form and B-form starting structures is 4.5 A.
3 F5
X

IS o T T IR o e T T

T The overall and base pair rmsd values and energy values
14 13 12 11 10 9 8 7 6 F1{ppm)

_ . . . . for the three duplexes are summarized in parts A and B of
Ficure 3: Two-dimensional NOESY spectra in,8 solution Table 5, respectively. The most obvious structural differ-

showing cross-peaks between the exchangeable imino and aming . .
1H resonances. Connectivity between adjacent base pairs is indicate: nces in the FUrd-substituted duplexes compared to the

by vertical and horizontal lines. (A) Spectrum for S2A-C. (B) control duplex were larger than average base pair rmsds for
Spectrum for S2A-GF. (C) Spectrum for S2A-AF. Diagonal peaks the base pairs substituted with FUrd (1.5 A for G-FU or

for the imino *H from FUrd in S2A-GF and S2A-AF were not  A-FU versus 0.6 A for other base pairs). Higher than average
observed due to rapid exchange with solvent and are denoted byvalues of base pair rmsds were also observed for the G-A
an X in parts B and C. . L .
mismatched base pair in all three duplexes, mainly because
Table 3: Chemical Shifts for the Exchangeable Protons from the of a lack of enO_UQh constraints for a mo_re precise dEfm'tlon_
Three Stem Il Duplexes of the base pair geometry. T_he G-A mismatched base_ pair
adopted a sheared conformation as was observed previously

_ mino proton amino proton (Santa Lucia & Turner, 1993; Wu & Turner, 1996).
residue S2A-C S2A-GF S2A-AF S2A-C S2A-GF S2A-AF Eyidence for the sheared geometry of the G-A base pair
C3 - - - 8.29 8.41 8.27 includes the absence of any peaks for the G imino proton
8;:2‘51 ﬁ'gg ii'ég ﬁgi _ _ B for the G-A base pair in NOESY spectra and the uniform
U6 1322 1324 1324 — — - adoption of sheared geometry for the G-A mismatch for all
G7 12.67 1267 1260 6.66 6.66 6.66  structures derived from the rMD calculations that were
C10 - - .77 7.75 7.75 generated without any constraints on hydrogen bonding

G13 1098 11.02  10.99 6.21 6.21 6.23 ; i
o4 1267 1267 12.60 573 573 £ 78 between the G and the A previously (Santa Lucia & Turner,
1993; Wu & Turner, 1996).

(Lavery & Sklenar, 1988; Ravishanket al, 1989) con-
firmed these observations and also established that noDISCUSSION

systematic differences occurred for the duplexes substituted The studies reported here provide detailed information on
with FUrd compared to the control duplex. In particular, the effects of FUra on the structure and stability of oligori-
the helical axis was unchanged in the FUrd-substituted bonucleotide duplexes that correspond to the half of stem Il
duplexes compared to that of the control duplex. A summary from the human U4U6 snRNA complex that includes the
of the analysis obtained using the Dials and Windows 5 terminus of U4 snRNA (Figure 1). This sequence contains
software is illustrated in Figure 5. an A-G mismatched base pair and a G-U wobble base pair.
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Ficure 4: Final, time-averaged structures for the three oligoribonucleotide duplexes considered in this study. (A) Structure of the control
duplex (S2A-C). (B) Structure of the duplex containing the G-FU base pair (S2A-GF). (C) Structure of the duplex containing the A-FU
base pair (S2A-AF). All duplexes adopted A-form helical geometry.

Stem Il from the U4 U6 snRNA complex from yeast has G-U wobble base pair was, however, destabilization of the
been shown to be exquisitely sensitive to mutation, and its duplex, in contrast to the stabilization that FUrd substitution
stability is critical for the dissociation of this complex that had been shown to promote in A-U base pairs both in stem
is essential for splicing. The present study documents thell and in other RNA duplexes. The importance of G-U base
fact that the effects of FUrd on the stability of this portion pairs in RNA biology, including pre-mRNA splicing, raises
of stem Il are modest and unlikely to be significant for the the possibility that destabilization of select G-U base pairs
biology of splicing. The effect of FUrd substitution at the by FUrd substitution may have deleterious consequences.
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Ficure 5: Analysis of the helical parameters at each base step for S2A-C, S2A-GF, and S2A-AF.

G-U wobble base pairs occur frequently in RNA and in pair with wobble geometry in S2A-C and S2A-AF. G13
many cases close the loop region of RNA stem loops (van and F4 also formed a base pair with wobble geometry in
Knippenberget al, 1990). The propensity of G-U base pairs S2A-GF. U4 (or F4) from the wobble base pair in all three
to close stem loops results from their unique base stackingduplexes showed increased stacking with itséighbor, C3,
properties with the G-U base pair stacking much more compared to base pair steps that involved only Watson
efficiently with the base pair at the Side of U than with Crick base pairs (Figure 6). The corresponding base stacking
the base pair at the’ 3ide of U. In the time-averaged interaction with U5, the ‘3 neighbor of U4 (F4), was
structures shown in Figure 4, G13 and U4 formed a base significantly reduced (Figure 6), in agreement with previous
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H pH-dependent changes in chemical shift does not prove,
H\(N \N‘H"‘°>\_/F H\fN prHO F however, that the ionized form of FdU occurred base-paired
N S - /NM_H_%}_/&_H and in the interior of the helix. Reports of FdU-dG base
N=( }— \ N= }—N\ pairs in duplex DNA (Colkt al., 1989) and FU-G base pairs
B © H/N\H--"O in tRNA (Chu & Horowitz, 1989) have revealed no evidence
@ ® for formation of ionized base pairs. Evidence from the
o present study clearly indicates that the FUrd imikd
- o o F m 4 exchanges rapidly with #. This rapid exchange results
\(N >/,_/ H\fN o X\H in greatly diminished intensities for the diagonal peaks and
N ~H--N XH P V-m” cross-peaks in the two-dimensional NOESY spectra acquired
N= N & N N= in H,O solution with the exception of the exchange cross-
d = b peak with HO (Figure 3). These data are, however,
inconsistent with formation of an ionized base pair (Figure
© o 7C) in two respects. First, the chemical shifts for the G NH

FIGURE 6: Representation of the base overlap that occurs for the @nd NH *H are the same for the G-U and G-FU base pairs
G-U base pair of S2A-C and the G-FU base pair of S2A-GF with in S2A-C and S2A-GF. An ionized base pair would be
the B neighboring base pair (relative to U of the wobble base pair) expected to perturb the electronic environment and affect
(A) and with the 3neighboring base pair (B). Similar representation e chemical shifts fotH near the localization of charge.

of base overlap for the A-U base pair of S2A-C and the A-FU . . .
base pair of S2A-AF with the' Sieighboring base pair (relative o~ >e¢ONd, the NOE intensity between G NH and2NH is

U/FU) (C) and with the 5neighboring base pair (D). Parts B and  Similar for G-U and G-FU base pairs. While this interproton
C present slightly different views of the same base pair step for distance is constrained by chemical bonds to be nearly
S2A-C. identical for ionized and wobble base pairs, hydrogen bond
formation for G NH in the ionized base pair would restrict
studies of G-U wobble base pair structure (Van Knippenberg rotation about the €N bond and result in a strong NOE
et al, 1990). The net effect of FUrd substitution in the petween the hydrogen-bonded imino and andiddor G in
wobble base pair was increased base stacking between F4he G-FU ionized base pair. In fact, the NiH, cross-
and C3 with little alteration in the stacking geometry between peak in the two-dimensional NOESY spectrum inCH
F4 and US5. The increased stacking between F4 and C3solution for the G-FU base pair is slightly weaker than for

shifted the wobble base pair and reduced stacking betweenhe G-U base pair and is significantly weaker than for the
G14 and G13. The destabilization of S2A-GF relative to imino—imino NOESY CrOSS_peak for the G-U wobble base
S2A-C observed in the UV hyperchromicity studies (Table pajr in S2A-C.

1) is consistent with the observation of decreased base The effect of EUrd substitution at both G-U and A-U base
stacking that occurs between adjacent purines at the bas?)airs in duplex RNA is mainly on the dynamics of base pair
step involving the G-FU wobble base pair in the final, time- opening and exchange (Lerogt al, 1988). Increased
averaged structures. chemical exchange of the FUrd imifll with solvent HO
Wobble geometry is one of three plausible geometries for is evident in the two-dimensional NOESY spectra acquired
a G-FU base pair in duplex DNA or RNA in which the in H,0 solution (Figure 3). ImindH exchange for FUrd,
torsion angles for the glycosidic bonds of both nucleosides in contrast to Urd, is not base catalyzed near physiological
areanti. Two other reasonable geometries for G-FU base pH (W. H. Gmeiner, unpublished data), and the exchange
pairs that arise due to the relative acidity of the N3 imino rates for FUrd imindH are much faster than those for Urd.
'H are the enol tautomeric form, with a double bond between While the chemical shift and NOESY intensity data argue
N3 and C4 of FUrd, and an ionized base pair, with a formal against formation of an ionized G-FU base pair, all of the
negative charge at O4 of FUrd (Figure 7). The formation experimental evidence is consistent with FUrd adopting an
of a dG-FdU base pair having an enol tautomeric form for extrahelical conformation that is partially ionized and that
FdU was discounted by Sowegsal. (1988) in their studies s in equilibrium with a base pair having wobble geometry.
of a DNA duplex largely on the basis of the chemical shift Hydrogen exchange occurs only when the nucleoside base
for the exchangeabfé¢ of FdU that resonated at a frequency is extrahelical and is elevated for FUrd relative to Urd
characteristic of an imino but not an eribl. The similarity because of the electron-withdrawing effect of F5. Both the
in the chemical shift of H6 for FdU in dG-FdU and dA- A-FU and G-FU base pairs of S2A-AF and S2A-GF showed
FdU base pairs in their study also was deemed to be greater rmsd values than did other base pairs in this study.
inconsistent with tautomerization of FdU since the electronic This increased rmsd reflects greater uncertainty in the
rearrangement of the pyrimidine ring as a consequence ofposition of these base pairs as would occur if an extrahelical
tautomerization would be expected to strongly impact the component was providing a greater contribution to the time-
H6 chemical shift. The adoption of an enol tautomeric form averaged structure of these RNA duplexes. This model is
for the G-FU base pair in S2A-GF in the present study can also consistent withF NMR data from the present study.
be discounted on the basis of these same arguments. The difference in chemical shift for tHeF resonance of S2A-
Sowers and co-workers also observed pH-dependentGF compared to that of S2A-AF was 2.6 ppm, somewhat
changes in the chemical shifts for H6 and F5 of FdU for a less than the 4.5 ppm downfield shifts observed previously
DNA duplex that contained a dG-FdU base pair and upon A-FU Watsor-Crick to G-FU wobble base pair
concluded that a pH-dependent equilibrium between wobble transitions in tRNA (Chu & Horowitz, 1989). The reduced
and ionized base pair geometry occurred for the dG-FdU difference in chemical shift fot°F in S2A-GF relative to
base pair in the DNA duplex with wobble geometry favored that in S2A-AF compared to chemical shift differences
by a 9/1 ratio near physiological pH. The observation of resulting from similar substitutions in tRNA may be a



5990 Biochemistry, Vol. 36, No. 20, 1997 Sahasrabudhe and Gmeiner

© S2A-C S2A-AF

R

S
US5-Al12 ' F5-Al2
U6 - All U6 - All

FIGURE 7: Possible geometries for the G-FU base pair for S2A-GF. (A) Normal WaiSduok base pair between FU and A. (B) The enol
tautomeric form of FU base paired with G. (C) lonized FU base paired with G. (D) The G-FU wobble base pair that occurs in S2A-GF.

consequence of greater dynamic motion in these low-melting (Chaudhuriet al.,, 1958). The present study documents the
duplexes compared to the more rigid structure of tRNA. effects of Urd— FUrd substitution in a model duplex derived
Fluctuations in the periodicity of extrahelical motion, rather from the stem Il region of the U4U6 snRNA complex.
than changes in time-averaged structure, may be the basigUrd substitution had only a minor effect on the structure
for the deleterious effects of FUra on nucleic acid function. and stability of this model duplex. Although we cannot
RNA-mediated processes are critical for the function of eliminate the possibility that the effects of Uret FUrd
all living cells. Although it was recognized shortly after substitution on the stability and structure of the 146
initial observations of 5-FU cytotoxicity that substitution of SNRNA complexin vivo may be larger or more significant
uridine by 5-fluorouridine in cellular RNA could be respon- than the effects observed in this model duplex, the data
sible, in part, for the anticancer activity of this drug, few indicate that Urd— FUrd substitution at G-U wobble base
data directly assessing the effects of brd=Urd substitution pairs in RNA duplexes is unlikely to affect the structure or
on RNA structure and function have become available function of RNA. RNA-mediated effects of 5-FU probably
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arise from Urd— FUrd substitution in nonduplex regions Hu, J., Xu, D., Schappert, K., Xu, Y. J., & Friesen, J. D. (1995)

of RNA or from disruption of RNA-protein recognition Mol. Cell. Biol. 15 1274-1285.

rocesses Ingraham, H. A., Tseng, B. Y., & Goulian, M. (198CQgancer Res.
P : 40, 998-1001.
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