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ABSTRACT. Recent crystallographic data suggest that conserved residues in the connection subdomain
and C-terminal ribonuclease H (RNase H) domain of human immunodeficiency virus type 1 reverse
transcriptase (HIV-1 RT) contact the nascent DNA primer and modulate the trajectory of the template
relative to the RNase H catalytic center. Within the RNase H domain, these residues include Thr473,
Glu475, Lys476, Tyr501, and 1le505, while His539 and Asn474 interact with the scissile phosphate of
the RNA template. Amino acid substitutions at several of these positions were evaluated in the context
of hydrolysis of nonspecific RNADNA hybrids and substrates mimicking specific RNase H-mediated
events. With the exception of mutant I505G, which exhibited a dimerization defect, substituting alanine
at positions 473476 and 501 had minimal consequences for DNA synthesis on duplex and hybrid DNA
and RNA substrates. In contrast, the efficiency with which most mutants catalyzed polymerization-
independent RNase H cleavage was sharply reduced. This deficiency was more pronounced when mutant
enzymes were challenged to process thg gtrand polypurine tract (PPT) primer from either)(RNA

or a PPT/{+) DNA RNA/DNA chimera. Reduced polymerization-independent RNase H activity also
significantly influenced the rate of DNA strand transfer, suggesting the donor template must be reduced
in size below 13 nt before this event proceeds.

During retrovirus replication, one function of the ribonu-
clease H (RNase M)yomain of reverse transcriptase (RT)
is the nonspecific hydrolysis that removes RNA from the
RNA/DNA replication intermediate, making nascent DNA structures and motifs within RT responsible for correctly
available for a second round of synthedis However, there positioning the nucleic acid substrate, cleavage specificity
are also steps critical for synthesis of a replication-competentcould be altered. A better understanding of these processes
double-stranded viral DNA that require a considerable degreewill require a detailed structural and biochemical evaluation
of cleavage specificity from the same domain. These of the manner in which RT interacts with such RNENA
include: (a) release of the cognate tRNA primer frof) ( hybrids. Unfortunately, despite extensive studies viag:
DNA prior to second strand transfe2,(3); (b) excision of cherichia coliRNase H, on which many mechanistic aspects
the polypurine tract (PPT) from the replication intermediate, of its retroviral counterpart have been baséd-11), a
providing the appropriate primer for+j strand DNA cocrystal with an RNA/DNA hybrid is still unavailable.
synthesis; and (c) removal of the PPT primer froh) étrand For the HIV-1 enzyme, a high-resolution structure of the
DNA, which defines sequences critical for integratief). ( p66/p51 heterodimer complexed with a PPT-containing
Moreover, the PPT serves to prime)(strand synthesis by  RNA/DNA hybrid (12) has complemented studies on un-
virtue of its resistance to hydrolysis. An intriguing picture liganded (3), inhibitor-bound {4—19), and DNA-containing
thus emerges of an enzyme with both relaxed and exquisiteenzyme 20, 2J). It also provides a major advance in
selectivity, and one that is required to ignore a particular understanding both RNase H specificity and resistance of
RNA sequence while destroying over 99% of the viral the PPT to hydrolysis. Emerging from this structure is the
genome. Interestingly, each specialized cleavage eventsuggestion that there is an “RNase H primer grip”, a series
requires that RT accommodate an unusual structural elemenbf p66 residues within the connection subdomain and RNase

it is likely that they serve as structural determinants for
specialized RNase H cleavage events. Furthermore, it is
possible that by modulating contacts between these special

within the replication intermediate, such as the RNANA
junctions separating duplex DNA from RNA/DNA hybrids
encountered during removal of-{ and () strand primers,

H domain that interact with DNA primer strand and may
help control the trajectory of the RNA template relative to
the RNase H catalytic center. Amino acids of the RNase H

or the juxtaposed homopolymeric tracts within RNA/DNA domain contributing to the RNase H primer grip include the
duplexes that contain the PPTs. Because these elements mustThr473-Asn474-GIn475-Lys476- quartet, Tyr501, and lle505
by accommodated differently by the retroviral polymerase, (Figure 1). Conservation of these residues between retroviral
and bacterial RNases HZ), together with the decreased
catalytic activity ofE. coli RNase H mutated at equivalent
positions R2), suggests these residues are important. A
second and more prominent feature of the cocrystal is
distortion of the nucleic acid duplex in the vicinity of the
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containing RNase H primer grip mutations is described
elsewhere (J. G. Julias, M. J. McWilliams, S. Sarafianos, E.
Arnold, and S. H. Hughes, manuscript submitted for publica-
tion). The sequence coding for the portion of RT containing
these mutations was amplified using the polymerase chain
reaction (PCR) and ligated akgnl/HindIIl fragment into

the previously described RT expression vector p&3 from
which the homologous wild-type sequence was removed.
Mutagenesis was verified by DNA sequencing. Mutant p66
subunits expressed from modified pRT vectors were recon-
stituted with wild-type p51 to form p66/p51 heterodimers
(24). Reconstituted heterodimers were purified by metal
chelate (Ni*-nitrilotriacetic acid-Sepharose) and ion ex-
change chromatography (Mono-S). The B&6/p51 enzyme
FiGure 1. Ribbon diagram illustrating the RNase H primer gri failed to dimerize and was not studied further.

residues of the HIV-lgRNase H domgain. For simpliciri)y, port?onps A”"’,"Y?'S of DNA-Dependent DNA Polymerase and RNase
of the p51 subunit in the vicinity of the p66 RNase H domain have H Activities. DNA-dependent DNA-synthesis was measured
been omitted. The p66 thumb subdomain is indicated in green, theon a 71 nt DNA template annealed to'aebd-labeled 36 nt
connection in yellow, and the C-terminal RNase H domain in  DNA primer as previously describe@®). Briefly, reactions

orange. Residues of the RNase H domain contributing to the RNas initi ; ; ;
H primed grip have been highlighted. Primer and templateewere initiated by adding 10 nM enzyme to a reaction mixture

nucleotides of the RNA/DNA hybrid are indicated in blue and co'ntaining 50 nM template/primer, 2001 dNTPs, 10 mM
magenta, respectively. Tris-HCI (pH 8.0), 80 mM NaCl, and 6 mM Mgglat 37

°C. Aliquots were removed at intervals indicated in the text
RNase H catalytic center and a dramatic deviation from and mixed with urea-based gel-loading buffer to quench the
standard base pairing. Alterations in this region include a reaction. RNase H activity was evaluated similarly on an in
combination of unpaired, mispaired, and weakly paired bases,vitro transcribed, 5end-labeled 90 nt RNA template an-
suggesting the possibility that the RNase H primer grip nealed to the same 36 nt DNA primer as above. Reaction
actively alters the nucleic acid structure in the vicinity of conditions were identical to those of the DNA synthesis assay
the active site. Although we recently demonstrated that except that dNTPs were excluded from the mixture. Reaction
significant structural deformations exist in/) PPT RNA/  products in both assays were fractionated by high-voltage
(—) DNA hybrid and assist in “guiding” HIV-1 RT to cleave  electrophoresis through 10% (w/v) polyacrylamide gels
at the PPT 3terminus (M. Kvaratskhelia, S. Budihas, and containirg 7 M urea in Tris/borate/EDTA buffer. After being
S. F. J. Le Grice, manuscript submitted for publication), the dried, gels were subjected to autoradiography and/or phos-
RNase H primer may also contribute to the structural phorimaging analysis using a Molecular Imager FX phos-
distortion observed in the crystal. phorimager (BioRad, Hercules, CA). _

In this paper, the RNase H primer grip residues Thr473 PPT Selection and Remal. PPT selection and removal
Lys476 and Tyr501 were subjected to alanine scanning ereé evaluated as described previously (M. Kvaratskhelia,
mutagenesis. At the same time, lle505 was altered to Gly to S- Budihas, and S. F. J. Le Grice, manuscript submitted for
match itsE. coli counterpart. With the exception of pe6 Publication). A 5 end-labeled 30 nt RNA or chimeric
variant le505Gly, which failed to dimerize, all of the mutants  ©ligonucleotides containing the HIV-1 polypurine tract and
could be reconstituted into stable heterodimers with minimal flanking sequences annealed to a 55 nt DNA served as the
alterations to DNA polymerase function on A-form RNA, substrates for PPT selection and removal, respectively. Based
B-form DNA, and H-form template-primer duplexes. RNase ©N recent studies that an r(U) tractté the PPT is important
H activity was evaluated on a nonspecific RNA/DNA hybrid N Virus replication £6-28), this sequence was included in
and those mimicking either PPT processing or DNA strand the PPT-containing oligonucleotides. RT (10 nM) was added
transfer between RNA templates. Replacement of Lys476 0 @ mixture containing one of these hybrid duplexes (final
caused minimal perturbation of RNase H function, while Soncentration 50 nM) in 10 mM Tris-HCl (pH 8.0), 80 mM
modifications at other residues led to significant alterations NaCl, and 6 mM Mgdl at 37 °C to initiate cleavage.
of cleavage specificity. Most notable was the ¥68Yp51 Reactions were quenched and hydrolysis products processed
mutant that, despite retaining considerable levels of polym- IN @ manner similar to that used to evaluate DNA synthesis
erization-dependent RNase H activity, had a dramatically @nd RNase H cleavage products, except that a 15% poly-
reduced ability to excise the PPT primer from)(RNA or  acrylamide/7 M urea gel was used for fractionation.

(+) DNA. Finally, loss of DNA strand transfer function was ~ Model System for<) Strand TransferThe interdepen-
found to correlate with (a) the failure of RNA fragments at dence of RNase H and strand transfer activities was
the B terminus of the donor genome to dissociate from INvestigated using a model system similar to the one
nascent DNA and (b) reuse of these residual fragments a<originally describedZ9). To evaluate minus strand transfer,

primers to copy the nascent DNA. RT was added to a reaction mixture containing’aebd-
labeled 20 nt DNA primer annealed to thee®id of a 40 nt
MATERIALS AND METHODS “donor” RNA and a 40 nt “acceptor” RNA, the 20' 3

nucleotides of which share sequence identity with the 5
Construction and Purification of HIV-1 RT RNase H terminus of the donor3). Buffer components were identical
Primer Grip Mutants.Generation of HIV-1 proviral clones to those used in the DNA synthesis and RNase H cleavage
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reactions described above. Concentrations of RT, primer/ by Sarafianos et al1@) are present in both the p66 and p51
donor duplex, and acceptor templates were 250, 50, and 250subunits. With the exception of the 1505G substitution, all
nM, respectively. Reactions were quenched at the timesmutant enzymes could be purified as stable heterodimers
indicated in the text and reaction products fractionated and using a previously described reconstitution proto2d);(the
analyzed as previously described. RNase H cleavage durindatter mutant was therefore eliminated from subsequent
RNA-dependent DNA synthesis was evaluated similarly, analysis. Previous studies have indicated that altering the
except that the donor RNA rather than the primer DNA was RNase H domain of HIV-1 RT can impact significantly on
5 end-labeled. To analyze secondary initiation products, the ability of mutant enzymes to catalyze DNA synthesis. A
reactions were terminated by extraction with phenol/ good example of this is the mutant p66/p&l3 which
chloroform/isoamyl alcohol (25:24:1), and the products were supports oligonucleotide-primeet] strand strong-stop DNA
precipitated in the presence of glycogen, dried, and resus-synthesis on the viral RNA genome, yet was devoid of
pended in 2Q:L of RT reaction buffer (see above). Half of activity when natural or synthetic tRNA was substituted as
each reaction was subjected to treatment with 0.2 unit of primer 31—33). Based on these findings, we first investi-
RNase-free DNase | for 45 min at 3T, and the other half  gated whether altering the RNase H primer grip influenced
was stored at £4C. Each half was then mixed 1:1 with a DNA polymerase activity.

urea-based gel loading buffer and fractionated and analyzed Both B-form DNA and A-form RNA substrates were

as above. evaluated (Figure 2 [A],[B]). The duplex DNA substrate
Minus-Strand DNA SynthesBNA-dependent DNA syn-  comprises a 71 nt template to which a 364#-end-labeled
thesis was evaluated on an in vitro transcribéd?B-end- ~ Pprimer is hybridized. An inverted repeat sequence on the

labeled tRNAYs2 annealed to a 105 nt HIV-1 (HXB2) PBS  single-stranded template allows this to assume a short hairpin
RNA as previously described3(). Enzyme (83 nM) and  configuration, which we used to measure the ability of mutant
template/primer (28 nM) were preincubated for 2 min at 37 enzymes to resolve intramolecular duplexgd)(As indi-

°C in 10 mM Tris/HCI, pH 7.8, 10 mM MgG| 100 mM cated in Figure 2[C], wild type HIV-1 RT transiently pauses
KCI, 5 mM DTT, after which dNTPs were added to a final at the hairpin, but can resolve this and proceed to the 5
concentration of 20@M to initiate the reaction. At 1 and 5  terminus of the template. While minor differences in the
min after initiation, aliquots were removed, and RT was Pausing patters are evident, all RNase H primer grip mutants
extracted using an equa| volume of phenoVCM@mamw showed little difference in their DNA-dependent DNA
alcohol (25:24:1). Nucleic acid in the aqueous phase was Polymerase activity. Figure 2[D] illustrates tRNA-primes))(
precipitated in the presence of glycogen, and the dried samplestrand strong-stop DNA synthesis profiles of the same
was resuspended in urea-based gel loading buffer. Reactiorinutants. Although the tRNA primer employed for these
products were fractionated by high-voltage electrophoresis €xperiments was derived bin vitro transcription we
through 6% (W/V) po|yacry|amide ge|s, which were dried previously showed that this surrogate can be used to hlgh'lght

and subjected to autoradiography and phosphorimagingdeficiencies in RNA-dependent DNA synthesgl). Once
analysis. again we observed little difference in the levels o) &trand

Determination of Dissociation ConstaniBhe affinity of str.ong-s'top DNA 'and in each case minor pausing was
wild-type and mutant RTs for duplex DNA was measured evident in the vicinity of the TAR loop. Thus, although the

: o ; : data of Figure 2[C],[D] are qualitative, there was little
by electrophoretic mobility shift analysis. Enzymes were *° : . )
diluted to various concentrations (3800 nM) in 50 mM difference in the manner in which duplex RNA and DNA

Tris-HCI, pH 7.0, 25 mM NaCl, 1 mM EDTA, 0.5 mM substrates were copied by enzymes altered in the RNase H
EDTA 0.5 mM DTT. 50% (Wiv) g'cheroI. Then 0.1 volume Primer grip. Data of a later section indicate this also holds
of diluted enzyme was added to a mixture containing a 5 true for an RNA/DNA hybrid. Finally, the affinity of each
32p_Jabeled 30 nt DNA primer annealed to a 40 nt DNA enzyme for duplex DNA, determined by electrophoretic
template in 10 mM HEPES, pH 7.5, 1 mM MgCR5 mM mobility shift analysis (Table 1), indicates only modest
KCl. 1 mM DTT. 0.5 mM EbTA. Aft'er 5 min at £C. 0.1 alterations to the strength of the nucleoprotein complex.
volume of 10« nondenaturing gel loading buffer (50%  RNase H Primer Grip Mutations Suppress Polymerization-
glycerol, 0.05% xylene cyanole, 0.05% bromophenol blue) Independent RNase H CImge.Prellmlnary characterization
was added, and the samples were applied to a nondenaturin@f RNase H function was undertaken with a 9G#R-end-
5% polyacrylamide gel (25 mM Tris, 192 mM glycine, 1 abeled RNA to wh|c_h a 36 nt DNA primer was hybridized
mM EDTA, pH 8.5). Following electrophoresis (at°€), at the 3' termlnus (Figure 3 [A]). In the absence of DNA
gels were dried and subjected to phosphorimaging analysis SYNthesis, wild-type HIV-1 RT hydrolyzes the RNA/DNA
Quantity One image analysis software (BioRad, Hercules, NYPrid in a two-step fashion. Location of the DNA polym-
CA) was used to quantify shifted complexes, aadvalues erase catalytic center over thg primé&cH |.nduces cleavage_
were determined by curve fitting analysis using Delta Graph of the RNA template at a distance defined by the spatial

software (SSPS, Chicago, IL). separation of 'the polymerase and RNase H active sites (17
bp). After this, directional processing of the template
RESULTS proceeds to within 8 bp of the primertérminus, after which

the relatively short RNA/DNA hybrid dissociates. On the
DNA Polymerase Actity of RNase H MutantsAlanine substrate depicted in Figure 3[A], these two events are
substitutions were introduced at positions 4436 and 501, illustrated by the sequential appearance of 71 #aflq
while 1le505 was altered to glycine. Restricting our analysis cleavage) and 62 nt—<8 cleavage) hydrolysis products.
to these residues allowed us to explore mutations confinedAnalysis of the RNase H primer grip mutants indicates
to the RNase H domain; i.e., additional residues highlighted p66“764/p51 RT produces a cleavage pattern similar to the
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Ficure 2: DNA polymerase activities of HIV-1 RNase H primer grip mutants. [A] DNA-dependent DNA polymerase, Substrate was a 71

nt template to which a 36 n#2P-end-labeled primer was hybridized at tHetedminus. A inverted repeat allows a region of the single-
stranded template to assume a short hairpin configurabidin [B] DNA-dependent DNA polymerase activities. For each mutant, synthesis

was evaluated after 1, 3, and 10 min (lanes31respectively). Migration positions of the unextended and fully extended primer, in addition

to the region of transient pausing, have been indicated. [C] RNA-dependent DNA polymerase activity. Substrate was a 105 nt RNA fragment
from the HIV-1 genome containing the primer binding site (PBS) and sufficiesgduence to from the HIV-1 initiation compleX5, 56,

to which a 5 32P-end-labeled tRNA&S2 primer was hybridized. Both template and primer were prepared by in vitro transcription. [D]
Enzymatic analysis. tRNA-primed) strand strong-stop synthesis was evaluated after 5 (lanes 1) and 10 min (lanes 2). Migration positions
of unextended tRNA and~) strong-stop DNA have been indicated.

Table 1: Dissociation Constants for Wild-Type and Mutant p66/p51 tide —17, RT dissociates from the RNA/DNA hybrid, and

RTs for Duplex DNA& fails to fqrm a stable complg?(.with Fhe res_ulting hyd.rolysis
RT mutant Kq (NM) SD |ntermed|ate. These possibilities will be discussed in more
detall later.

p66/p51 WT 10.5 3.0 _ _ . .
pPB6T473A/p5 1 41.2 4.3 Polypurine Tract Selection by RNase H Primer Grip
p66Y4744/p51 25.0 3.3 Mutants While the experiment of Figure 3 evaluated RNase
p662*74p51 12.9 2.9 H activity on a heteropolymeric RNA/DNA hybrid, several
PBEN4TAAQITEA RG] 25.4 2.7 kd eropolymer yone, ;
DEET5A/p51 137 18 events in HIV replication require that RNase H cleave with
P66/S014/p51 57.0 8.4 considerable degree of precision. One example is selection

S - of the (+) strand polypurine tract (PPT) primer from within
devigﬁigr?;u%? gi‘éfffa?; g:; 2ée{§3§a?;éhree experiments. Standam'the RNA/DNA replication intermediate for initiation of
second or ) strand synthesis. Indeed, the studies of this
wild-type enzyme, albeit at a significantly slower rate. In paper were based on the crystal structure of HIV-1 RT
contrast, enzymes harboring alterations at positions—473 containing a polypurine tract RNA/DNA hybrid in an effort
475 and 501 retain—17 cleavage specificity, but are to understand its resistance to hydrolysis. The structure shows
significantly impaired in—8 cleavage. At the same time, distortions of the RNA/DNA hybrid in the immediate vicinity
p66¥474Ap51, p6&*7>4¥p51 RT, and the double mutant of the RNase H primer grip, suggesting that this portion of
p66Y474AQ4TAp5] cleave the RNA template 25 bp distal to the enzyme may contribute to the structural distortion.
the primer terminus, a phenotype also observed in previousConsequently, the model substrate of Figure 4 [A] was
studies of RT harboring a 13 residue C-terminal deletion of prepared to investigate the precision with which RNase H
its p51 subunit 31—-33). Two scenarios might account for  primer grip mutants cleave the PPT primer frof) RNA.
this cleavage pattern. Conceivably, alterations to the geom-Based on recent observations that a dA:rU duplex im-
etry of the RNase H primer grip “lock” the enzyme in a mediately preceding the PPT was important for virus
conformation such that positiorr8 cannot be cleaved. replication 6—28), we retained this sequence in the PPT-
Alternatively, following initial cleavage at template nucleo- containing oligonucleotides. The substrate of Figure 4[A]
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[A] to the RNase H primer grip reduced the specificity of PPT
cleavage from-+) U3 RNA.
-8 -17

@200 710 Polypurine Tract Remal from (+) U3 DNA Replacing
o RMA a7 v = (+) U3 RNA sequences'3o the PPT with their DNA
[Pl5 _— 3 counterparts provides a second model substrate mimicking

k 36 nt DNA the excision from nascentt) DNA. Specific cleavage is
required at this site during retroviral replication, since this
event defines the sequences used by integrase during insertion
of double-stranded viral DNA into the host genon®¥)(

1234 1234 1234 At the same time, the substrate of Figure 5 [A] challenges

[B] mact_ - - the RNase H domain with a novel structural element, namely,
25 - a PPT/(t-) DNA RNA—DNA chimera hybridized to a DNA

7 - - - -7int template. The results of this assay are summarized in Figure
-62nt 5[B]. At early time points, both wild-type RT and mutant
p66“7%4/p51 cleave preferentially at the PPT+) U3 DNA
il fii] [iv] junction. As was noted for the RNA PPT primers shown in
T473A  N474A  Q475A Figure 4, prolonged incubation leads to internal cleavage at
1234 1234 1234 —1G,—2G, and—7A. Although the overall rate of hydrolysis

i WT Intact _ } ) is affected, alteration of RNase H primer grip residues
R'_“Z‘; ) Thr473, Asn474, and GIn475 has little influence on cleavage
47 - B ) 7 nt specificity (panels [ii]—_[v]).. A'clear gxception to this _is
. o oot mutant p68°°14/p51, which is virtually incapable of cleaving
B ) ) at or behind the PPFU3 (+) DNA junction. Quantitation

v M M of the hy_drol_ysi_s profile for this m_u_tant in(_jicates that_ while
NATAA  KATBA  YSO01A hydrolysis within the PPT at position 7A is substantially
Q475A reduced, this site is in fact preferred over the P/RIB DNA
Ficure 3: RNase H activity of primer grip mutants. Substrate for junction. Alteration of RNase H primer grip residue Tyr501
this experiment ([A]) was a 90 nt; %P-end-labeled RNA to which  thus appears to have a direct impact on positioning of the
a 36 nt DNA was hybridized at the 8rminus. Location of p66/  gcissile bond at the RNADNA junction within the RNase

p51 RT over the template-primer duplex has been indicated. In the . : . R
absence of DNA synthesis, hydrolysis occts7 bp behind the H catalytic center. Data in the accompanying section indicate

DNA polymerase active center, liberating a 71 nt fragment. that altering Tyr501 has more profound consequences for
Subsequent directional processing at positighgenerates a62nt ~ PPT removal than other specialized RNase H-dependent
fragment. Nucleotide numbering designate$ as the first base events.

pair of the template/primer duplex in the polymerase catalytic center. . ” .
[B] Analysis of RNase H primer grip mutants. Hydrolysis was  Alterations to DNA Strand Transfer Actlly. In retroviral

evaluated after 1, 3, 10, and 30 min (lanes4] respectively). The  replication, two mandatory DNA strand transfer events
migration positions of RNase H hydrolysis products are indicated. relocate nascent DNA either within or between acceptor
In panel [, lane C indicates the intact template. templates. The first of these involves transfer o) 6trand
strong-stop DNA within or between-+) strand RNA
; X . - ) ; genomes exploiting homology between repeat (R) regions
junction relative to nonspecmc_ hydrolysis of the adjacent 4 their 5 and 3 termini. Once the growing point reaches
(+) U3 RNA/(—) U3 DNA hybrid. the 3 terminus of the donor RNA template, this must be
A time course of these events with wild-type HIV-1 RT degraded to a size permitting dissociation and annealing of
is provided in Figure 4[B], panel [i]. In keeping with recent nascent DNA to an acceptoRq). Mutants retaining only
data (M. Kvaratskhelia et al., unpublished experiments), the polymerization-dependent RNase H function (i.e., cleav-
cleavage at the PPT/U3 RNA junction is favored over age of the RNA template 17 nt behind the primer terminus)
hydrolysis of the adjacenti) U3 RNA/(—) DNA hybrid. fail to promote DNA strand transfeB(, 33, 38, suggesting
Although PPT nucleotides2G/—3G can be hydrolyzed in  a requirement for polymerization-independent RNase H
the absence of polymerization and with extended incubation, activity in hydrolyzing the residual donor RNA template and
as has been reported by otheg$,36, the (+) RNA/(—) promoting its release. Conceivably, DNA strand transfer
DNA hybrid ahead of the PPT is clearly a less-favored could also represent an event where the polymerization
substrate. A similar phenotype was observed for mutant machinery must interact with nascent DNA as well as the
p664764/p51, which is in keeping with the data of Figure 3. donor and acceptor templat29j. It was thus of interest to
In contrast, altering residues Thr473, Asn474, GIn475, and determine how such a process might be influenced by
Tyr501 has a significant impact on the specificity of alterations to the HIV-1 RNase H primer grip. The DNA
hydrolysis. Although in each case cleavage at the PPT 3 strand transfer substrate is presented schematically in Figure
terminus is still observed, equivalent ($86*/p51, panel 6 [A], and the efficiency with which transfer is carried out
[iv])) and enhanced cleavage (p664/p51, panel [vii]) also by the RNase H variants in Figure 6[B]. In all cases, the 20
occurs within the{) U3 RNA/(—) DNA hybrid. This effect nt DNA primer is efficiently extended to thé &erminus of
is more pronounced in Figure 4[C], which shows the extent the donor RNA template, generating a 40 nt strand transfer
of authentic PPT processing relative to total hydrolysis intermediate (STI). Thus, while the experiments of Figure 2
products. Thus, the data of Figure 4 suggest that alterationsindicated that DNA synthesis was unaffected on duplex DNA

C1234
tact _ & - - -

was used to evaluate specific cleavage at the- RPIRNA
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Ficure 4: RNase H primer grip mutants display altered PPT processing activity. [A] Duplex RNA substrate. The HIV-1 PPT primer
(shaded area) was flanked by 10 and 5 ribonucleotides at #sB5 termini, respectively, and’ 52P-end-labeled. Template was a 55 nt

DNA complementary to the primer and extended at itsudd 3 termini by 10 and 15 nt, respectively. Bars below the PPT-containing
oligonucleotide represent major and minor positions of hydrolysis in the presence of wild-type enzyme, with the size of the bar representing
the extent of cleavage. [B] RNase H hydrolysis profiles. For each enzyme, hydrolysis was evaluated after 1, 3, 10, and 30 mird(lanes 1
respectively). The position of the PPT3 RNA junction, i.e., the authentic cleavage site, is indicated, in addition to PPT nucledtide

In panel [I], lane C indicates the intact PPT-containing oligoribonucleotide. [C] PPT selection expressed as a percent of total cleavage.
Values were obtained by quantitative phosphorimaging analysis of products generated after 1 min.

and RNA, Figure 6[B] indicates that an RNA/DNA hybrid remain stably bound to nascent DNA and impair strand
presents no impediment to the polymerizing enzymes. transfer. Based on the data with wild-type enzyme, the low
However, efficient DNA strand transfer, evidenced by levels of 9 nt hydrolysis product generated by these mutants
accumulation of a 60 nt strand transfer product (STP), is correlate with the reduced strand transfer activity. One point
efficiently catalyzed only by wild-type RT and mutant worth noting is the ability of mutant RTs to cleave closer to
p66“"*Ap51 (Figure 6[B], panels [i] and [vi], respectively). the RNA B terminus in a polymerization-independent fashion
In an attempt to define the rate-limiting RNase H-mediated (i.e., —12) than was observed for the heteropolymeric RNA/
cleavage event(s) during DNA strand transfer, a second DNA hybrid of Figure 2, where negligible hydrolysis beyond
experiment was performed where the donor template Was 5 template nucleotide-15 was observed. Although speculative,
end-labeled and RNase H activity evaluated in the context this could infer distinct binding modes in the absence and
of DNA synthesis. The results of this experiment are presence of a template overhang.
presented in Figure 6[C]. From the data of Figure 6[B], we
had anticipated efficient and rapid RNA-dependent DNA
synthesis would position the polymerization machinery at
the B8 terminus of the donor template where RNase H-
mediated events would be initiated. The most prominent
products arising early in the time course are 15 and 12 nt.
However, while the strand transfer intermediate accumulates
over the same period, strand transfer and continued synthesi
are delayed (Figure 6[B], panel [I]). Such observations
?gr%%?r?; tr;?;tj;ezlgsr?é1t20ntnf;§g(rannintDol\f12eSrc;r:/zrnf[?nmgpli:;\stecontribute to the failure of these mutants to efficiently
association with the acceptor. With prolonged incubation, a catalyze strand transfer.
9 nt fragment from the donor template accumulates, con-  To test this hypothesis, the experiments depicted in Figure
comitant with a substantial rise in strand transfer activity 6[C] were repeated for the wild-type and Y501A enzymes.
(see Figure 6[B]). Our findings thus support previous studies However, half of each reaction was subjected to hydrolysis
(29, 39, indicating that reduction of the donor template to by RNase-free DNase | prior to fractionation by denaturing
~9 nt by polymerization-independent RNase H function is polyacrylamide gel electrophoresis. The results of this
the rate-limiting step in DNA strand transfer. The hydrolysis experiment are shown in Figure 7. As anticipated,
profiles of mutants p68734p51, p66+744p51, p6&+">4p51, nt product generated by the Y501A enzyme disappears
p66Y474A. Q47S4p51 and p66&lA4p51 (Figure 7, panels [ii],  following treatment with DNase |, suggesting that it is a
[iii], [iv], [v], and [vii], respectively) show accumulation of ~ product of DNA synthesis. It is also worth noting that the
a hydrolysis products from 15 to 12 nt with little to no strand hydrolysis profile generated by the wild-type enzyme appears
transfer product, supporting the notion that these fragmentsunaffected by DNase | treatment, indicating that these

Finally, an unusual feature of the RNase H hydrolysis
profiles of Figure 6[B] is accumulation of a product of
original template length over time with those mutants that
displayed low levels of strand transfer. We speculated that
since RNase H hydrolysis products generated by RNase
H-deficient mutants are larger than those left by wild-type
enzyme, they may remain stably associated with nascent
DNA and serve as primers for a renewed round of RNA-
primed, DNA-dependent DNA synthesis. This, in turn, may
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such as DNA strand transfer and PPT selection. In this paper,
alterations to the Thr47#3Lys476 quartetq-helix A") and
Tyr501 and 1le505 ¢-helix B') were evaluated. During
purification, mutant 1505G did not dimerize efficiently and
was eliminated from our study. This defect likely reflects
altered contacts betweenhelix B' and both the p51 subunit
and other p66 subdomains. These contacts may be absent in
the E. coli enzyme, where the counterpart is Gly77. Such a
drastic consequence is not without precedent, as substituting
Leu234 with Ala in the DNA polymerase domain likewise
inhibits dimerization 40, 44.

Unlike 312—/13 hairpin mutations in the DNA polym-
erase domain, which can simultaneously affect polymerase
and RNase H activity, alanine substitution in the RNase H
primer grip only modestly affects RNA- or DNA-dependent
DNA synthesis. This finding is supported by the observation
that, with the exception of the T473A substitution, viruses
carrying RNase H primer grip mutations still replicate
reasonably efficiently (J. G. Julias, M. J. McWilliams, S.
Sarafianos, E. Arnold, and S. H. Hughes, manuscript
submitted for publication). Arion et al46), however, have
reported that recombinant p66*4/p51 retains 5% of wild-
type DNA polymerase and no RNase H activity. One
explanation for this apparent discrepancy may be the use of
a synthetic homopolymeric substrate [poly r(A)/oligo d(T)]
in these studies to evaluate DNA synthesis, and that the
unique structure of this duplex may be poorly tolerated by
RTs containing mutations in the RNase H primer grip.
Interestingly, the structure of this homopolymeric duplex
resembles that of an extended PPT, the native version of
which we show here is inefficiently processed by mutant
enzymes. Furthermore, the deoxynucleotide concentrations
used in the DNA synthesis assays of Arion et al. are 10-fold
lower than those used in the present study. Since it has been

sequences used a variation of the substrate of Figure 4[A], differing demonstrated previously that the processivity of HIV-1 RT

in that a decadeoxynucleotide sequence was placed downstreal

of the PPT 3terminus. Major cleavage sites at the PPT/U3 junction
and within the PPT are indicated. [B] Activity of RNase H primer

Ms reduced at lower nucleotide concentrations, it is possible

that the effect of moderately reduced affinity for template-

grip mutants. For each enzyme, PPT processing was evaluated aftePrimer (Table 1) on DNA synthesis is accentuated under

3, 10, and 30 min (lanes-13, respectively).

these conditions. Stated differently, because DNA synthesis
occurs more slowly under the conditions used by Arion et

cleavage fragments may be too small to serve as DNA g  thjs reaction is rendered more sensitive to subtle changes

synthesis primers.

DISCUSSION

Crystallographic analysis has identified motifs of the DNA
polymerase and RNase H domains of HIV-1 RT critical in
maintaining the appropriate geometry of the DNA primer
for two distinct processes. Within the DNA polymerase
domain, Jacobo-Molina et al2Q) proposed thgg12—£13
hairpin, or primer grip, maintains the primer terminus in an
orientation appropriate for nucleophilic attack on the incom-
ing dNTP. Subsequently, Sarafianos et &R)(have named
residues withiro-helices A and B of the RNase H domain
the “RNase H primer grip”, which, by contacting the DNA
primer, may “guide” the RNA template into its catalytic
center. Given the pleiotropic effects DNA polymerase primer
grip mutations 40—43), defining the role of its counterpart
in the RNase H domain is clearly important. Moreover, as

biochemical studies have shown roles for polymerization-

in the stability of the enzymetemplate-primer complex.
Differences in reaction rates may also partially explain why,
in general, the RNase H activities of these mutants are
affected to a greater extent than their DNA synthesis
activities. A more complete understanding of the factors that
affect the DNA synthesis activity of these enzymes requires
additional study.

With the exception of mutant K476A, altering the RNase
H primer grip severely reduced polymerization-independent
RNase H activity on a heteropolymeric RNA/DNA hybrid
(Figure 3[B]) while cleavage specificity defined by spatial
separation of the polymerase and RNase H catalytic centers
is retained. A similar phenotype was noted for p66 HIV-1
RT harboring a 13-residue C-terminal deletion of its p51
subunit 81—33) and a second mutant lacking 8 residues of
its RNase H domair3g). It is therefore important to consider
the loss of polymerase-independent RNase H activity in the
context of enzymes containing this wide spectrum of

dependent and -independent modes of RNase H-mediatedlterations.

hydrolysis, it is important to understand how modulating

While cleavage at positior-17 is clearly related to the

these activities influences specific RNase H-mediated eventsdistance between active centers, cleavage at posit®is
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Ficure 6: RNase H primer grip mutants alter the efficiency of DNA strand transfer. The model system ([A]) comprises a 40 nt donor RNA
template to which a'5?2P-end-labeled template is hybridized at thée3Bminus and an acceptor template sharing 20 nt of homology to the
donor at its 3terminus. Initial RNA-dependent DNA synthesis results in a 40 nt strand transfer intermediate, while successful strand
transfer and continued DNA synthesis generate a 60 nt strand transfer product. [B] Strand transfer assays. Migration positions of the 20 nt
DNA primer, 40 nt strand transfer intermediate (STI), and 60 nt strand transfer product (STP) have been indicated. For each enzyme, lanes
1-3represent 1, 5, and 30 min time-points, respectively. [C] Analysis of RNase H activity concomitant with RNA-dependent DNA synthesis.
The 40 nt RNA template/20 nt DNA primer of the DNA strand transfer assay depicted in [A] was modified in that (a) radiolabel was
relocated to the 'Sterminus of the RNA donor template and (b) acceptor template was withheld. Conditions for RNA-dependent DNA
synthesis were identical to those described for strand transfed, —14, —11, and—8 hydrolysis products are relative to enzyme that has
extended the DNA primer to the $erminus of the RNA template, creating a blunt-ended duplex. RNase H activity was evaluated at
equivalent time-points to the DNA strand transfer assay of [B].

not so easily explained. More specifically, if polymerase- ration. Accordingly, cleavage at position8 should be
independent cleavage reflects movement of RT along theparticularly sensitive to alterations in the RNase H domain.
RNA/DNA, why is cleavage at intervening sequences rarely This hypothesis is consistent with the data of Figure 3, where
observed? One explanation may lie in single-molecule —8 cleavage is almost completely ablated by alanine
fluorescence studies on RNA polymergsevhich show the  substitution at positions 473475 or 501 within the RNase
enzyme sliding linearly along a DNA duplex when searching H primer grip. Similarly, C-terminal truncation of p66 or
for a promoter 46, 47. Thus, in the absence of DNA p51 may subtly affect the geometry of the RNase H primer
synthesis, HIV-1 RT initially positioned at theé f&rminus grip (p66A8/p51) or the orientation of the entire RNase H
of the DNA primer may slide forward or backward, with  domain (p66/p5A13) such that the configuration of RT
cleavage occurring only when the appropriate trajectory of favoring polymerization-independent RNase H activity is
the RNA is assumed at the RNase H active site. This compromised.

hypothesis predicts that cleavage should occur BI and PPT selection and its removal from nasceh} DNA may
sites separated from that position by approximately one also be less dependent on positioning of RT by terminal
helical turn of the RNA/DNA hybrid. Data of this paper nucleotides of the template or primer. Although the substrates
indicate that all enzymes cleave primarily around position depicted in Figures 4 and 5 were designed to place the PPT
—17, while secondary cleavage occurs around positie®is  3' terminus at a suboptimal distance from the template
and/or —25 (Figure 3). Given this scenario, it can be termini, wild-type RT specifically cleaves this from down-
envisaged that in the RT configuration inducing cleavage, stream ) RNA and DNA sequences. Although mutant
the polymerase catalytic center is located over the single-enzymes still cleave the PPT fromt-Y RNA, the data of
stranded template. Since the preferred binding site for this Figure 4[B],[C] indicate that there is a shift toward nonspe-
domain is the primer '30H, it seems likely that the cific cleavage of the adjacent RNA/DNA hybrid. This is
contribution of the RNase H toward binding is greater relative particularly evident for mutant p8&4/p51, which shows

to that of the polymerase domain in this alternate configu- an almost 6-fold increase in its preference for the non-PPT
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RNase H cleavage of donor template evaluated as in Figure 6[C]
for WT and Y501A RTs ([A]), except that half the reaction products
were treated with RNase-free DNase | ([B]). Note that DNase |
treatment removes the 40 nt product present after 5 and 30 min
incubation with the Y501A mutant.

RNA/DNA hybrid and virtually incapable of removingH)
DNA from the PPT (Figure 5[B]). What then defines PPT
selection, and how might this be affected by alterations to
the RNase H primer grip? A clue to cleavage specificity
might lie in our recent report of structural anomalies at both
the PPT 3terminus (i.e., the cleavage site) and distal of the
two r(A)4:d(T), tract in the absence of enzyme (M. Kvar-
atskhelia, S. Budihas, and S. F. J. Le Grice, manuscript
submitted for publication). At the PPT/U3 junction, reactivity
of template thyminet1 to KMnO, modification, despite base
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complement in vivo studies with recombinant viruses (J. G.
Julias, M. J. McWilliams, S. Sarafianos, E. Arnold, and S.
H. Hughes, manuscript submitted for publication). Using a
construct restricting replication to a single round, these
authors demonstrated that alanine substitutions at positions
473-475 or 501 of RT gave variations in virus titer ranging
from a 30% reduction to completely inactive, while the virus
titer of virus containing the K476A mutation was reduced
by less than 10%. Moreover, sequencing of two-LTR circles
demonstrated altered processing of viral RNA at the termini
of preintegrative nucleic acid by RT containing the
N474A+Q475A, Q475A, and Y501A substitutions. How-
ever, the in vivo and in vitro analyses were not entirely in
agreement. For example, Julias et al. report a substantial
reduction in () strand strong-stop DNA synthesis by mutant
RTs, while we observe only minimal deficits in this activity
of recombinant enzyme. Though puzzling, this discrepancy
might be explained by amino acid substitutions within the
RNase H primer grip region affecting features of virus
replication not addressed in the current study. For example,
gag-pol precursors containing mutant RTs may be processed
inappropriately by HIV-1 protease, as observed upon sub-
stituting residue 234 of the DNA polymerase primer grip
(48). Alternatively, substitutions in the RNase H primer grip

' may result in reduced or inappropriate placement of tRRA

onto the PBS.

Altering the primer grip also appears to have different
effects on strand transfer in vivo and in vitro. While RT
mutants in the current study exhibited a reduction in strand
transfer activity, the N474AQ475A mutant had no measur-
able effect on minus strand transfer during viral replication,
and the Y501A mutation showed only a modest reduction.
This can most likely be explained by the absence of
nucleocapsid protein (NC) in the in vitro reaction and/or by
the excess of RNase H activity present in HIV-1 virioA8S)(
Since NC has been shown to increase the efficiency-9f (
strand transfer§0—52), defects in RNase H activity may

pairing with expended primers, suggests a considerablebe compensated for by NC in vivo. In addition, the repeat

degree of unstacking. Stated differently, two structural
anomalies exist within the PPT separated by-12 bp.
Locating the RNase H catalytic center at the scissile bond
3’ to the PPT 3would position the thumb subdomain in the
immediate vicinity of the distal r(A)d(T), tract whose
structure is significantly distorted. Since we have shown

(R) region of HIV-1, upon which minus strand transfer is
critically dependent, is much longer than we have used in
vitro. Given the correlation between the efficiency of strand
transfer and the length of the homology regioB3)(
differences in in vivo and in vitro strand transfer rates might
not be surprising. Despite this, the two approaches demon-

biochemically an interdependence between these structuraktrate the importance of conducting complementary in vivo
anomalies, we propose that an interaction of the p66 thumband in vitro analyses. Whereas the former demonstrates the

subdomain with distorted/mispaired nucleic aeid3 bp
upstream of the PPT/U3 junction correctly positions the
RNase H catalytic center over the scissile bond, guided in
part by thet+1 distortion. Altering the RNase H primer grip
would not affect p66 thumb contacts to upstream PPT

consequences of altering the RNase H primer grip in the
context of virus replication, the latter clarifies the nature and
extent of the functional deficits of these enzymes and their
mechanistic basis.

sequences, but rather the correct positioning of the PPT/U3ACKNOWLEDGMENT

junction in the RNase H domain. Altered or lost contacts
around position+1 may result in the relaxed specificity
observed in Figure 4[B]. Interestingly, cleavage of the PPT
at or close to the junction with-{) DNA is virtually
eliminated with mutant p66°*4/p51 (Figure 5[B]), possibly
reflecting imprecise positioning over duplex DNA. This
notion is currently under investigation.

In summary, alanine substitution at positions 4435 or
501 of HIV-1 RT markedly alters cleavage specificity, while
altering position 476 has minimal effect. These results

We thank Scott Budihas for his invaluable assistance with
using Insight2000 molecular modeling software (MSI Corp.)
to generate Figure 1.
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