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ABSTRACT: Okazaki fragments occur as intermediates during lagging strand DNA replication. Alterations
in Okazaki fragment structure may contribute to the anticancer activities of nucleoside analogues such as
cytarabine, a potent anti-leukemic agent that inhibits lagging strand replication. We have determined the
solution structures for two model Okazaki fragments, [OKA] and [ARAC]. These sequences are derived
from a frequent initiation site for primase during replication of the SV-40 viral genome. The sequence of
[ARAC] differs from [OKA] only by substitution of cytarabine for one deoxycytidine. The structure of
each model Okazaki fragment was elucidated using NMR spectroscopy and restrained molecular dynamics
simulations. The solution structures of [OKA] and [ARAC] each consist of two distinct domains: a DNA
duplex region (DDR) and an RNADNA hybrid duplex region (HDR). The DDR of [OKA] adopts
geometry similar to B-form except for variations in helical parameters, especially twist and roll, which
occur in the purine tract, increasing base overlap among the five consecutive purines. The helical axes for
the DDR and HDR of [OKA] are bent 22elative to one another. Although the local structures for the
DDR and HDR of [ARAC] are similar to those in [OKA] (root-mean-square deviation (rmsalB, 1.7

A), the bending at the junction is different 4for [ARAC] vs 22° for [OKA]). Increased helical bending

of cytarabine-substituted Okazaki fragments may contribute to the propensity of cytarabine to inhibit
elongation of the lagging strand during DNA replication, and in effecting anticancer activity.

Biochemical studies from a number of organisms indicate Lagging strand replication occurs discontinuously, and
that similar sequences, and hence structural motifs, occur atequires synthesis of an RNA primer that is extended by
the origin sites for all autonomously replicating sequences addition of deoxynucleotides, also in the-5 3' direction.
(ARS! elements) that are required for initiation of DNA Completion of DNA replication requires excision of the RNA
replication (—4). Once replication is initiated near the ARS, primer by RNAse H1 and FEN1, and ligation of the DNA
the two parental strands of the DNA duplex are unwound chains 6). Okazaki fragments occur as intermediates during
by helicase activities, and continuous DNA replication occurs replication of the lagging strand, and contain the RNA
at the leading strand of the replication fork by addition of primer, and the nascently synthesized DNA associated with
nucleotides in the's5— 3’ direction to form one new daughter  the lagging DNA strand through complementary base pairing
strand b). The second daughter strand results from replica- (7). Okazaki fragments are thus RNANA hybrid duplexes
tion of the lagging DNA strand at the replication fork. covalently linked to duplex DNA. The relative infrequency

with which nature utilizes the hybrid duplex motif charac-
. _ teristic of Okazaki fragments makes information concerning
CQ_EQ;SZV;O[WS?; ?7p%ﬁe%&P§éza¥N($f f_fofnlf %HNig}nga Okazaki fragment structures valuable in understanding the
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quences; CORMA, complete relaxation matrix analysis; CPMG, Carr may reduce tumor mass if unsuccessful replication induces

Purcell Meiboom Gill experiment; Cytarabine Sip-arabino-furano- tumor cell death 11). A substantial fraction of effective
sylcytosine; DDR, DNA duplex region of [OKA]; ECOSY, exclusive . . . .
correlated spectroscopy; FID, free induction decay; HDR, hybrid duplex anticancer drugs target nuclear DNA and interfere in replica

region of [OKAJ; JR, junction region of [OKAJ; MARDIGRAS, matrix  tion (12). Several of these drugs bind to duplex DNA, either
analysis of relaxation for discerning the geometry of an aqueous covalently or noncovalently (ref$3—15; reviewed in ref

structure (algorithm); [OKA], model Okazaki fragment; PFG, pulsed ; N _
field gradient; HPLC, high-performance liquid chromotography; rMD, 16). Nucleoside analogues such as cytarabing-(tara

restrained molecular dynamics; rmsd, (atomic) root-mean-square devia-0inofuranosylcytosine; Figure 1), in contrast, are sufficiently
tion; SV-40, Simian virus 40; TOCSY, total correlation spectroscopy. Similar to native nucleosides in structure that they are taken
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1 12 we present the NMR solution structures for a model Okazaki
N / ;;%ﬁLA]_Ar?(f‘r_'fg DDR fragment derived from the SV-40 viral genome, with and
CAAAGATTCCTC without cytarabine substitutior@). These structures consist

s GHTTTAaggag N 7-TT-8 JR of three distinct regions, each of which has a characteristic
24 . 13 18-Aa-17 nucleoside composition and adopts a distinct morphology.
20 n [OKA] 9-CCTC-12 Although the overall conformation of the DNA duplex
aC20 in [ARAC] 16- ggag - 13 HDR region (DDR; see Figure 1) of [OKA] is similar to the

B-form, substantial deviations in roll and twist are observed
inside the purine tract that maximize base stacking. The site
of cytarabine substitution occurs in the DDR of [ARAC]
(Figure 1), although the nomenclature is retained to permit
comparison between [OKA] and [ARAC]. Cytarabine-
induced structural changes in the DDR of [ARAC] relative
to [OKA] are subtle. Twist and roll values in the DDR of
[ARAC] are more similar to canonical B-form DNA than
Cytarabine for [OKA], and the sugar pucker for the arabinosyl nucleo-
FiGurRe 1: The sequences for the [OKA] and [ARAC] model ~Side is C2-endo. The geometry of the DDR for [ARAC]
Okazaki fragment sequences are shown at the left, and the sequencegesults in less efficient stacking among adjacent purines than
for the DNA duplex region (DDR), junction region (JR), and hybrid was observed for [OKA]. This less efficient stacking may
duplex region (HDR) of [OKA] and [ARAC] are shown atthe right.  ovjide the basis for the reduced stability of [ARAC] relative

Deoxyribonucleosides are indicated in uppercase and ribonucleo- . -
sides in lower case in the figure and throughout the text. The site to [OKA] (19). The hybrid duplex regions (HDR) of [OKA]

of cytarabine substitution in [ARAC] and in the DDR of [ARAC] ~ and [ARAC] are similar. The HDR in each duplex adopts
is designated with an X. First and last residues for each strand areH-form geometry, with the ribonucleosides adopting A-form

numbered. The sequence is derived from one of the principal geometry and the deoxyribonucleosides adopting either
initiation sites of primase during lagging strand replication of the H-form or B-form geometry, depending on proximity to the
SV-40 viral genome. ) - - !
terminus. The junction regions (JR) of [OKA] and [ARAC]

up by nucleoside transport proteins and metabolized-to 5 each have base stacking properties similar to B-form,
O-triphosphate forms that are incorporated directly into the although torsion angles varied considerably from canonical
nuclear DNA (7, 18). Once incorporated into the nascent B-form values. The most significant structural difference
DNA during the course of replication, nucleoside analogues between [ARAC] and [OKA] is a substantial increase in the
may inhibit successful completion of replication by altering bend of the helical axis from 22to 41°. This increased
the structure, stability, or protein binding characteristics of bending occurs at the site of cytarabine substitution, and may
DNA (19). In the present manuscript, we investigate the contribute to the inhibition of DNA extension during
effect of cytarabine substitution for one deoxycytidine on replication that may explain the anticancer activity of
the solution structure of a model Okazaki fragment derived cytarabine.
from the SV-40 viral genome(). Cytarabine is an analogue
of deoxycytidine that is effective in the treatment of leukemia MATERIALS AND METHODS
(ref 21; Figure 1). Evidence that cytarabine may exert its ~ Synthesis of Model Okazaki Fragmeritke sequences for
anticancer effect by altering Okazaki fragment structure the [OKA] and [ARAC] model Okazaki fragments are shown
comes from analysis of nascent DNA from cells exposed to in Figure 1. The DNA strand of [ARAC] is identical to that
cytarabine. Cytarabine inhibits DNA elongation, with inhibi- in [OKA] and was prepared using standard automated
tion occurring predominantly at the lagging strand of the methods with a Perkin-Elmer/Applied Biosystems Division
replication fork, and only after considerable extensied@0 394 DNA synthesizer. The hybrid strands are composed of
nucleotides) of the nascent DNA following the site of deoxyribo- and ribonucleosides for [OKA], and deoxyribo-,
substitution 22). The propensity of cytarabine to interfere ribo-, and arabinonucleosides for [ARAC]. The hybrid
with extension of the lagging strand a considerable distancestrands were prepared as previously descrid&jl For the
from the site of substitution suggests that it affects the local incorporation of cytarabine, g-b-arabino-furanosylcytosine
structure, and/or stability, of newly replicated DNA, inhibit- (cytarabine) was purchased from Sigma and was converted
ing extension of the nascent DNA at a point distal from the to a suitably protected 2-phosphoramidite using methods
site of substitution. similar to those previously describe®1j. Briefly, the

At present, a limited number of structural investigations approach involves bis-protection of th&@H and 5-OH
of Okazaki fragments have been reported, and only a few groups with a disiloxane reagent followed by acetylation at
high-resolution structures are availab3{30). Rich and the 2-OH and N4 amino group. Thé-®H and 5-OH were
co-workers reported the X-ray structure of an Okazaki then deprotected with tetrabutlyammonium fluoride. Trity-
fragment &2 A resolution 29). The structure of this Okazaki  lation with the bulky reagent 44limethoxytrityl chloride
fragment in the crystal was A-form. Although the structure occurred selectively at the'-®H and was followed by
was distorted at the RNADNA junction, no transition from phosphoramidation of the'-®H. The resulting 50-
A- to B-form was observed. In contrast, the NMR solution dimethoxytrityl-3-O-phosphoramidite was purified by col-
structure for the same Okazaki fragment sequence suggestedmn chromatography, and incorporated in place of one
a global duplex structure that differs from either A- or deoxycytidine (aC20, see Figure 1) during the chemical
B-form, with structural discontinuities at the RNADNA synthesis of the hybrid strand of [ARAC]. Synthesis of each
junction of the hybrid strand3Q). In the present manuscript, strand was performed using the RNAAfol scale synthesis
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cycle with Tr-Off/manual ending. The CPG support was ties evaluated for cross-peaks on both sides of the diagonal
removed from the synthesis column and transferred to a glasswere averaged. A complete relaxation matrix was created
screw-capped tube, and anhydrous methane#(61L) was for both [OKA] and [ARAC] using intensities evaluated
added. The solution was saturated with ammonia, sealed, anaxperimentally for 240 interproton interactions, and estimated
heated overnight at 50C. The methanol solution was intensities from the geometry of the starting structure for
carefully removed from the support and evaporated to those interproton interactions that could not be evaluated
dryness. The residue was redissolved in neat triethylaminefrom the experimental data. The diagonal and off-diagonal
trinydrofluoride (750uL) and left to stir overnight at room  terms were compared iteratively until the sum of the residual
temperature. Water (2 mL) was added to dissolve the white errors was minimized. MARDIGRAS calculations for [OKA]
suspension, and the solution was evaporated to a thick oiland [ARAC] were carried out with two experimental data
(~100uL). The oil was redissolved in water, and aliquots sets (100, 200 ms for [OKA]; 150, 200 ms for [ARAC]),
(~250 Aggo Units) were purified by anion-exchange HPLC two geometries for the initial structure (A-form and B-form
using a Waters DEAE5PW (22.5 mmx 150 mm) column double helices), and four values for the isotropic correlation
using an aqueous sodium perchlorate gradient. Fractionstime (t. = 1.1, 1.4, 1.7, and 4.8 ns). A value of 1.4 ns for
containing product were pooled, concentrated by evaporation,was calculated from the T1 and T2 relaxation data according
and desalted using Sephadex G-25. to previously published procedures, while a value of 4.8 ns
NMR Spectroscopypll NMR experiments were performed  for 7. was reported for an Okazaki fragment under similar
using a Varian UNITY 500 NMR spectrometer equipped conditions 80, 35). Estimates of interproton distances
with a 3 mm!H{*3C, 3P} PFG probe. Samples for NMR associated with NOE cross-peak intensities resulting from
analysis were prepared by mixing equimolar amounts of the each of the sixteen MARDIGRAS calculations for each
two strands. Each sample contained about 30 absorbanceluplex were averaged. The average distance and standard
units of one duplex in 22@L of 2 mM sodium cacodylate  deviation were then used to set the flat portion of the potential
(pH 7.3), 100 mM NaCl, and 0.2 mM disodium EDTAd well for each distance constraint.
spectra were referenced to HDO at 4.76 ppm at°26 Torsion angles for the ribose and deoxyribose sugars were
NOESY spectra in BD were acquired for mixing times of  determined from the estimation &y, from ECOSY spectra
100, 150, and 200 ms using the standard three-pulse sequendg6, 37). The pseudorotational angkfor deoxyribose sugars
with States’ method of phase cycling2?). Four hundred free  was calculated fromJyy—pz, 3Jnr—n2r, and3Jyz—ne UsSing a
induction decays (FID), 16 scans each, with alternating block modified Karplus relationship3g, 38). The sugar torsion
acquisition, were collected in thig dimension. 2048 data  anglesv,—v4 Wwere determined fron® using the following
points over a spectral width of 5000 Hz were collected in equation 89):
the t; dimension with the carrier frequency set at the
IHDO resonance. A relaxation delay of 10 s was included Y = T, COSPP + 144 — 2)] @
between scans to allow adequate relaxation for cross-peak
quantitation. TOCSY spectra were acquired with 60 and 100 The value of |, was estimated as 38.%36). Values of
ms mix times using parameters similar to those describedthe torsion angle; were determined from intraresidue H8/
for NOESY spectra, except the relaxation delay was short- H6—H2' and H8/H6-H2" distances derived from the MAR-
ened to 3 s. ECOSY spectra were collected using 32 scanDIGRAS calculations, and from values consistent with the
per increment wh a 3 srelaxation delay and 4096 pointsin  ECOSY data.
t> (33). All data were initially processed using VNMR v. Restrained Molecular Dynamicdnitial structures for
5.3B from Varian and then imported into SPARKY (UCSF) [OKA] and [ARAC] were constructed with A-form and
for analysis. The spectra were apodized in both dimensionsB-form double helical geometry using SYBYL (Tripos, Inc.).
using shifted Gaussian filter functions. After zero-filling in  The arabinosyl sugar of [ARAC] was constructed by adding
thet; dimension, the final matrices were 2048048 points, an oxygen of the appropriate stereochemistry toaZ2C20
except for ECOSY spectra that were 40962048 points. (Figure 1). The retention of appropriate stereochemistry for
T1 and T2 values were obtained from inversiorcovery the C2 hydroxyl of aC20 was verified at all subsequent
and CPMG experiments, respectively, and were fit to single- stages of refinement. Coordinate and topology files were
exponential functions using VNMR v. 5.3B. created for each geometry using the LEAP module of
Experimental ConstraintsConstraints on interproton AMBER 4.1 (UCSF). Large, hexahydrated sodium ions with
distances and torsion angles were determined from NOESYa 5 A radius were added to mimic counterion effects. These
and ECOSY data sets, respectively. Interproton distancescounterions were placed along the phosphate bisection, 6 A
were calculated from NOESY cross-peak intensities using away from the phosphorus, and were free to move during
MARDIGRAS (34). Volume integrals for [OKA] were energy minimization and molecular dynamics procedures
evaluated for 382 and 380 cross-peaks from NOESY (40). The starting structures were energy-minimized in vacuo
experiments acquired with 100 and 200 ms mix times, using a combination of steepest descents and conjugate
respectively. Volume integrals for [ARAC] were evaluated gradient methods with the SANDER module of AMBER 4.1.
for 398 and 343 cross-peaks from NOESY experiments Restrained molecular dynamics (rMD) simulations were
acquired with 150 and 200 ms mix times, respectively. carried out in vacuo, also using the SANDER module of
Instrumental instability prevented evaluation of the 150 ms AMBER 4.1. Distance and angular constraints were included
mix time NOESY for [OKA] and the 100 ms mix time inthe force field as pseudoenergy terms, which had the form
NOESY of [ARAC]. The robustness of MARDIGRAS of a flat well with parabolic sides extending 0.5 A ot 5
permitted accurate estimation of interproton distance boundsbeyond these margins, and linearly increasing beyond the
from two NOESY datasets for each duplex. NOESY intensi- parabolic region41). The MARDIGRAS bounds determined
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the width Of the flat portion of the potential We||42)_. Table 1: 'H Resonance Assignments for the DNA Strand of [OKA]
Pseudorotation angles for the sugar pucker were estimated
H8/H6 H5/H2/M HI H2 H2' H3 H4

to be within 10 of the time-averaged value, and this range,

in conjunction with eq 1, was used to establish the flat portion % g-gg 575-217 2;322 ;773 22527 g-gg Z‘-gg’
of the potent_lal well for the individual d|hed_ral angles. The 3 810 704 585 262 282 504 A4l
backbone dihedral angles were constrained in a broad as 7.95 7.44 594 255 280 502 441
allowed region of the torsional angle space to preserve the G5 7.93 6.16 2.63 237 471 417
right-handed character of the double helix that was evident A6 7.90 7.83 621 265 285 482 442
from the NOESY spectra4@). Additional distance and g ;éé igg gg? gég %'gg i';g i'gé
angular constraints were added between the bases to maintaincg 758 554 504 234 253 470 4724
Watson-Crick geometry during rMD simulations. These C10  7.49 5.40 583 226 259 463 4.22
Watson-Crick hydrogen bond constraints were consistent T11 ~ 7.63 151 6.10 230 260 485 4.24
with the direct observation of signals from imino and amino iz 761 562 627 21r 225 453 406

1H resonanceslQ).
Initial structures (energy-minimized A- and B-form ge- Table 2: 'H Resonance Assignments for the RNBNA Strand of

ometry) were subjected to a 30 ps rMD simulation with the [OKAI®

constraints included as pseudoenergy terms. Initial velocities H8/H6 HS/H2/M  HI H2' H2" H3  H4
were taken from a Maxwellian distribution at 0.4 K. The g13 8.01 568 4.84 464 4.62
system was then heated gradually from 100 to 450 K during a8l4  8.08 vt 6.06 4.81 456 4.57
the first 5000 (fs) steps. The system was maintained at 450 915 ;f% g'gg 3'2421 j‘ig 2"313
K for 10 000 _steps and then gradually decreased_ over 5000 717 768 7.88 585 461 448 456
steps to a final value of 300 K. The constraints were A18 7.76 7.33 6.09 244 278 465 4.35
modulated by multiplying the force constant with a scaling T19  7.46 111 6.08 223 258 485 421
factor as previously described4). The coordinates for the €20 ;% i"g’i g'fg gg g'gg Z"gf Z"fg
last 5 ps of the dynamics trajectory were avgrgged, and this 100 751 172 612 218 259 491 421
procedure was repeated for three seed velocities for both theT23  7.35 1.78 592 200 242 4.89 4.12
initial A- and B-form structures. The coordinates resulting G24  7.91 561 253 265 492 436

from each of the three trajectories for both initial A- and  aRNA nucleotides designated lowercase.
B-form geometries were averaged and energy-minimized,
resulting in final A- and B-form structures. The coordinates Ms mix time. H2 resonated downfield of H2for all
for these two structures were then averaged and energy-deoxyribose sugars except for G5. Sequential connectivity
minimized, and the resulting hybrid structure was subjected between the deoxyribose spin systems was established by
to 20 ps of rMD at 300 K 45). The solution structures of  the observation off)H8/H6-()H1" and )H8/H6-(n-1)HL'
[OKA] and [ARAC] were obtained from identical, but —and/or ()H8/H6-()H2/H2" and f)H8/H6-(n-1)H2'/H2"
independent, protocols by averaging the coordinates for theCross-peaks in the NOESY spectrua). The ribose spin
final 5 ps of the final rMD trajectory, followed by 1000 steps  Systems were assigned on the basisyifil’-(n)H2' and ()-
of restrained energy minimization. Means and standard H8/H6-(n-1)H2' cross-peaks in NOESY spectra and'H3
deviations for torsional angles and helical parameters for H4' cross-peaks in TOCSY, ECOSY, and DQCOSY spectra
these structures were determined from analysis of the final, (Table 2; Supplementary Information). Sequential connec-
20 ps rMD trajectory using the programs CURVES)(and tivities for both types of nucleotides were also apparent from
DIALS and WINDOWS @7). (n-1)H8/H6-(n)H5/M cross-peaks in NOESY spectra. With
Intermediate and final structures were analyzed for com- € exception of the arabinosyl nucleoside, identical proce-
pliance with the experimental constraints using CORMA dures were used to assign the resonances of [ARAC] as were
(UCSF; ref48). A summary of sixth root index compliance ~ Used for [OKA]. The arabinosyl spin system was assigned
and rmsd values between intermediate and final structuresO? the basis of YH1'-(mH2" in NOESY, TOCSY, and
for [OKA] and [ARAC] is included in the Supplementary ECOSY spectra, and a similar pattern of sequential NOEs

Information. as for the deoxyribonucleotides. Differences in chemical shift
between [OKA] and [ARAC] are shown in Table 3.
RESULTS Structures of [OKA] and [ARAC]Okazaki fragments are

characterized by a hybrid RNADNA duplex covalently

Resonance Assignmenthe residue numbering for the attached to a DNA duplex. Since long-range contacts are
[OKA] model Okazaki fragment is given in Figure 1. The generally absent in nucleic acid fragments having size
1H resonance assignments for the 19 deoxyribose sugars ohmenable to NMR spectroscopic analysis, the solution
[OKA] were made on the basis of scalar connectivities using structures of [OKA] and [ARAC] may be considered in terms
TOCSY and ECOSY spectra. All of the deoxyribose sugars of the local structures adopted by the DNA duplex region
displayed H1-H2'/H2", H3 —H2'/H2", H3—H1', H3 —H4/, (DDR), the RNA-DNA hybrid duplex region (HDR), and
and H4—H5'/H5'" cross-peaks in the TOCSY spectrum (60 the base pairs at the junction of these two distinct duplex
ms mix) permitting complete resonance assignment (Tablesregions (JR) (Figures 2 and 3). The structure of [OKA] may
1 and 2; TOCSY spectra are included in the Supporting thus be considered as being composed of the local structures
Information). Stereochemical assignments for/B2were adopted by each of these three regions. The sequence of
made on the basis of the relative intensities of thé-H1  [ARAC] is identical to [OKA], except cytarabine is substi-
H2'/H2" cross-peaks for NOESY spectra acquired with 100 tuted for one deoxycytidine (C26- aC20; see Figure 1).
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Table 3: Chemical Shift Differences in [ARAC] Compared to
[OKA]2

H8/H6 H5/H2/M H1 H2' H2"
A3 +0.03 +0.03 +0.02 +0.01 +0.01
A4 +0.06 +0.03 +0.07 +0.07 +0.02
G5 +0.03 +0.02 +0.01 +0.01
A6 —0.05 +0.05 +0.02 +0.00 —0.01
T7 +0.05 —0.02 +0.02 +0.03 +0.03
A18 +0.03 +0.03 +0.02 +0.01 +0.01
T19 +0.00 +0.01 +0.15 —0.06 +0.15
aC20 —0.16 —0.14 —0.19 +1.88
T21 —0.16 —0.08 —-0.11 —0.06 +0.01
T22 +0.00 +0.00 +0.03 +0.01 +0.00

a Positive numbers denote that the resonance is further downfield in
[ARAC] than in [OKA].

DoR

FiGUrRe 2: Superimposition of the DDR (left) and HDR (right) for
[OKA] (red) and [ARAC] blue (aC20 in dark blue). Although the
DDR and HDR regions superimpose reasonably well (rm6cB,
1.7 A), the entire structures superimpose poorg2 A), resulting
from a distinctly greater bend in the helical axis for [ARAC] relative
to [OKA] (41° vs 22; see Figure 4).

As will be described in greater detail below, the DDR of
both [OKA] and [ARAC] adopts a modified B-form geom-
etry. The HDR of both model Okazaki fragments adopts
residue-specific geometry with the ribonucleosides (g13-g16)
adopting A-form geometry while the complementary deoxy-
ribonucleosides (C9C12) adopt time-averaged sugar puck-
ers intermediate between those characteristic of A- and
B-form helices (except for the two nucleosides nearest the
3'-terminus of the DNA strand that adopt @hdo sugar
puckers). The two nucleosides in the DNA strand (T7 and
T8) at the junction region (JR) that link the DDR and HDR

also adopt time-averaged sugar puckers intermediate betweer

A- and B-form helical geometry in both model Okazaki
fragments, as does the DNA residue of the hybrid strand in
the JR (A18). The ribonucleoside of the RNBNA base
pair of the JR adopts A-form geometry (al7). Overall, the
solution structure of [OKA] more closely resembles B-form
rather than A-form DNA, although substantial deviations
from this ideal geometry occur in all regions of the structure
(50). The most obvious structural difference between [OKA]
and [ARAC] is an increase in the helical bend for [ARAC]
(Figure 4).

DDR Structures.The DNA duplex region (DDR) of
[OKA] consists of deoxyribonucleosides C1-A6 and T19-
G24 (Figure 1). The DDR of [ARAC] comprises the same
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Ficure 3: View along the dyad axis showing stacking between
nucleosides in the JR of the refined structure of [OKA] (top) and
the energy-minimized B-form geometry (bottom). For each duplex
the DNA—DNA base pair (T7-A18) is shown in aqua and the
RNA—DNA base pair (T8-a17) is shown in red. Examination of
backbone torsion parameters (Supplementary Information) shows
considerable deviation from B-form values for most parameters in
this region of [OKA]. This view along the dyad axis shows that
purine-purine stacking in the JR is enhanced slightly for [OKA]
but is similar to that for B-form helices. Base stacking and sugar
puckers for [ARAC] in the JR resemble [OKA].
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Ficure 4: Representation of the van der Waals surface for the time-
averaged structures of the [OKA] (left) and [ARAC] (right) model
Okazaki fragments. Sequences for both duplexes are shown in
Figure 1. Coordinates for [OKA] and [ARAC] were matched on
the residues that comprise the HDR (see Figure 2). The DNA strand
for each duplex is shown in yellow, while the ribonucleosides of
the hybrid strand are in green and the deoxyribonucleosides of the
hybrid strand are in red. Cytarabine is shown in blue. Although
both model Okazaki fragments show a bend between the DDR and
HDR, [ARAC] shows a pronounced increase in helical bend,
relative to [OKA], at the site of cytarabine substitution (4% 22).

geometry, and analysis of the helical parameters and torsion
angles for the DDR is generally consistent with this

residues, but includes aC20, the site of cytarabine substitutioninterpretation (Supplementary Information). The sugar puck-

(Figure 1). Inspection of the DDR for the solution structure
of [OKA] (Figure 2) reveals that the DDR adopts B-form

ers for all of the deoxyribonucleosides in the DDR of [OKA]
are C2-endo, except for T22 which adopts a'&ko sugar
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fragments are similar, although decreased base stacking is

1 _..."i:..' observed for adjacent purines in the DNA strand of [ARAC]
ol e d (Figure 5). Analyses of the helical parameters and torsion
oA i v L angles for the DDR of [ARAC] reveals that the helical
s o P ,,h,llq LT el rak _ parameters for the DDR of [ARAC] are, in fact, consistently
} 4l "'F{-:!- STV S G @ B 0 more similar to canonical B-form DNA than was the case
e LV S N W " : : :
L R ¢ o U AR SR Nl for [OKA] (Supplementary Information). In particular, twist
s " el 5 A in [OKA] was relatively larger between G5 and A6 and
P relatively smaller between A4 and G5, compared to canonical

B-form geometry $1). Roll was relatively larger in [OKA]
_ _ ) ) between A3 and A4, compared to canonical B-form geom-
Efcﬁggs?aeglﬁvzhﬂoggéhgf ?gg?e%ﬁ'gdsQt?‘évé?l?r:tgfcﬂfgp\%e]t‘(’;’:%” etry. The net effect of these alterations in helical parameters
and the refined structure of [OKA] (right). For each duplex purines for. t.he purme.'”Ch strand O.f the DDR. of [QKA] was more
4,5, and 6 are shown in aqua and pyrimidines 19, 20, and 21 are€fficient stacking among adjacent purines in the DNA strand
shown in red, except for cytarabine in [ARAC] that is shown in (Figure 5). In contrast to what was observed for the DDR of
blue. Examination of helical parameters (Supplementary Informa- [OKA], twist and roll parameters for [ARAC] fall within a
tion) shows values similar t‘; B-fognfvaluehs T_or r|1e|ical paramefters narrower range that is similar to canonical B-form values,
'[g@?ﬁ%]isa\‘l?gwds\éﬁg?ﬁes d;c;rg It beniet gg(;%m)erge()rfsngr:_ even for those base steps that involve the site of cytarabine
B-form helical parameters by [OKA] in the DDR results in more  Substitution. The net effect of uniform adoption of these more
efficient stacking between the adjacent purine residues in the DNA B-form values for the helical parameters of [ARAC] relative
strand of [OKA] relative to [ARAC]. to [OKA] is reduced base stacking among the adjacent
purines in the DNA strand of [ARAC] (Figure 5).
pucker. The NMR spectral data for the DDR of [OKAJ also  The backbone parameters are altered at, and near, the site
clearly indicate adoption of B-form geometry (Supplementary of arabinosyl substitution of [ARAC] relative to [OKA],
Information). The 100 ms mixing time NOESY spectrum resulting in an increased bend in the helical axis of [ARAC].
for [OKA] shows relatively strong intraresidue H8/H&12 Specific alterations in [ARAC] that contribute to the
and weak interesidue H8/HG12" NOEs for the DDR.  increased bending are decreased values for delta and the
ECOSY data also indicate relatively greaidy» (8=9Hz)  amplitude of pucker for T19, the site adjacent to the
and lessefJr—» (6—8 Hz) scalar couplings, and the absence cytarabine substitution, and increased values for zeta and the
of observable’J;—4 and *Jy—z scalar couplings. Similar  ampjitude of pucker for aC20, the site of substitution
spectroscopic patterns were also observed for [ARAC]. Since (Supplementary Information). These residues also had the
the DDR of [ARAC] contains the site of cytarabine substitu- |argest changes in chemical shift in [ARAC] relative to
tion, the two model Okazaki fragments may be expected to [OKA] (Table 3). Both H1 and H2' of T19 move signifi-
differ considerably in this region. In fact, the structures of cantly (~0.15 ppm) downfield in [ARAC] relative to [OKA],
the DDR for [ARAC] and [OKA] are very similar (rmsd  consistent with an alteration in torsion angles and/or pucker
~0.8 A; Figure 2). As will be described in greater detail amplitude for this nucleoside. Conversely H6, H5, and H1
below, cytarabine substitution induces a bend into the duplex of 320 move upfield a similar amount-Q.15 ppm) in
that affects the global morphology of the model Okazaki [ARAC] relative to [OKA]. The single largest change in
fragment resulting in a much poorer overall fit between chemical shift in [ARAC] relative to [OKA] occurs for H2
[ARAC] and [OKA] (rmsd~4.1 A) than is the case for the  of ac20 that moves 1.88 ppm downfield, relative to the
DDR alone. corresponding value for C20 in [OKA]. While the magnitude
Despite the near uniform adoption of sugar puckers of this change in chemical shift is largely due to the inductive
characteristic of B-form geometry in the DDR of [OKA], electron withdrawing effect of the arabinosyl hydroxyl, a
backbone torsional angles and base parameters for this regiostructural component likely contributes to the change in
show considerable variance from characteristic B-form values chemical shift, as well. The purines in the complementary
(Supplementary Information). In particular, maximization of strand across from the site of arabinosyl substitution show
base stacking by the five consecutive purines in the DDR somewhat decreased values for the torsion angle alpha at
causes these residues to adopt values for a number of helicah4, G5, and A6 and slight alterations in chemical shift for
parameters not characteristic of B-form DNA. Twist is the base and sugar protons of these nucleosides (Supple-
relatively larger between G5 and A6 of [OKA], and relatively mentary Information). Decreased intensity is also observed
smaller between A4 and G5, compared to canonical B-form for the H2 to H2 NOEs between A6 and A18, and A3 with
geometry §1). Roll is relatively larger between A3 and A4 both A2 and A4, in [ARAC] relative to [OKA]. The observed
compared to canonical B-form geometry. The net effect of reduction in intensities for these NOEs is indicative of
these alterations in helical parameters for the purine-rich reduced base stacking in this region. Changes in chemical
strand of the DDR from values characteristic of B-form shift for [ARAC] compared to [OKA] are presented in Table
geometry is more efficient stacking among adjacent purines. 3. The3J;_,- scalar coupling for aC20 is readily apparent in
A comparison of purine stacking in the DDR for the refined  a spectral region for which cross-peaks from both deoxyribo-
structure of [OKA], and for [ARAC], is shown in Figure 5. and ribonucleotides are absent (Supplementary Information).
A summary of the torsional and helical parameters for [OKA]  HDR StructuresThe HDR of [OKA] consists of ribo-
and [ARAC] is included in the Supplementary Information. nucleosides g13g16 and deoxyribonucleosides €812
Comparison of DDR structure for [ARAC] relative to  (Figure 1). Each of the RNA residues in the HDR adopts a
[OKA] reveals that the DDR for both model Okazaki C3-endo sugar pucker, the conformation characteristic of

| AkAL] [DKA]



1172 Biochemistry, Vol. 38, No. 4, 1999 Gmeiner et al.

A-form double helices. The sugar pucker for DNA residues in the JR is C3endo. Base pair overlap in this region
in the HDR depends on the position of the deoxyribonucleo- resembles that which occurs in canonical B-form geometry,
side. C9 and C10 in the interior of [OKA] adopt time- although it is decreased slightly relative to [OKA] (Figure
averaged sugar puckers wighvalues near 100 while T11 3). Extensive basebase overlap occurs between the adjacent
and C12 near the terminus adopt' @ado sugar pucker®( purine nucleosides al7 and A18 of the hybrid strand, while
~ 160°) characteristic of B-form DNA. The position minimal base-base overlap is observed between the comple-
dependence of the sugar pucker for deoxyribonucleosidesmentary pyrimidines T7 and T8 of the DNA strand.
in the HDR probably results from conformational averaging.  Groove DimensionsThe groove structure for the DDR
A time-averaged sugar pucker intermediate betweeR C2 of [OKA] is similar to that characteristic of the B-form,
endo and C3endo is favored for DNA residues base paired although considerable variability exists in this regi@)(
to RNA, while a C2-endo geometry is favored by deoxyri- Near the terminus of the DDR, the minor groove is somewhat
bonucleosides near the terminus that are more susceptibleshallower and broader than canonical B-form DNA. Nearer
to base pair opening. The HDR of [ARAC] adopts sequence- to the JR, the minor groove is somewhat constricted relative
specific geometry similar to that observed for [OKA]. The to B-form values. The major groove width and small axial
structures of the HDR for [OKA] and [ARAC] are shown displacements in the DDR are also similar to values
in Figure 2. characteristic of B-form geometry. The minor groove struc-
The NMR Spectra| data for the deoxyribonuc'eosides in ture for the DDR of [ARAC] is similar to that characteristic
the HDR of both [OKA] and [ARAC] also clearly indicate ~ Of B-form geometry, and its dimensions are somewhat less
adoption of sequence-specific conformations. The 100 ms variable than those observed for [OKA]. In particular, the
mixing time NOESY spectra for [OKA] shows relatively ~mMinor groove width, which was markedly constricted at G5
strong intraresidue H8/H6H2' and weak interesidue H8/ ~ and A6 of [OKA], is characterized by nearly prototypical
H6—H2" NOEs for T11 and C12 in the HDR, while the B-DNA values for these base pairs in the DDR of [ARAC],
inter- and intraresidue NOEs are similar for C9 and C10. A the region that includes cytarabine. The major groove width
similar pattern is observed in the 150 ms mix time NOESY and small axial displacements in the DDR of [ARAC] are
spectrum of [ARAC]. ECOSY data for both model Okazaki 2!S0 similar to values characteristic of B-form geometry,
fragments also indicate relatively greafdp_» and lesser  although the major groove is constricted relative to B-form
33, scalar couplings and the absence of observabley values immediately adjacent to the JR.
and3Jy_z scalar couplings for T11 and C12lz_, scalar The groove structure for the HDR of [OKA] differs
couplings are evident for C9 and C10 of both model Okazaki considerably from the generally B-form values observed in
fragments. The A-form geometry of the ribonucleosides is the DDR of this structure. The minor groove is considerably
characterized by undetectallk —» but readily measurable  broader and shallower in the HDR than in the DDR, and in
3J3_4 scalar couplings, under the experimental conditions this respect, the groove structure in the HDR resembles
used. RNA residues were also characterized by strongA-form helical geometry. The major groove width and small
interesidue, and less intense intraresidue—Hg NOEs, axial displacements for base pairs in the HDR differ
consistent with adoption of C&ndo sugar puckers. considerably from canonical A-form helical values and more
JR StructuresThe DDR and HDR of both [OKA] and closely resemble B—f_orm geometry. The groove structure for
[ARAC] intersect at the junction region (JR) that consists the HDR of [ARAC] IS similar to that observed m_the HDR
of two base pairs. The DNA strand in the JR consists of of [OKA]. Groove width parameters change rapidly in the

two pyrimidine residues (T7 and T8), while the hybrid strand ‘;E.Lorr?::gmc;?lzl ;Zazﬁz';:?ﬁzgg;\’\gw d‘“‘? drg'ggé %rr?:I\I/oe
consists of two purine nucleosides (al7 and A18). The sugar ng W P ! W w

pucker of the sole ribonucleoside (al7) in the JR of [OKA] ngg:nt:tf Hr[])oF\j\}eT/Z? rrg?#:ingi];oot\)/r%:d2nm$|2:):r?el\?\;r?a':|§ﬁgll(liw
is C3-endo. Interestingly, although the sugar puckers for all geometry, ’ 9 :
. . . : Axial displacements in the JR are small and resemble B-DNA
four nucleosides in the JR of [OKA] differ considerably from . : .
L ; values. Numerical values for the groove dimensions of
the C2-endo sugar pucker characteristic of B-form helical ; .
) ; : . [OKA] and [ARAC] are included in the Supplementary
geometry, the base pair overlap in this region closely | :
) : : nformation.
resembles that which occurs in canonical B-form geometry
(Figure 3). Extensive basdase overlap occurs between the 4 5-yss10N
adjacent purine nucleosides al7 and A18 of the hybrid strand,
while minimal base-base overlap is observed between the  Determining the structures of Okazaki fragments is
complementary pyrimidines T7 and T8 of the DNA strand. important for understanding the structural basis for DNA
Intrastrand P-P distances for both the hybrid and DNA replication, and for the rational design of drugs that block
strands of [OKA] are also more similar to canonical B-form replication @, 2, 52). In the present study, we have
geometry than A-form, despite the deviation fron’-@2do determined the NMR solution structures of [OKA] and
sugar pucker. Overall, the coordinates for the JR of [OKA] [ARAC], model Okazaki fragments with sequence derived
match well with canonical B-form geometry (rmse 1.1 from a frequent site for initiation of primase during lagging
A). Helical parameter values in the JR are mainly indistin- strand replication of the SV-40 viral genomé&9( 20).
guishable from the adjacent helical regions, with the excep- Overall, the solution structure of [OKA] resembles B-DNA,
tion that base pair tilt at the A6-T7 step is more negative with an rmsd of 0.6 A for residues in the DDR. Significant
than other base pair steps within [OKA]. The geometrical local structural variability occurs in all regions of the
features of the JR present in [OKA] are conserved in molecule, and these distinct structural features such as
[ARAC]. The sugar pucker of the sole ribonucleoside (al7) variability in minor groove dimensions and overall curvature
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may be significant for the biological function of Okazaki Rather, the H-form morphology is extended in the HDR of
fragments, as well as provide a structural basis for the design[OKA] of [ARAC]. These results support the conclusion that
of antiproliferative agents5@). The structure of [ARAC] is the adoption of A-form geometry by Okazaki fragments in
similar to that of [OKA], and each structure may be the crystalline state results from crystal packing forces, and
considered in terms of three regions (DDR, HDR, and JR), that the solution structure of Okazaki fragments is polymor-
with each region displaying characteristic morphology based phic with different characteristic geometries occurring for
on its unique nucleoside composition (Figure 1). The local the DDR, the HDR, and the JR.
structures for each of these regions in [ARAC] are similar  Effect of Cytarabine.Only subtle changes to helical
to the same region in [OKA]. Nonetheless, the overall parameters are induced by cytarabine substitution. The
structure for [ARAC] shows a distinctly greater bend in the moderate effect of cytarabine substitution to the structure of
helical axis relative to [OKA], although only a few helical the model Okazaki fragment is reflected in the low rmsd
parameters are impacted by cytarabine substitution (Supple-between the DDR of [OKA] and [ARAC]+0.8 A). These
mentary Information). The increased helical bend of [ARAC] subtle alterations in helical parameters resulting from cyt-
relative to [OKA] may contribute to the propensity of arabine substitution are structurally significant because they
cytarabine to inhibit chain elongation of the lagging strand result in an increased bend angle between the two principal
during DNA replication and provide a structural basis for helical regions in the model Okazaki fragment (Figure 4).
the anticancer activity of cytarabin1 22). Thus, while either the DDR or HDR of [ARAC] may be
Comparison of Okazaki Fragment®revious studies  superimposed upon the like region of [OKA] with relatively
investigating Okazaki fragment structure have resulted in low rmsd (Figures 2), increased helical bend in [ARAC]
different conclusions, even for the same sequence undermesulting from cytarabine substitution causes the overall rmsd
different experimental conditions. X-ray analysis for the between [ARAC] and [OKA] to be greater than regional
sequence r(gcg)d(TATACCEW(GGGTATACGC) indi- congruity would otherwise imply. Cytarabine thus induces
cated adoption of A-form geometry throughout this model a gross alteration to the morphology of the model Okazaki
Okazaki fragment, including the DDR of this structus) fragment through minor, selective alterations in helical
The authors concluded that adoption of ®@8do geometry ~ parameters. This increased helical bend in Okazaki fragments
by the three RNA residues locked the entire decamer into substituted with cytarabine may interfere with the successful
the A-conformation. An NMR structure of this same duplex completion of replication through relative displacement of
in solution indicated that this Okazaki fragment was neither the site of extension from the origin of the Okazaki fragment.
A- nor B-form in its entirety 80). Rather, the structure These sites may be relatively distal in primary sequence
adopted in solution was a chimeric mixture of hybrid form (~100 nucleotides) but brought close together as a conse-
(H-form) and B-form structural morphologies. The DDR of quence of compaction or nucleosome formati6m)(
this model Okazaki fragment had sugar conformations, Previous Cytarabine Studie$he importance of cytarabine
intrastrand P-P distances, and minor groove dimensions for the treatment of leukemia has resulted in a number of
typical of those found in B-form duplexes. The HDR of this investigations aimed at detecting structural alterations in
model Okazaki fragment in solution had '‘@hdo sugar  nucleic acids substituted with cytarabine8{-64). Mono-
puckers for the RNA residues and @hdo sugar puckers meric cytarabine adopts a G2ndo sugar pucker in the
for the DNA residues. A structural discontinuity was crystalline state, the same sugar pucker adopted by aC20 of
observed between the DDR and HDR for this model Okazaki [ARAC] in the present investigatiorsg). The C2-endo sugar
fragment in solution with a bend of 1&t the junction. A pucker of cytarabine was stabilized by an intramolecular
bend of similar magnitude (2pin Okazaki fragments had  hydrogen bond to O5and, although such hydrogen bond
been predicted from previous model building studies, while formation cannot be detected directly by the usual solution
the solution structure of [OKA] in the present study indicates NMR techniques, the final structure of [ARAC] includes a
that a bend of 22occurs for this sequenc23—25). Bending similar hydrogen bond (Figure 1). Other structural studies
of chimeric hybrid duplexes has been proposed to provide ahave also determined that cytarabine adopts'ae@@o sugar
driving force for recognition by reverse transcriptase, and pucker in a DNA duplex&3), although other studies have
bending of Okazaki fragments may be significant in regulat- concluded that other sugar puckers occur for cytarabine-
ing replication of the lagging strand during DNA synthesis substituted DNA duplexes4). A detailed solution NMR
(54, 55). study of the Drew-Dickerson dodecamer sequence with and
The model Okazaki fragment [OKA] considered in the without cytarabine substitution provided the first high-
present study differs considerably in sequence from the resolution information about the effects of cytarabine on
model Okazaki sequence investigated previously using X-ray duplex DNA structure in solutior6d). Cytarabine substitu-
crystallography and solution NMR spectroscof@g,(30). tion did not produce a large change in the overall structure
In particular [OKA] contains 12 rather than 10 base pairs, of this DNA duplex (rmsd~ 1.3 A), and structural effects
with the two additional base pairs adding to the HDR portion were limited to the site of cytarabine substitution and the
of the model Okazaki fragment. In this respect, [OKA] may adjacent residues. The observed subtle differences in helical
provide a more reasonable model for Okazaki fragment parameters and torsion angles were interpreted as being due
structure in vivo since RNA primase generally incorporates to potential steric interactions and hydrogen bond formation
more than three ribonucleotides prior to extension by DNA between O2and O2H of the arabinosyl sugar and the base
polymerase %6). Interestingly, the increased percentage of proton and phosphate backbone of the neighboring nucleo-
ribonucleotides in [OKA] and [ARAC] relative to the model side.
Okazaki fragment studied in refs 29 and 30 does not cause The present study differs from previous investigations in
the entire duplex to adopt A-form geometry in solution. focusing on the effects of cytarabine on the structure of a
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model Okazaki fragment rather than a DNA duplex. Al- ACKNOWLEDGMENT
though cytarabine is a deoxycytidine analogue, its biological
effects are mainly manifest at replication of the lagging strand
during DNA synthesis, and it is in the context of Okazaki

fragment structure that cytarabine inhibits the successfu
completion of DNA replication in malignant cell2Z, 22). SUPPORTING INFORMATION AVAILABLE

In the present study, the effects of cytarabine substitution ) , i

on the local structure of the DDR of [ARAC] are slight, with 2D NMR spectra used in making the assignments of
rmsd’s of similar magnitude to those reported previously. [OKA] and [ARAC], a summary of the torsion angles and

However, the effect of cytarabine on the overall morphology Qemlafag?ﬁiteﬁgoé g?r'[]gn?zzil fgkbaoztﬁk('j fr?grgzn:i,] s?j
of the model Okazaki fragment is significantly larger than u Y groove di lons uplexes,

: . ; values between intermediate and final structures, Rx values
that previously observed in DNA duplexes. This larger

. . . from RMA anal n mm f helical parameter:
structural perturbation arises from the small changes in om €O analyses, and a summary of helical parameters

helical parameters and torsion angles caused by cytarabin%cgra@ﬁ:gl s r:)orl] [:IE/AC(EJ]I’I‘(GZS[ Fnassiﬁ)éa(grggggg information

substitution increasing the bend angle of the model Okazaki
fragment. Studies of other model Okazaki fragment struc- REFERENCES
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