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ABSTRACT. The three-dimensional solution structure of the hybgtimeric duplex r(gcca)d(CTGE)
d(GCAGTGGC) has been determined by two-dimensional NMR, restrained molecular dynamics (rMD),
and NOE back-calculation methods. This chimera, consisting of a chimeric-HRNMWA strand and its
complementary DNA strand, is formed after priming){strand DNA synthesis by tRNA and subsequent
(+)-strand DNA synthesis by reverse transcriptase and is an obligatory intermediate in the formation of
double-stranded DNA prior to HIV-1 retrovirus integration. The duplex consists of two different types
of double helix: a hybrid form (H-form) and a B-form structure connected by a junction. It is chemically
similar to several other Okazaki fragments whose structures have been previously determined in our
laboratory. However, some structural parameters are not the same and were found to be sequence
dependent. In particular, the sugar conformations at the DNA base pair proximal to the hybrid segment
vary from O4-endo to C2endo depending on the base composition. The position of the transition from
the relatively wide groove of Horm to the narrow groove of B-form is also sequence dependent, occurring
either exactly at the RNADNA junction or within the purely DNA segment of the chimeras is the

case in the structure of the present HIV-1){strand primer. This structural change produces a kink at
the DNA—DNA step adjacent to the RNADNA junction in the HIV-1 (-)-strand primer. The sequence
dependence of structures of RNANA chimeric duplexes may be responsible for the variable cleavage
pattern of different Okazaki fragments by reverse transcriptase RNase H.

The human immunodeficiency virus type 1 (HIVti3 a Scheme 1
retrovirus whose mode of replication has been the subject PBS Us
of numerous studies (Kulkoskit al, 1990; Whitcombet
al., 1990; Smithet al, 1990; Pullen & Champoux, 1990;
Furfine & Reardon, 1991; Pulleat al, 1992; Peliska & ¢ CAGGGACAAGCCCGCGGTGACGATCTCT @ @ ¢ (+) DNA
Benkovic, 1992). During the replication of HIV-1 RNA, a ) ) ) ) )
double-stranded DNA intermediate is formed, which is DNA intermediate that is subsequently integrated into the
flanked at both ends by long terminal repeats (LTRs). At host cell genomic DNA. Following infection of the host
the double-helical DNA level, the LTR sequences are Cell, the first step in the HIV-1 replication cycle is the
arranged 5U3-R-U5, where U5 and U3 are sequences SYnthesis, by reverse transcriptase, of thg-¢trand DNA
located adjacent to, and unique to, tHeaid 3 termini of (cDNA) that is complementary to the single-stranded viral

the viral RNA respectively, and R are sequences derived from RNA. ) )
the actual viral RNA termini. The action of reverse _ Reverse transcriptase is a DNA polymerase, and as such

transcriptase converts the viral RNA into the double-stranded it requires an RNA primer to initiate DNA synthesis.
Synthesis of the-{)-DNA strand by reverse trancriptase is

i . dbYNH G GM-42896 and GM-32681 initiated by a cellular tRNA primer, tRNAS3, which binds
BRR owes supported by rants GM- and G- to the complementary viral primer binding site (PBS) located

* Coordinates and restraints have been deposited in the Brookhavennear the 5end of the HIV-1 RNA genome. After synthesis
Protein_D?ta Bank under the access codes 1GTC and R1GTCMR,of the (—)-strand DNA, and during the early stages &f){
respectively. i i i i
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of Chemistry: E-mail, reid@macmail.chem.washington.edu; phone, shown In scheme Is formed at the junction
(206) 685-2331; fax, (206) 685-8665. (Kulkosky et al, 1990). The lower case letters at the PBS

ﬁghemlsttrydgepartrgem- 5 s Institute. Coll ‘oh site in Scheme 1 represent RNA residues from the 3 tail of

resent address. Lrug bynamics institute, -ofege ot Fharmacy, the tRNAWYS3 primer. A polypurine-rich RNA fragment
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o Biochemgtry Department. (generated by the action of reverse transcriptase RNase H

® Abstract published iridvance ACS Abstract#ugust 1, 1996. on the viral RNACDNA hybrid) primes the synthesis of§-

! Abbreviations: NMR, nuclear magnetic resonance; hybrid, nucleic strand DNA (Finston & Champoux, 1984). In previous

acid duplex where a pure DNA strand is hydrogen bonded to a DN . . . .
strand; chimera, nucleic acid duplex where RNA is covalently bonded Studies of the life cycle of different retroviruses, the

to DNA in one or both strands; RT, reverse transcriptase; Mo-MuLV, deoxynucleotides covalently added to the tRNA primer were
lv_lolon%TrRuri?helleul:jemia Vitl’l,;S; Hl\t/_—l, hdur’r\ngimmllmodgﬁciﬁncy found to ultimately define the U5 terminus of the uninte-
virus; , ethylenediaminetetraacetic acid; , nuclear Overhauser ; ; . .
effect; 2D, two dimensional; NOESY, nuclear Overhauser effect grat.ed viral DNA (G”t_)oam al, 1979, KUIKOSI.()Et al, 1990;
spectroscopy; rmsd, root mean square deviation; DG, distance geometry;VVh'tcombet al, 1990; Pulleret al, 1990). Since all known

rMD, restrained molecular dynamics. mature tRNA primers end in a&-8rminal cca triplet, and
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Scheme 2 of Okazaki fragments in solution. Previous studies in our
2 4 6 8 laboratory revealed the coexistence of two distinct duplex
5 GCAGTGGC structural morphologies in a single chimeric duplex, namely,

the hybrid form (H-form) in the DNA-RNA segment and a
B-form duplex in the pure DNA section; this leads to a
pronounced bend at the junction between these two types of
duplex morphology (Salazat al., 1994; Zhuet al., 1995).
These earlier studies focused on the determination of the
structures of chimeric sequences for which the crystal
structures were already reported (Waai@l., 1982; Egliet

al.,, 1992). In all cases the solution structures were found
to be markedly different from the crystal structures. The

X : X most probable causes for the discrepancies are the well-
right LTR (U5) of the unintegrated HIV-1 viral DNA should 4,0 mented effects of partial dehydration during crystal-

s|:|tart with the 5CTGC...3 sagquehnce ST‘OW” inh Scf;}emFt:Nl. lization (Kennard & Huber, 1989; Sproes al., 1995) and
OWever, more recent stu IIES have shown that the ) .a}secrystal packing forces (DiGabrie al., 1989) on the nucleic
H activity of reverse transcriptase has an unusual specificity

. . . i ; acid crystal structures. It would appear to be important to
:,Uimfmthgig\@w Er?x]tgrzga”?ﬁﬁgsggtﬁh(l)ggqf)?sztiigond study the structures of biologically important hybrid and
Reardon, 1991; Pullent al,, 1992). Cleavage at this site chimeric DNA~RNA duplexes directly in solution.

leaves behind a'8erminal riboadenosine residue in the right MATERIALS AND METHODS

LTR of the proviral DNA; thus, the sequence of the){
strand DNA at the U5 termini is'"®aCTGC... 3 and the 5
nucleotide of the LTR is not the first deoxynucleotide
incorporated by extension of an incomplete ...cc-OH tRIA
primer, as was originally thought (Kulkoslet al, 1990;
Whitcombet al, 1990; Pullen & Champoux, 1990; Furfine
& Reardon, 1991; Pulleret al, 1992). This “unusual”
RNase H activity, i.e., cleaving exclusivehjthin the RNA
primer segment, is not restricted to.this particular sy§tem nd base deprotection were carried out with anhydrous
and has been subsequently found in numerous studies o

' . ethanolic ammonia for 1824 h. The 2TBDMS protect-
different RNase H enzymes (Huber & Richardson, 1990; . - -
Turchi et al, 1994: Huanget al, 1994). ing group was removed from the RNA by dissolving the

oo - chimeric strand in a 1 M solution of tetrabutylammonium
We became intrigued by the possibility that local sequence- fluoride (TBAF) in tetrahydrofuran and letting the solution
dependent structural perturbations, at or near the cleavagestand overnight at room temperature. Major impurities were
site of RNA—DNA chimeras, might be responsible for the then removed by ethanol precipitation. Residual TBAF was
Substrate SpeCifiCity.Of RNase H. To inVeStigate th|S i-dea, removed by ion-exchange column Chromatography (AG 50W
we have used two-dimensional NMR (2D-NMR), restrained x-2, Bio-Rad). Further purification was achieved by size
molecular dynamics (rMD), and NOE back-calculation exclusion column chromatography (Sephadex DNA grade,
methods to determine the three-dimensional solution struc-syperfine, Pharmacia). Column fractions were analyzed by
tures of several chimeric dUpIeXeS that are cleaved by RNaSQ'nicroscale electrophoresis on a 20% po'yacrylamide ge| and
H in a sequence-dependent fashion. We recently determinechopled accordingly. The pure DNA and the chimeric strands
the structure of the duplex containing the Moloney murine ere then annealed by dissolving equal amounts of each in

leukemia virus {)-strand primer sequence (Salasdral., 500 mM NaCl, 0.2 mM EDTA, and sodium phosphate
1996). Here we report and discuss the structure of a chimericpyffer, pH 6.8, heating to 55, and slowly cooling to room
octamer dupleX Containing the hybﬁﬂ)NAJunCtlon derived temperature_ The Samp'e was Subsequent'y desalmd
from Scheme 1 and shown in Scheme 2. An extended form Sephadex G-10 Co|umn Chromatography_ The purified
of this junction sequence occurs in nature during the HIV-1 (gccaCTGCYGCAGTGGC) duplex ¢a 22 mg) was dis-
replication life cycle and is believed to be cleaved at the golved in 0.4 mL of a buffer consisting of 5 mM KCI, 100
c11—-al2 step, one base away from the RNANA junction. mM NaCl, 0.6 mM EDTA, 25 mM NakPQ;, and 25 mM
As a result of this study we are now able to compare the Ng,HPO,, adjusted to pH 7.0. After repeated lyophilization
structures of different chimeric duplexes and to analyze the from 99.96% DO the sample was finally redissolved in 0.35
possible sequence dependence of the structural features thah| of 99.996% DO for the NMR experiments.
might be responsible for determining the site of RNase H NMR SpectroscopyAll NMR experiments were carried
cleavage. out at 26°C on either a Bruker AM-500 or a home-built
As can be seen from Schemes 1 and 2, the half-hybrid 500 MHz NMR spectrometer (Gladden and Drobny, unpub-
half-DNA nature of this duplex also makes it an excellent lished design). The data were processed on an IRIS 4D
model for the study of Okazaki fragment junction structures. computer with either the FTNMR software program (NOESY
Such fragments are known to occur in lagging-strand spectra) or the FELIX software program (E.COSY spectra)
synthesis during normal DNA replication (Oga&aOkazaki, from BIOSYM Technologies, San Diego, CA. NOESY
1980). Recent progress in NMR spectroscopy and chemicalspectra were collected in the phase-sensitive hypercomplex
synthesis of chimeric RNADNA molecules now permits  mode using 1024 complex pointstnand 400 pairs of real
the elucidation of the detailed three-dimensional structuresand imaginaryt; experiments. The NOESY data were

CGTCacocghb
16 14 12 10

since the RNase H enzymes studied at that time (except
Escherichia coliRNase HI) were found to preferentially
cleave RNA-DNA junctions at the ribe-deoxyribo phos-
phodiester bond (Ome& Faras, 1982; Sawdat Tsukada,
1983; Champouwset al, 1984; Karwan& Wintersberger,
1986; Huber& Richardson, 1990), it was predicted that the

Sample Preparation Ten micromole syntheses of the pure
DNA strand and the chimeric RNADNA strand were
carried out on an automated DNA synthesizer (Applied
Biosystems Model 392). The DNA strand was prepared as
described previously (Haret al., 1983). The RNA-DNA
strand was synthesized by introducing the ribonucleoside
phosphoramidites in the appropriate cycles as previously
described (Chowet al, 1991). Cleavage from the support
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apodized with a 90shifted sine-squared function. A data as discussed by Kiet al. (1992). This approach greatly
relaxation delay of 10 s between scans was used to ensurémproves structure convergence by eliminating artificial
adequate relaxation of the RNA protons (Wat@l, 1992b). backbone conformations that contradict the NMR data (Kim
The exclusive COSY (E.COSY) spectra were collected in et al, 1992). The distance constraints were then used as
the phase-sensitive TPPI mode. For the E.COSY spectra,input for distance geometry calculations using the DGl
maximum sensitivity and resolution ta were achieved by  program (BIOSYM Technologies, San Diego, CA) and
acquiring the spectra into 2048 complex points with 48 scans gypsequent restrained molecular dynamics using the DIS-
pert; experiment and sample spinning. A total of 760  covER program (BIOSYM Technologies, San Diego, CA)
experiments were collected. The E.COSY data were pro- ,itn AMBER potential functions (Weineet al, 1986).

cessed using 6 Hz of exponential line narrowing and 6 Hz L
of Gaussian broadening in theandt, dimensions. Resolu- Thirty initial distance geometry structures were generated

tion enhancement was achieved by zero-filling to 4096 points PY €mbedding the smoothed initial bounds matrix and then
in t, and 2048 points ;. A proton-detectect’P—1H were refined by repeated cycles of simulated annealing. After
heteronuclear correlation spectrum (Sklegizal, 1986) was ~ distance geometry, the structures were subjected to a
collected in the hypercomplex mode with spectral widths of combination of restrained molecular dynamics and conjugate
4386 Hz in thelH dimension and 800 Hz in thépP gradient refinement. The force constants in the NOE term
dimension; 2048 complex points in tHel (t,) dimension used in the DISCOVER program were 30 kcal/(md).A
and 100 complex points in th&P (t;) dimension were  Prior to the molecular dynamics simulations, the structures
collected. Protons were presaturated for 1.0 s and 256 scansvere first minimized using 2000 cycles of conjugate gradient
were used for each; incrementation. The data were minimization. The molecular dynamics simulations were
apodized with a 2 Hz exponential line-broadening window then initiated at 300 K with a step size of 1.0 fs for a period
function in thet, dimension and a J6shifted sine-squared  of 15 ps using a distance-dependent dielectric constant of
function in thet; dimension. 4r. A nonbonded cutoff distance of 15 A was used, and no
Structure Determination and Refinementll resolved  counterions were included in the simulations. The last
NOESY cross-peaks were integrated over 50, 100, 200, andcoordinate sets were subjected to restrained energy minimi-
400 ms mixing times, and the distances obtained by scalingzation for 2000 steps of conjugate gradient energy refine-
the initial rates qf cross-relaxatloq to the average mmgl raté ment. The structure with the lowest energy among these 30
of cross-relaxation for the cytosine H$16 proton pairs  refined structures was then chosen for further iterative

(drs-rs = 2.5 A) were used as initial constraints. FOr iefinement of the distance matrix by back-calculation of the
overlapped cross-peaks, an initial lower bound distance wasy Hegy spectra

obtained which was subsequently refined by back-calculation )

of the NOESY spectra. The isotropic tumbling assumption ~ 1he NOESY spectra of the resulting structures were
is quite valid for an octamer duplex (Tirado & Garcia de la Subsequently back-calculated using the improved NOESY
Torre, 1980; Wanget al, 1992a). With the exception of ~ Simulation program BIRDER (Zhu & Reid, 1995) and an
the B-terminal residues, all observed cross-peaks were foundempirically determined correlation time of 4.6 ns. The
to be consistent with a single average correlation time for distance constraints were then adjusted accordingly on the
the bases and sugars as monitored by the mutually consistenibasis of comparison of the calculated and experimental NOE
cross-peaks corresponding to interproton distances that arentensities in all spectral regions at 50, 100, 200, and 400
only very weakly (if at all) dependent on DNA conformation ms mixing times. After the intensities of most of the resolved
(Reid et al, 1989; Fedoroffet al, 1993). We found no  cross-peaks were reproduced, distance constraints for over-
evidence for any significant rapid N/S interconversion of the lapped cross-peaks were then added in the subsequent stages
furanose sugar rings in the core of the duplex, particularly of iterative refinement. The final set of distance restraints
in the hybrid section, as some authors have recently consists of 111 intraresidue, 94 interresidue, and 158
suggested (Goniez et al, 1994, 1995) fide infra). We  packbone restraints. The NORfactor R = S|le — I/

did not useJ-couplings as quantitative constraints for the y| \herel, andl, are the experimental and the calculated
sugars, sincel-coupling simulations are compromised 10 NOE intensities, respectively) was calculated for 96 resolved
varying extents by neglecting the effects _of cross-relaxation cross-peaks in the H6/HEH1H2'/H2 ' IH3/H4', the H5

on the COSY cross-peak pattern (Harbison, 1993; ghu H1'/H2/H2", the HI—H2'/H3/H4', and the H2-HY’ regions

Z‘"’ 139?)' thF “g.hfrmore’ we ”.Sfd rﬁ!aﬂ"er:y CONSEIVaIVe of the NOESY spectra at 50, 100, 200, and 406 a
ounds forthe distance constraints which should adequately, o ot 384 cross-peak intensities. The DG/rMD/relaxation

encompass any uncertainties in the distances arising frommatrix simulation refinement procedure was repeated until
the anisotropic effects or the presence of small amplitude L ntp . ped
there were no significant improvements in the simulated

internal motions. Initial distance constraints were calculated NOESY d the NOE i " duced
for each resolved NOESY cross-peak by measuring the initial NOESY spectra and the NOE intensities were reproduce
within the signal-to-noise ratio (the noise level corresponds

rate of cross-relaxation and scaling these rates to the averag

initial rate of cross-relaxation for the resolved cytosine-H5 0 20% of cross-peak intensities at 100 ms for distances
H6 proton pairs @us_1s = 2.5 A). Typical error limits for around 4.0 A). At the final round of the refinement, 26 out

the upper and lower bound constraints wet6.2 A for of 30 structures Converged to similar values for both the

distances less than 3.5 A agD.3 A for distances greater ~empirical energy and the penalty function for violation of
than 3.5 A. An additional 22 distance restraints based on constraints. The remaining four structures had much higher
Watson-Crick-type hydrogen bond lengths were included. values for both terms and were considered to have not
The backbone conformation was conservatively constrainedconverged. These structures were excluded from the struc-
using a combination of NOESY and qualitatiecoupling tural analysis.
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Table 1: Chemical Shifts (ppm) of the Nonexchangeable Protons A
and3P of r(gcca)d(CTGCH(GCAGTGGC) at 26C

residue H6/H8 H5/H2/M5 H1 H2' H2" H3 H4 3p2

1G 7.76 579 2.46 2.60 4.67 4.06

2C 7.32 5.25 5.62 2.03 2.36 4.74 4.084.21
3A 8.04 7.37 6.02 2.66 2.77 4.87 4.29-4.00
4G 7.21 5.68 2.24 252 4.60 4.214.02
5T 7.09 1.10 5.80 2.14 242 470 4.07#4.33
6G 7.44 5.71 2.39 249 4.75 4.214.01
7G 7.34 5.84 2.34 252 4.68 4.24-4.00
8C 7.17 4.94 596 1.93 2.09 4.30 3.964.16
99 7.66 5.33 4.49 433 4.25

10c 7.63 5.34 4.37 426 4.38-4.21
1llc 7.65 525 4.45 4.38 4.38-4.07
12a 7.91 7.23 5.69 4.43 4.45 4.323.99
13C 7.23 5.09 5.44 1.97 230 4.34 4.024.08
14T 7.40 1.35 577 1.98 2.37 472 4.064.90
15G 7.72 5.80 2.41 254 4.82 4.21+4.37
16C 7.27 5.21 6.01 2.01 2.04 4.34 3.963.98

aReferenced to trimethyl phosphate as external standard. 8.0 7.8 7.6 1.4 7.2 1.0
H6/H8 (ppm)
RESULTS

Analysis of NMR Data. All protons, except for the
geminal H%/5" pair, were assigned from NOESY connec-
tivities combined with DQF-COSY and E.COSY data, and
the assignments are listed in Table 1. The phosphorus o
resonances were assigned from #e—'H heteronuclear
correlation spectrum using sequential'HB and P-H4'
cross-peaks. Figure 1A shows the expanded H6/H8 to H1
region of the NOESY spectrum of r(gcca)d(CTGC)
d(GCAGTGGC) at 200 ms mixing time. The good resolu- 0
tion in this region led to facile assignment of the base to
H1' connectivities for both strands using standard assignment
procedures (Haret al,, 1983). Cross-strand NOEs between g

5.2

5.4
(ppm)

5.6
H1’/HS

2.1
(ppm)

2.4
H2' /H2" "

H1' protons and adenine H2 protons on the opposite strand,
as well as the hydrogen-bonded imino proton spectra (data
not shown), indicate that this fragment is double stranded
under the conditions of the NMR experiments. Figure 1B 7'g 7’5 775
shows the expanded H6/H&2'/H2"' (DNA) region of the HE/H8  (ppm)
NOESY spectrum of (gccaCTGEBECAGTGGC) at 200 ms

mixing time. The intraresidue H6/H8 to HRI2" NOEs are C

connected by vertical lines, and the H6/H8 Hi2aks are
labeled with the residue number. There is significant overlap
for the intra- and interresidue NOEs for residues 2C, 7G,
and 6G, but some interesting qualitative patterns emerge for
the well-resolved cross-peaks. First, the intraresidue H6/
H8—H2' NOEs are the most intense, and this is particularly
true for residue 3A which was found to have higher sugar - 6 T4 72
pseudorotatiof® values ¢ide infra). Second, in contrast to H6/HB  (ppm)
observations in “normal” DNA duplexes, the internucleotide Ficure 1: Assignment of (A) the RNA/DNA H6/H8H1', (B) the
(N)H6/H8—(n—1)H2' cross-peaks are not much stronger than DNA H6/H8—H2'/H2" (B) (top), and (C) the RNA H6/H8H2'

the intranucleotiden)H6/H8—(n)H2"" cross-peaks. These regions of the NOESY spectra of r(gcca)d(CTEGIBECAGTGGC).

: : The ()H6/H8—(n)H2' cross-peaks in spectrum B are labeled and
observations suggest a somewhat different geometry for theare connected to th@yH6/H8—(n)H2" cross-peaks by solid vertical

sugar residues in the DNA strand than that found in B-form |ines The ()H6/H8—(n)H1' cross-peaks in A are labeled with the
DNA and perhaps also a quite different spatial relationship residue number according to the numbering scheme shown in the
between adjacent nucleotides. Note that the intranucleotidetext. The terminal 1IGH81GH1 NOE (indicated with an “x”) is
(n)H6/H8—(n)H2" cross-peaks for residues 13C and 4G are modulated by motional end effects, and the cross-peak is only

S visible at lower contour levels. The contour level in (C) is much
significantly weaker than those of other well-resolved cross- higher than in (A) and (B) so only the strongest RNA(cr)oss-peaks

peaks, indicating a loweP value for the sugars of these are visible. The H6/H8 shifts ohfH6/H8—(n—1)H2 cross-peaks
residues. This is consistent with tRevalues deduced from  are designated by larger numbers and thé B42smaller residue

the coupling constants of these sugar residues (Satzar numbers.

al.,, 1993). Finally, strong internucleotid@)H6/H8—(n—

1)H2 cross-peaks were observed for the junction DNA distances shorter than 2.5 A, are characteristic of A-form
residue C13 and the RNA residues ¢10, c11, and al2 (Figuregeometry and directly indicate the heteromerous nature of
1c). These strong NOEs, corresponding to interproton this chimeric duplex.

(ppm)

4

RNA H2'’

4.

13-12




11074 Biochemistry, Vol. 35, No. 34, 1996 Fedoroff et al.

FIGURE 2: (A, top) Superimposed stereoviews of the 26 final DG/rMD structures of the HIV-1 retroviral junction fragment r(gcca)d-
(CTGCYd(GCAGTGGC). All these structures have pairwise rmsd values within the range 0.8 A. (B, bottom) Stereoview of one of

the final structures at90° rotation relative to panel A. The DNA residues are shown in blue and the RNA residues in white. Two helical
axes (yellow) for the hybrid and DNA parts illustrate the? b@nd in the structure (the standard deviation of the bending angi§. isi@e

the 25 kink at the DNA step next to the RNADNA junction.

Structural Features of (gccaCTC&GEBECAGTGGC). Table 2: NOER-Factors and Energy Analysis (in kcal/mol) of the
Twenty-six structures were generated separately from theFinal Structures Obtained from Distance Geometry/Restrained
refined distance bounds by embedding and refinement (se Molecular Dynamics/NOESY Back-Calculation Refinement in

. . . €AMBER Force Field
Materials and Methods). Table 2 summarizes the refinement

statistics. All refined structures superimpose quite well energy terms energy value
(Figure 2A), reflecting small rmsd values between them  [otal energy —127.65+3.21

ble 2). Thus multiple independent structure determina- bond 735+ 0.20
(Table 2). P P _ angle 65.68 1.16
tions reliably produce essentially the same well-defined dihedral 150.53 2.22
conformation shown in Figure 2B. Two different helical hydrogen bond energy —13.39+0.12
axes for the upper and lower halves of the molecule illustrate 2823823 f:ﬁ&%’o n energy _162'119%22'3‘11
the bend bgtween the hybrid segment and the pure DNA  nonbond dispersion energy —680.03+ 2.82
segment. Figure 3 shows a comparison of the experimental ~ Coulomb energy . —177.77+0.52
and the simulated H6/H8 to Mi(below) and HIH2" distance forcing potential energy 20.13+ 1.08
(above) regions of the NOESY spectrum of one of the final NOE R-factor 0.23+0.02

refined octamer structures at 100 ms mixing time. The good " ncludes small contribution~0.05 kcal/imol) from out-of-plane
agreement between the simulated and experimental spectranergy terms? This contribution has been subtracted from the total

is evident and merely reflects graphically the low NOE energy.° The NOER-values are calculated for 96 resolved cross-peaks
R-factors (Table 2) at four different mixing times.
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7.5 8.0
HE/HB8  (ppm)
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7.5
HE6/HB

(ppm)

Ficure 3: Stack plots of the experimental (left column) and back-calculated (right column) H6/H8td24H2"" NOESY spectra for one
of the refined chimeric structures. The DNA H6/HBI2'/H2" and the RNA/DNA H6/H8-H1' NOESY cross-peaks are shown in the top

and bottom rows, respectively.

The sugar conformations in this chimeric duplex were
analyzed previously in our earlier study of sugar proton
J-couplings (Salazaet al,, 1993a). In that study we came
to the conclusion that the RNA sugars have'-€8do
conformations [phase angl®)(in the 0-40° range] while
the DNA sugars have conformations between-&ado and
C2-endo P is between 6Dand 150) with particularly low

phosphorus chemical shift is sensitive to the rotation angles
about these PO ester bonds. and ¢ (Gorenstein & Kar,
1975). The®'P—'H heteronuclear correlation spectrum for
the HIV-1 (—)-strand primer is shown in Figure 6. TA®
resonance of the 13€14T step is shifted upfield from the
other3'P resonances (Figure 6). This shift is qualitatively
consistent with the value of the-O5 torsional angleo

P values for the junction DNA residues. As can be seen close to 300, which corresponds to the maximal upfield shift
from Figure 4, these values are in quite good agreement withfor 3P resonances (Gorenstein & Kar, 1975). No analo-

the present NOE-derived solution structure. The anoma-

lously low P values for the junction residues {10 for G4
and ~90° for c13) are especially interesting since, in the
Mol-MuLV (—)-primer, the corresponding DNA residues
have “normal” C2endo conformations (Salazetral., 1996).
Therefore, the transition from H-form in the hybrid section
to the B-form in the DNA section is more localized in the
case of the Mol-MuLV primer and may influence the
interaction of RNase H with this chimeric substrate.

RT RNase H is an endonuclease without exonucleolytic
activity (Krug & Berger, 1989). This implies a requirement
for RNase H interaction with the duplex on theside of
the cleavage site. Interestingly, it is the DNBNA step
next to the RNA-DNA junction step that is the site of a
major structural distortion in the HIV-1~)-strand primer.

In contrast to the Mo-MuLV primer, there is a 28lt-type
kink at this step (Figures 2b and 5) which is accomplished
by a profound change in the value of thébackbone angle
(Figure 4). The conformation of the suggrhosphate
backbone is defined by the torsion angéess, y, 9, €, and

¢, with a corresponding to the P~ OS5 rotation and¢
corresponding to the O3~ P rotation (Saenger, 1984). The

gously upfield-shifted'P resonance exists for the Mo-MuLV
(—)-primer (data not shown), in agreement with the NOE-
derived structures (Figures 4 and 5).

The O3—P torsional angl€ is very different in B and
B, backbone conformations (Fratiret al, 1982) and
contributes as much asto the3'P chemical shift (Gorenstein
& Kar, 1975; Gorensteiret al, 1988). The absence of
strongly downfield-shifted’P resonances is consistent with
normal B conformations for all steps, including the RNA
DNA junction (Chouet al, 1992). One can expect that
higher ¢ values for RNA residues (Figure 4) should also
manifest themselves in upfield-shifté#® resonances. How-
ever, the lower values of the torsional angle for RNA
residues (Figure 4) offset this effect, and RNA and DNA
31p resonances have similar chemical shifts (Figure’8)—
IH heteronuclear correlation experiments can also provide
information about Js—p coupling, which is related to the
H3'—C3—03—P torsion angle (Lankhorst al., 1984) and
can be used for estimating thetorsion angle C3— O3
(Sklenar & Bax, 1987; Gorensteiet al, 1988). Several
experiments have been designed for accurate measurement
of Juz—p couplings in DNA fragments by semiselectively
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Ficure 4: Backbone torsional angles and sugar puckers for the final structures of r(gcca)d(@I&TAGTGGC) compared to the
corresponding values (broken line) of the solution structure of r(ccca)d(AATEACATTTGGG) (Salazaet al,, 1996). The sequences
were aligned with respect to the RNMNA junction. Error bars illustrate standard deviations for the ensemble of the 26 final structures

shown in Figure 2A.

suppressing homonuclear couplings to the' HiBotons
(Sklenar & Bax, 1987). Unfortunately, the upfield chemical
shifts of the RNA and some DNA H®rotons in the RNA-

is quite different. The base pairs with largest negative buckle
are now the 413 junction base pair and theld hybrid base
pair one step removed from the junction. The cup values,

DNA chimera limit the usefulness of these experiments in which are essentially the difference between buckles of

this particular case. Howevedyz_p couplings can be
qualitatively estimated from th#P—H heteronuclear cor-
relation experiment by subtracting the passité—H
couplings from the total width of thé'P—H3' multiplets
(Varaniet al, 1991). Following this procedure, we estimate
that the RNA H3—P couplings are consistently stronger than
the DNA P-H3' couplings by 3-5 Hz and, according to

successive base pairs, are also very different (Figure 5). In
the Mo-MuLV primer the junction step has a negative cup,
and the adjoining hybrid step has a positive cup. The reverse
is true for the HIV-1 primer; the junction step has a positive
cup value, and the neighboring hybrid step has a negative
cup. Even more interesting is the difference in the minor
groove width (Figure 7). The Mo-MuLV primetproduct

the Karplus relationship, should correspond to higher values junction has a consistently narrower minor groove throughout

of the ¢ torsion angle in the Bconformation (Kimet al.,
1992). This is in agreement with tlkevalues in the refined
structures (Figure 4). Very large splitting of the RNA'HP
cross-peaks is also evident directly from Figure 6.
Another interesting difference between HIV-1 and Mo-
MuLV Okazaki fragments is the variation in buckle along
the sequence (Figure 5). While in the Mo-MuLV chimera

all steps except the terminal one. This may be due to the
presence of an A, tract, which is known to cause minor
groove compression in DNA when+ m > 3 (Chuprinaet

al., 1991b). Such a structural distortion involves the junction
step in this case. In contrast, the HIV-1 primer chimera has
a rather uniform minor groove width across the hybrid
section, and the transition to B-form structure takes place

the base pair with the largest negative buckle is the junction completely within the DNA section. As a consequence, the

5:12 RNA—DNA pair; in the HIV-1 chimera the situation

difference in minor groove width between these two different
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FiIGURe 5: Selected structural parameters of the final structures of r(gcca)d(CaE@DAGTGGC) compared to the corresponding values
(broken line) of the solution structure of r(ccca)d(AATGAJTCATTTGGG) (Salazaet al.,, 1996). The helical parameters were calculated
using the program NEWHEL93 (R. E. Dickerson, UCLA). The sequences were aligned with respect to thé®RNAunction. Error bars
illustrate standard deviations for the ensemble of the 26 final structures shown in Figure 2A.

chimeric sequences reaches 1.5 A at the RNINA structural characteristics of both the enzyme (RNase H) and
junction step, which in turn can affect their interaction with the substrate (Okazaki fragment) that are responsible for such
RNase H. behavior.

Recently, we have shown that the major structural
DISCUSSION determinant of RNase H specificity appears to be the minor
The junction between the hybrid sections and pure DNA groove width of RNA-DNA duplexes (Fedoroffet al.,
sections of Okazaki fragments is an exceptionally good target1993). Specifically, it is the unique shape and width of the
for all retroviral and eukaryotic RNase H enzymes studied minor groove of hybrid duplexes which allows RNase H to
so far. Usually RNase H makes a single cleavage exactly discriminate between hybrid duplexes and pure RNA du-
at the covalent junction, or one RNA base away from it, plexes. The consensus structural feature of HIV-1 and Mo-
and leaves the remaining RNA primer essentially intact MULV (—)-strand primer-product chimeras is the relatively
(Omer& Faras, 1982; Sawdi Tsukada, 1983; Champoux nharrower minor groove width in their hybrid section com-
et al, 1984; Karwan& Wintersberger, 1986; Hube& pared to the groove width of all RNADNA hybrid duplexes
Richardson, 1990; Smit& Roth, 1991; Furfin& Reargon, studied so far (Fedoro#t al, 1993; Salazaet al., 1993b;
1991; Pulleret al., 1992; Huber & Richardson, 1990; Eder Laneetal, 1993; Gonzalest al, 1995). Thus, itis possible
et al, 1993; Turchiet al, 1994; Huanget al, 1994). ltwas  that the same mechanism of RT RNase H specificity
suggested that, in contrastfo coli RNase H, the analogous ~ Sensitivity to the minor groove widthmay also be respon-
enzymes that operate in eukaryotic cells are “designed tosible for the specific cleavage of Okazaki fragments.
recognize the initiator RNA of Okazaki fragments” (Turchi The right-handness of the double helix and the minor-
et al, 1994). It is of special interest to determine the groove binding mode of RNase H dictate that the enzyme
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T prominent bend in the double helix between the hybrid and
& DNA segments. Indeed, the pure DNA duplex is strongly
' 1308 [ bent in the crystal structure of a complex of DNA with HIV-1
& anp [ © RT (Jacobo-Molinat al,, 1993), and the DNA has a structure

¢ L very similar to the solution structure of an Okazaki fragment

‘0 (Salazaet al,, 1994). The influence of double-helix bending

on DNA and RNA interactions with proteins is well

v‘ documented (Goodman & Nash, 1989; Gartenberg & Crothers,

1991; Kahn & Crothers, 1992; Lesset al.,, 1993; Marino

et al, 1995) and should be taken into account in the case of

such strongly bent molecules as Okazaki fragments. The

present structure has a bending angid.§°) close to that
L of the analogous Okazaki fragments gcgTATACEC

o GGGTATACGC &18°) (Salazaret al., 1994) and the Mo-

- MuLV primer r(ccca)d(AATGA)d(TCATTTGGG) £21°)

' (Salazaret al., 1996) and in the self-complementary cgcg-
TATACGCG duplex £21°) (Zhuet al, 1995). There is a
strong dependence of the magnitude of bending on the

) gradient of the minor groove width change in pure DNA

- duplexes (Chuprinat al, 1991a,b). Such a coupling of

bending and minor groove width change is also valid for

4.8 4.5 q.2 3.9 the RNA—DNA junction: the very big change in the minor
H  (ppm) groove width from 8 A in the hybrid section to 5 A inside

the DNA segment (Figure 7) is accompanied by pronounced

FiIGURE 6: Proton-detecte#P—'H heteronuclear correlation spec-

trum of the r(gcca)d(CTGCI(GCAGTGGC) chimeran)3P—(n- bending of the double helix (Figure 2B).
1)H3 cross-peaks are labeled with the residue numbers ¢f H3  The main focus of the current work was the three-
protons. The horizontal lines connect the DNA¥P—(n—1)H3 dimensional structures of retroviral Okazaki fragments. Both

and )3P—(n)H4' cross-peaks. The RNANGP—(n)H4 cross- . - .
peaks are very weak due to the multiplet cancellation by the strong Mo-MuLV and HIV-1 (—)-strand primers show prominent

RNA H3'—H4' passive couplings and cannot be seen at this contour Structural changes in and around the RNBNA junction.
level. Both primers are cleaved predominantly at the same site,
must contact residues of the hybrid section DNA strand -€- One base removed from the chemical junction, but there
located two to three residues downstreafff@m the DNA are some data indicating that the Mo-MuLV primer can also
residue opposite the cleavage site (Wyatt & Walker, 1089; P€ cleaved exactly at the junction by HIV-1 RT RNase H,
Nakamurzet al, 1991). However, the residues of the B-form &lthough at a lower level (Schultz et al.,, 1995). There is a
pure DNA section of the Okazaki fragment are located in POSSibility that the narrow minor groove of the Mo-MuLV
the opposite direction from the cleavage site and most likely Primer at the RNA-DNA junction step is responsible for
influence RNase H binding indirectly, by modulating the SUch mixed cleavage specificity. We can only anticipate the
minor groove width at or near the junction. For example, Varationsin the structures of other Okazaki fragments, such
the structural distortion at the DNA step next to the RNA @S (h)-strand primers, which are cleaved at the junction by
DNA junction in the HIV-1 ()-strand primer results in a RT RNase H enzymes (Champoex al, 1984; Huber &
substantially wider minor groove at the junction compared Richardson, 1990), and these will be the subject of future
to the minor groove in the Mo-MuLV chimera (Figure 7). Studies.

It is also possible that the actual structural element of the Finally, besides the fundamental interest in the structure
Okazaki fragment that is recognized by RT RNase H is the of such duplexes, there is a potential benefit to antisense

A B

7.4 DNA-RNA junction
7.2 A

701 / -
6.81
6.61
6.41
6.2
6.0

minor groove width (A)
=

intrastrand P-P separation (A)

58 T T T T T T 5 T T T T T
1 3 5 7 9 11 13 15 3 4 5 6 7 8 9

phosphorus phosphorus

FiIGURe 7: Intrastrand phosphoraphosphorus distances (A) and minor groove widths (B) for the final r(ccca)d(AAT@RREATTTGGG)

duplex solution structures. Broken lines show the corresponding values for the recently determined solution structure of the chimeric Mo-
MulV duplex r(ccca)d(AATGA)A(TCATTTGGG) (Salazaet al,, 1996). Phosphorus atoms are nhumbered according to Saenger (1984);
i.e., G1 and g9 have no phosphate group. The phosphorus numbering of Mo-MulV chimera was aligned with respect to-tbh&lRNA
junction. The minor groove width was calculated by subtracting 5.8 A from the cross-strand phosfgtasighorus distances.
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technology. RNase H activity is very important for the

Biochemistry, Vol. 35, No. 34, 199641079

Huang, L., Kim, Y., Turchi, J. J., & Bambara, R. A. (1993)

antisense effect of oligonucleotides designed to suppress the Biol.Chem 269, 25922-25927.

expression of pathogen genes. Particularly, oligonucleotides

with backbone and sugar modifications that interfere with

RNase H binding usually show less potency than oligonucle-

Huber, H. E., & Richardson, C. C. (1990) Biol. Chem 265
10565-10573.

Jacobo-Molina, A., Ding, J., Nanni, R. G., Clark, A. D., Jr., Lu,
X., Tantillo, C., Williams, R. L., Kamer, G., Ferris, A. L., Clark,

otides that evoke RNase H-mediated cleavage of the target P., Hizi, A., Hughes, S. H., & Arnold, E. (1993)roc. Natl.

RNA molecule (Cazenavet al., 1989; Boizialet al,, 1992;
Monia et al, 1993). To capitalize on this mechanism of

Acad. Sci. U.S.A. 906320-6324.
Kahn, J. D., & Crothers, D. M. (199Broc. Natl. Acad. Sci. U.S.A.
89, 6343-6347.

antisense action, one should take into account the fact thatkarwan, R., & Wintersberger, U. (1986)EBS Lett. 206189

although mammalian RNase HI cleaves hybrid RNANA

192.

duplexes, it cleaves chimeric Okazaki fragments much more Kennard, O., & Hunter, W. N. (1989). Rev. Biophys 22, 327—

readily (Ederet al., 1993; Huanget al., 1994). One aspect

of the present study was to determine structural features

responsible for this effect. We believe that such knowledge
should help in the design of antisense oligonucleotides with
increased potency.
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