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We have expressed and purified from Escherichia coli a human immunodeficiency virus type 1 (HIV-1)
RNase H domain consisting of amino acids 400 to 560 of reverse transcriptase with either an N- or C-terminal
polyhistidine tag. The native protease cleavage site of HIV-1 reverse transcriptase is between amino acids 440
and 441. Purification on Ni2+-nitrilotriacetate agarose resulted in a highly active RNase H domain dependent
on MnCl2 rather than MgCI2. Activity was unambiguously attributed to the purified proteins by an in situ
RNase H gel assay. Residues 400 to 426, which include a stretch of tryptophans, did not contribute to RNase
H activity, and the polyhistidine tag was essential for activity. Despite the requirement for a histidine tag, the
recombinant RNase H proteins retained characteristics of the wild-type heterodimer, as determined by
examining activity in the presence of several known inhibitors of HIV-1 RNase H, including ribonucleoside
vanadyl complexes, dAMP, and a monoclonal antibody. Importantly, the isolated RNase H domain produced
the same specific cleavage in tRNA3YS removal as HIV-1 heterodimer, leaving the 3'-rA (adenosine 5'
phosphate) residue of a model tRNA attached to the adjacent U5 sequence. This HIV-1 RNase H domain
sedimented as a monomer in a glycerol gradient.

The reverse transcriptase (RT) of human immunodefi-
ciency virus type 1 (HIV-1) is responsible for the conversion
of its single-stranded RNA genome into double-stranded
DNA. The enzyme is multifunctional, with both RNA- and
DNA-dependent DNA polymerase and RNase H activities
(for reviews, see references 7, 54-56). Recently, a double-
stranded RNase activity has also been reported to be asso-
ciated with RT and termed RNase D (3, 4). RNase H activity
is required during reverse transcription to degrade the viral
RNA template, as well as to remove the plus-strand polypu-
rine tract RNA primer and minus-strand tRNA3YS primer.
The removal of tRNA3 yS is accomplished through a specific
endonucleolytic cleavage event 5' of the terminal rA (ade-
nosine 5' phosphate) of the 5'-CCA-3', resulting in a ribonu-
cleotide being present at the U5 terminus of the double-
stranded DNA (12, 39, 48).
HIV-1 RT is a heterodimer composed of p66 and pS1

subunits (9, 30). The pS1 subunit is a C-terminal-truncated
version of p66. pS1 is produced through the action of the
viral-encoded protease that cleaves the p66 subunit between
positions 440 and 441 of the amino acid sequence (33). The
polymerase activity of RT has been localized to the N
terminus of p66, while the RNase H domain has been
localized to the C terminus. Deletion, linker insertion, and
cassette mutagenesis studies, however, have shown a high
level of interdependence between the two domains (5, 17,
38); mutations in the polymerase domain can affect the
RNase H domain, and vice versa. The DNA polymerase and
RNase H active sites have been shown biochemically to be
separated by a distance corresponding to approximately 15
to 18 bp (13, 15, 58) and to share the same template-primer
binding site (PBS) (27). Structural data from crystallographic
studies have confirmed these findings (1, 25).

Specific removal of the minus-strand tRNA3Ys primer is
observed in both the absence (39, 48) and the presence (12)
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of DNA polymerization. Two classes of RNase H activity,
polymerase dependent and polymerase independent, have
been observed (13). In the polymerase-dependent mode, the
RNase H active site is believed to trail behind the poly-
merase active site. Removal of the tRNA3 yS primer would be
directed by the polymerase active site bound to the 3'
terminus of the plus strand currently being extended, thus
positioning the RNase H domain over the RNA-DNA junc-
tion. Since this specific cleavage is also observed in the
absence of DNA polymerization, an additional RNase
H-binding mode and structural aspects of the U5-primer-
binding site junction may also be responsible for specificity.
What actually directs the RNase H specificity in removal of
the tRNA3 yS minus-strand primer remains to be determined.
The recombinant HIV-1 RNase H domain expressed and

purified from Escherichia coli has been crystallized, and the
structure has been determined (8). The N terminus of this
RNase H was Tyr-427 rather than the natural protease
cleavage site at position 441. The structure of this HIV-1
RNase H domain is similar to that of E. coli RNase H (24,
60). A major difference between the two is that the "handle"
region of E. coli RNase H, consisting of a-helix C and a

following loop (60), is missing in the corresponding region of
HIV-1 RNase H (8). It is believed that this lysine-rich handle
plays a major role in substrate binding (23). Also, in the HIV
structure, a loop containing the conserved histidine-539 is
disordered. Interestingly, the protein was inactive except
when it was supplemented with a recombinant p5S domain
(21). This suggests a dependence of RNase H activity on

p51.
Several other investigators have expressed and purified

similar recombinant HIV-1 RNase H domains, which either
were inactive or showed extremely low levels of activity (2,
42, 49). In contrast, p15 RNase H immunoaffinity purified
from virions (16) and a recombinant HIV-1 RNase H p15
domain bacterially expressed and purified by immobilized-
metal affinity chromatography (IMAC) have been reported
to be active (11). This RNase H was identical to the protein
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that was crystallized except that it had an IMAC-specific
N-terminal extension of 12 amino acids that contained four
histidine residues.

In the region of amino acids 398 to 426, a series of
tryptophan residues have been proposed in a crystallo-
graphic study (8) to play a role in RNA-DNA hybrid binding.
This proposal is based on the fact that there is also a
tryptophan-rich domain in E. coli RNase H encompassing
ao-helices C and D as well as n-strand 5. To determine
whether p51 residues upstream of the RNase H domain,
including the tryptophan-rich region, play a role in RNase H
activity, as well as in the specificity of tRNA'LYS removal, we
have expressed and purified from E. coli various recombi-
nant HIV-1 RNase H domains and have characterized their
enzymatic activity.

MATERIALS AND METHODS

Materials. Restriction enzymes, Vent DNA polymerase,
and T4 DNA polymerase were purchased from New England
Ei3olabs. T4 DNA ligase, T7 RNA polymerase, and E. coli
RNase H were purchased from GIBCO-Bethesda Research
Laboratories. Sequenase 2.0 was purchased from United
States Biochemical Corp. E. coli RNA polymerase, T3 RNA
polymerase, and recombinant RNasin were purchased from
Promega. Highly purified recombinant HIV-1 RT was ob-
tained from Jeffrey Culp, Department of Protein Biochemis-
try, SmithKline Beecham Pharmaceuticals. This recombi-
nant HIV-1 RT consists of a p66-pSi heterodimer and was
expressed in E. coli by in vivo processing of apol precursor
protein by HIV-1 protease produced in trans. This protein is
similar, if not identical, in primary structure and function to
the genuine viral enzyme (32). The purified p51 subunit of
HIV-1 RT was provided by Stuart Le Grice (Case Western
University). Purified E. coli RNase III (31) and an RNase
III-specific polyclonal antibody were both provided by Paul
March (University of Medicine and Dentistry of New Jer-
sey). [a-32P]CTP, a-35S-dATP, and [a-32P]dATP were ob-
tained from Amersham. [5,6-3H]UTP was from New En-
gland Nuclear. The ribonucleoside vandyl complex (RVC)
and thrombin were purchased from Sigma.

Expression vector construction. A DNA fragment corre-
sponding to amino acids 400 to 560 of HIV-1 RT (HXB2
sequence) was produced by a polymerase chain reaction
(PCR) with the plasmid pRT4, which encodes the RT gene
(provided by Brad Preston) as the template, 34-mer oligonu-
cleotide 3555 (5'-CGGATCCTACAATATTlTTCCTGATTC
CAGCACTG-3') as the C-terminal-specific primer, and 30-
mer 3556 (5'-GCATATGCATACATGGTGGACAGAGTAT
TG-3') as the N-terminal-specific primer. DNA amplification
was performed with Vent DNA polymerase by using the
standard reaction conditions recommended by New England
Biolabs. The reaction included 1 ng of pRT4 template DNA
linearized with HindIII and 50 pmol each of primer 3555 and
3556. Because the 5' end of each primer contained noncom-
plementary restriction site sequences, hybridization was
performed at 50°C for the first 5 cycles and at 58°C for the
remaining 25 cycles. The resulting 502-bp product was
inserted into the SmaI site of pTZ18U (United States Bio-
chemical Corp.). Oligonucleotides 3554 (5'-GGTGATGG
TGATGGTGATGCA-3') and 3557 (5'-TCACCATCACCAT
CACCTGCA-3'), together consisting of the N-terminal his-
tidine tag, were annealed and ligated into the N-terminal
NsiI site encoded in the 5' end of primer 3556. To construct
the C-terminal histidine-tagged coding sequence, oligonucle-
otides 2842 (5'-ACATCACCATCACCATCACTAGTA-3')

and 2843 (5'-TACTAGTGATGGTGATGGTGATGT-3'), to-
gether consisting of the C-terminal His tag, were annealed
and ligated into the SspI site created at the C terminus of the
RNase H PCR product. An NdeI-BamHI fragment was then
excised and inserted into the NdeI-BamHI sites of pET-llc
(Novagen) to produce either pET-RHN2 or pET-RHC1.
A thrombin protease cleavage site was inserted between

the histidine tag and RNase H sequences by construction of
the vector pET-RHN2T. To construct this vector, a NdeI-
BamHI PCR fragment without a histidine tag was inserted
into the corresponding sites of the vector 6HisT-pET11 (19).
A DNA fragment corresponding to amino acids 427 to 510

was amplified with the oligonucleotide primers 4113 (5'-
GCATATGTACCAGTTAGAGAAAGAACC-3') and 4115
(5'-CTGGTTGTGCTTGAATGATTCC-3') and ligated into
the SmaI site of pTZ18U. A NdeI-NsiI fragment was then
excised and ligated as a cassette into either pET-RHC1 or
pET-RHN2T predigested with NdeI and NsiI to produce the
expression vector pET-CY427 or PET-NY427, respectively.
The reading frames of all constructs were verified byDNA

sequencing. pET-RHN2, pET-RHC1, and pET-RHN2T
were transformed into E. coli HMS174DE3 and upon induc-
tion produced the recombinant HIV-1 RNase H proteins
RHN-2, RHC-1, and RHN-2T, respectively. pET-CY427
and pET-NY427 were transformed into strain BL21DE3 and
upon induction produced the recombinant RNase H domains
CY427 and NY427.

Protein purification. Purification was performed as de-
scribed previously for Moloney murine leukemia virus (Mo-
MuLV) integrase (22), with several modifications. pET-
RHN2, pET-RHC1, and pET-RHN2T were expressed in
HMS174DE3 cells, while pET-NY427 and pET-CY427 were
expressed in BL21DE3 cells. Induction of the starting vector
pETllc was followed by parallel purification, as a control for
contaminating proteins. Cultures (750 ml) of the appropriate
E. coli strain containing one of the expression vectors were
grown at 37°C to an optical density at 600 nm of 0.8 and then
induced by the addition of isopropyl-o-D-thiogalactopyrano-
side (IPTG) to 1 mM. After an additional 3 h of growth at
37°C, the cells were pelleted and then solubilized in 50 ml of
buffer A (10 mM Tris base, 0.1 M Na2HPO4, 0.1% Nonidet
P-40, 10 mM P-mercaptoethanol, 100 mM NaCl, 10% glyc-
erol, 4 M urea [pH 8.0]) with slow shaking for 1 h at room
temperature. The slurry was centrifuged at 8,000 x g at 4°C
for 25 min, and the supernatant was applied to a 1-ml nickel
nitrilotriacetate (NTA) affinity column pre-equilibrated with
buffer A (pH 8.0) at 4°C. The column was then washed with
10 column volumes each of buffer A at pH 8.0, 6.3, 5.9, and
4.5. Fractions (1 ml) were collected for each pH step. HIV-1
RNase H peak fractions from the pH 4.5 wash were pooled,
dialyzed overnight in 1 liter of buffer B (50mM Tris-HCl [pH
8.0], 50 mM KCl, 2 mM dithiothreitol [DTT], 1 mM EDTA,
0.6% Triton X-100, 20% glycerol, 4 M urea), and reapplied to
the column. Another series of step pH washes were per-
formed with buffer A, and 1-ml fractions were again col-
lected. Fractions were slowly renatured by step dialysis
from 3 to 0 M urea in buffer B over 4 days and then stored at
-80°C in 50% glycerol-buffer B.
pET-NY427 was also purified as a soluble protein essen-

tially as described by Evans et al. (11), with a few modifi-
cations. Induction with IPTG was the same as for the
denaturing conditions. Cells were disrupted by a French
pressure apparatus in equilibration buffer (20 mM Tris-HCl,
pH 8.0) containing 1 mM phenylmethylsulfonyl fluoride, 2
,ug of leupeptin per ml, 2 ,g of aprotinin per ml, and 1 mM
benzamidine and then centrifuged at 8,000 x g for 1 h at 4°C.
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The supernatant was passed through a 1-ml NTA column
equilibrated with 20 mM Tris-HCl, pH 8.0. The column was
washed sequentially with 10 column volumes of each of the
following buffers: (i) equilibration buffer plus 1 M NaCl, (ii)
equilibration buffer, (iii) equilibration buffer plus 25 mM
imidazole, and (iv) equilibration buffer plus 30 mM imi-
dazole. The column was then eluted with a 10-ml 20 to 60
mM imidazole gradient. Finally, the expressed protein was
eluted off the column with 10 ml of equilibration buffer plus
100 mM imidazole. Fractions (1 ml) were collected and
individually dialyzed against buffer B.
The various protein fractions were analyzed by sodium

dodecyl sulfate (SDS)-17.5% polyacrylamide electrophore-
sis and Coomassie staining. Western immunoblot analysis
was performed by using RT-specific monoclonal antibody
(MAb) 15 (provided as a gift by Tobias Restle [43]). The
protein concentration was determined by using the method
of Bradford (6).
Thrombin cleavage assay. Removal of the N-terminal his-

tidine tag was accomplished by incubating 50 p,g of RHN-2T
in a 300-,ul reaction mixture containing 50 mM Tris-HCl (pH
8.0), 150 mM KCI, 2.5 mM CaCl2, 17% glycerol, and 2.8 ,ug
of thrombin per ml for 1.5 h at 25°C. A 50% slurry (100 pl) of
Ni2+-NTA resin was then added and bound for 30 min at
4°C. Following centrifugation for 0.5 min at 12,000 x g, the
supernatant was removed, and the protein was then ana-
lyzed by SDS-polyacrylamide gel electrophoresis (PAGE)
and RNase H assays.

Nonspecific RNase H assay. The RNA-DNA hybrid was
prepared as previously described (44) by using circular
single-stranded phagemid DNA as a template for E. coli
RNA polymerase and [3H]UTP (37.5 Ci/mmol) as the label.
RNase H reaction mixtures (50 p,l) under the indicated buffer
conditions and containing 3 pmol of substrate were incu-
bated at 37°C for 30 min. The reactions were stopped by the
addition of 50 p,l of 100 mM NaPPi (pH 6), followed by
precipitation with trichloroacetic acid (TCA). The mixture
was centrifuged for 10 min, and the radioactivity of the
supernatant was determined with a liquid scintillation
counter. In the case of the inhibitor studies, 1 pmol of each
RNase H was preincubated with inhibitor for 10 min on ice
prior to the addition of the substrate. Reaction mixtures
were incubated for 4 min at 37°C.

In situ gel assay. The RNA-DNA hybrid substrate was
prepared by using [a-32P]CTP as described for the [3H]UTP-
labeled substrate. Protein samples were separated on an
SDS-17% polyacrylamide gel that was copolymerized with 6
x 106 cpm of the [a-32P]CTP-labeled substrate. The gel was
then soaked in a buffer containing 50 mM Tris-HCI (pH 8.0),
50 mM KCl, 8 mM MnCl2 or MgCl2, and 2 mM DTT, with
slow shaking at room temperature. The buffer was changed
once every 24 h for at least 3 days. The gel was then directly
exposed to X-ray film and stained with Coomassie brilliant
blue.

Minus-strand primer removal assay. The substrate for
determining the site of HIV-1 RNase H cleavage in the
removal of a model tRNA'YS minus-strand primer was
produced as previously described (48). The DNA portion of
this substrate was labeled with [at-32P]dATP. The RNA
oligonucleotide (10 pmol; HPR-1) was annealed to 100 ng of
single-stranded pMR2S-1 DNA and extended with T4 DNA
polymerase in the presence of the restriction enzyme SmaI,
which produces a product of a specific size that can be
detected on a sequencing gel. The site of cleavage on the
[a-32P]dATP-labeled substrate was determined by incubat-
ing approximately 20 fmol of the RNA-DNA hybrid in a

20-,ul reaction mixture with a final concentration of 20 mM
Tris-HCI (pH 8.0), 8 mM MnCl2, 2 mM DTT, and an
indicated amount of purified HIV-1 RNase H domain or pS1
polymerase subunit (provided by Stuart Le Grice). The
reaction products were separated on a 10% sequencing gel
and detected by autoradiography.
dsRNA-dependent RNase activity assay. In vitro transcrip-

tion reactions were performed with pBluescriptll SK(+) as a
DNA template and contained 40 mM Tris-HCl (pH 8.0), 25
mM NaCl, 8 mM MgCl2, 2 mM spermidine, 62.5 ,uCi of
[a-32P]CTP (800 Ci/mmol), 0.5 mM (each) UTP, ATP, and
GTP, 12 puM CrP, 3 ,ug of pBluescriptII SK(+), and either
T7 (10 U) or T3 (10 U) RNA polymerase in a 20-pI reaction
mixture. Reactions proceeded for 1 h at 37°C, and the
mixture was then incubated with DNase I (2 p.g) for 15 min
at 37°C. The reaction mixtures were then extracted with
phenol-chloroform and ethanol precipitated. Pellets were
resuspended in 25 pd of 50% formamide, 300 mM NaCl, 50
mM sodium acetate (pH 4.8). The T7 and T3 transcripts were
then mixed and annealed by incubation at 85°C for 5 min and
then at 47°C for 1 h. The remaining single-stranded RNA was
digested by incubation with S p.g of RNase A for 1 h at 25°C,
followed by digestion with proteinase K. The annealed
substrate was extracted with phenol-chloroform and ethanol
precipitated, and the pellet was resuspended in RNase-free
water. The assay for double-stranded RNA (dsRNA)-depen-
dent RNase activity was identical to the RNase H assay
except that the dsRNA substrate was substituted for the
RNA-DNA hybrid. To denature either the dsRNA or RNA-
DNA hybrid, the substrates were heated to 90°C for 10 min
and immediately transferred to dry ice. Reaction compo-
nents were then added.

Glycerol gradient centrifugation. Purified RHN-2 or
RHC-1 was layered onto a 10 to 30% glycerol gradient (4.75
ml) in a buffer containing 50 mM Tris-HCl (pH 8.0), 50 mM
KCI, 2 mM DTT, 0.01% Triton X-100, and 0.1 mM EDTA.
Aldolase (Sigma), Mo-MuLV RT (44), TFIIB (provided by
D. Reinberg, (University of Medicine and Dentistry of New
Jersey), and cytochrome c (Sigma) were layered onto a
parallel gradient as sedimentation standards. The gradients
were centrifuged at 48,000 rpm in a Sorvall AH-650 rotor at
4°C for 24 h. Fractions (125 ,ul) were collected from the
bottom of the tube and assayed for RNase H activity by
using the 3H-labeled substrate under optimal RHN-2 buffer
conditions. The markers aldolase and Mo-MuLV RT were
assayed for activity (44), cytochrome c was detected by
spectrophotometry (A295), and TFIIB was detected by West-
ern blot with a polyclonal TFIIB antiserum provided by
Danny Reinberg.

RESULTS

Expression and purification of the HIV-1 RNase H domain.
A portion of the HIV-1 RT gene encoding amino acids 400 to
560 (nucleotides 3746 to 4228 [40], HXB2 sequence) was
amplified from the vector pRT4 by PCR. To facilitate puri-
fication of the subsequently expressed proteins, a tag of
six histidine residues (18) was added to either the N or C
terminus by insertion of an oligonucleotide linker into re-
striction sites added onto the N (NsiI) or C (SspI) terminus
of the PCR product. The resulting N- or C-tagged recombi-
nant RNase H-coding fragments were subcloned into the
NdeI and BamHI sites of the expression vector pETllc
(Novagen), downstream of the T7 RNA polymerase pro-
moter, producing the RNase H expression vectors pET-
RHN2 and pET-RHC1, respectively. The vector pET-
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FIG. 1. Schematic representation of HIV-1 RNase H domain constructs. The DNA sequence encoding for either amino acids 400 to 560
or 427 to 560 of HIV-1 RT (HXB2) was cloned into the expression vector pET11c. An affinity tag consisting of six histidine residues was
inserted at either the N or C terminus to facilitate purification by nickel-chelate affinity chromatography. The N-terminal extension derived
from p51 consists of amino acids 400 to 440 or 427 to 440. RHN-2, RHN-2T, and NY427 are N-terminal-tagged constructs, while RHC-1 and
CY427 are C-terminal-tagged constructs. RHN-2T and NY427 both have thrombin cleavage sites adjacent to the N-terminal histidine tag to
facilitate removal of the tag following purification. The site of thrombin protease cleavage is indicated by an arrow. p66-pSi is the native HIV-1
RT. The calculated molecular masses for each protein are also indicated. Amino acid residues not derived from RT are represented as their
single-letter symbols.

RHN2T is similar to pET-RHN2 except that it encodes a
thrombin protease cleavage site between the N-terminal
histidine tag and amino acid 400 of HIV-1 RNase H to
facilitate removal of the six histidines after purification.
Another PCR product encoding amino acids 427 to 510 was
substituted for the N-terminal sequences in either pET-
RHC1 or pET-RHN2T to produce the vector pET-CY427 or
pET-NY427, respectively, which encodes for an RNase H
domain consisting of amino acids 427 to 560 with a tag at
either the C or N terminus. Figure 1 shows a schematic
representation of the recombinant RNase H proteins pro-
duced by these expression vectors upon induction with
IPTG. The predicted molecular masses for each of these
recombinant proteins are also indicated in Fig. 1.
Recombinant RNase H proteins were extracted from E.

coli with 4 M urea and chromatographed twice on Ni2+-NTA
columns. RHC-1 comprised approximately 5% of the total E.
coli proteins (data not shown) and migrated as a 20-kDa
protein (Fig. 2A, lane 1). The extracted protein was then
loaded onto the first NTA column. The majority of nonspe-
cific binding proteins were washed off at pH 6.3, while the
majority of RHC-1 eluted at pH 4.5 (data not shown). These
peak fractions were pooled and loaded onto a second NTA
column (Fig. 2A, lane 1). Figure 2 shows the peak fractions
of the second column purification step from a representative
purification and Western blot of RHC-1 (panels A and B), as
well as the pETlic vector control (panel C). RHN-2, RHN-
2T, NY427, and CY427 all showed purification patterns
similar to that of RHC-1 (data not shown). RHC-1 was not
detected in the flowthrough, pH 8.0, or pH 6.3 step (lanes 2

to 5) by Coomassie staining. A small amount eluted in the pH
5.9 step (lanes 6 and 7), while the majority of RHC-1 eluted
in four (1 ml) fractions in the pH 4.5 step (lanes 8 to 11). We
estimate the pH 4.5 fractions to be approximately 90% pure.
Each pH 4.5 fraction was renatured by slow dialysis and
stored in 50% glycerol.
To confirm that the 20-kDa protein which eluted in the pH

5.9 and 4.5 steps was in fact an HIV-1-specific RNase H, a
Western blot was performed on peak fractions from the
RHC-1 purification (Fig. 2B). MAb 15 (43), which is specific
for the C terminus of HIV-1 RNase H, recognized an
approximately 20-kDa protein in only the pH 5.9 and 4.5
fractions, as expected. The minor contaminating proteins in
the peak fractions visible by Coomassie staining are not
HIV-1 RNase H derived, indicating that RHC-1 is a stable
protein.

In Fig. 2C, a parallel purification of the pETllc vector
induced in E. coli HMS174DE3 cells is shown. No 20-kDa
proteins were detectable. However, the two contaminating
proteins from the RHC-1 pH 4.5 24- and 13-kDa fractions
were also detected in the control purification. The larger
protein may be superoxide dismutase, which has been
shown to bind the NTA resin (39a).

In Fig. 3A, the peak fraction of each of the purified
proteins is shown after refolding. NY427 was also purified
under native conditions as described in Materials and Meth-
ods. The refolded NY427 protein migrates identically to the
native NY427 (compare lanes 5 and 6), indicating there was
no detectable proteolysis during the native purification pro-
cedure.

mmomim
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FIG. 2. Purification of HIV-1 RNase H on Ni2+-nitrilotriacetate
resin. E. coli containing either pET11c (expression vector without
insert) or pET-RHC1 (C-terminal-tagged RNase H) was induced
with IPTG and extracted with 4 M urea. The extracted material was
passed through the NTA-agarose column and purified. The pH 4.5
peak fractions of the first column purification were pooled and
passed through the column a second time. (A) Coomassie-stained
SDS-17.5% polyacrylamide gel of the peak fractions from the
second elution of the pET-RHC1 column. Lanes: 1, aliquot of the
pooled pH 4.5 fractions loaded onto the second column (L); 2,
protein which flowed through the column (FT); 3, protein which
washed off at pH 8.0 (W); 4 to 11, peak protein fractions of each pH
elution step (indicated above the lanes). (B) Western blot analysis of
the peak pET-RHC1 fractions shown in panel A. Lanes: 1 to 3, load,
flowthrough, and pH 8.0 wash, respectively; 4 to 11, peak fractions
of each different pH elution step (indicated above the lanes). (C)
Coomassie-stained SDS-17.5% polyacrylamide gel of the peak
fractions from the second elution of the pET11c parent vector
control. Lanes: 1 to 3, pellet, load, and flowthrough, respectively;
4 to 10, peak protein fractions of each different pH step (indicated
above the lanes). The positions of molecular mass markers are on
the left. The position of RHC-1 is identified by an arrow.

FIG. 3. (A) SDS-PAGE analysis of purified HIV-1 RNase H
domains. The peak fraction of each of the purified proteins is
shown on a Coomassie-stained 17.5% polyacrylamide gel following
refolding of the denatured protein. Lanes: 1, RHN-2; 2, RHC-1; 3,
RHN-2T; 4, CY427; 5, NY427; 6, NY427 after purification under
native conditions; M, molecular size markers. (B) Removal of the
N-terminal histidine tag. Purified RHN-2T was incubated with
thrombin for 1.5 h at 25°C. Uncleaved material was bound to NTA
resin. Cleavage was analyzed by Western blot with MAb 15. Lanes:
1, RHN-2; 2, RHN-2T; 3, RHN-2T following cleavage with throm-
bin; 4, thrombin-cleaved RHN-2T (material which did not bind to
NTA resin). The sizes of molecular mass markers are shown on the
left.

RHN-2T is similar to RHN-2 except it contains a thrombin
cleavage site and flanking residues between the N-terminal
histidine tag and the N-terminal RNase H residue Leu-400 to
facilitate removal of the tag following purification (Fig. 1).
The removal of the N-terminal histidine tag from purified
RHN-2T is shown in Fig. 3B. Thrombin cleavage produced
a truncated protein that, as expected, would no longer bind
to the NTA resin (Fig. 3B, lane 4).
RHN-2 and RHC-1 have RNase H activity. The RNase H

activity of the renatured His-tagged RNase H proteins was
initially assayed by incubation with a circular RNA-DNA
hybrid substrate labeled with [3H]UTP under buffer condi-
tions previously found to be optimal for HIV-1 RT RNase H
activity (50). This RNase H assay is nonspecific. RHN-2
showed no detectable activity in the presence of MgCl2 (Fig.
4A). Unexpectedly, the renatured RHN-2 fractions had high
levels of RNase H activity in the presence of MnCl2 (Fig.
4A). RHC-1 showed the same properties (data not shown).
Negligible levels of activity were found in the control
pETlic fractions with both MnCl2 and MgCl2, suggesting
that any contaminating protein bands common to both the
RNase H and control purifications were not RNase H
enzymes.

Conditions for optimal RNase H activity were determined
for both RHN-2 and RHC-1 and compared with those for
wild-type HIV-1 RT. The optimal RNase H conditions for
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FIG. 4. Optimal reaction conditions for recombinant HIV-1 RNase
H. The amounts of MnCl2 and MgCl2 (A) and the pH levels (B) were
varied in the RNase H reaction to determine the optimal buffer
conditions for RHN-2. In the MnCl2 and MgCl2 titrations, the other
buffer component was 20 mM Tris-HCl (pH 8.0). The pH titration
reactions contained 8 mM MnCl2. For pH values 4.5 to 6.2, the buffer
was 20 mM 2-(N-morpholino)ethanesulfonic acid (MES). For pH
values 6.5 to 7.6, the buffer was 20 mM N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid (HEPES), while for pH values 7.6 to 8.3, the
buffer was 20 mM Tris-HCl. RHN-2 (4 pmol) was assayed for RNase
H activity at 37°C for 30 min followed by TCA precipitation. (C)
Comparison of the nonspecific RNase H activities of RHN-2 and
RHC-1 to those of NY427 and CY427. Equivalent molar amounts of
each purified RNase H domain were incubated with the substrate for 30
min at 37°C in optimal RHN-2 buffer (20 mM MES [pH 6.0], 8 mM
MnCl2) and then subjected to trichloroacetic acid precipitation.

HIV-1 RT are 50 mM Tris-HCl (pH 8.0), 50 mM KCl, 8 mM
MgCl2, and 2 mM DTT (50). The buffer requirements for
both RHN-2 and RHC-1 were identical but different from
those for the HIV-1 RT heterodimer. The results for RHN-2
are shown in Fig. 4. Optimal MnCl2 concentrations in the
RNase H reaction mixture ranged from 8 to 20mM (Fig. 4A).
Surprisingly, the pH optimum for RHN-2 dropped to 6.0
(Fig. 4B), compared with 8.0 for p66-pSi. However, the
MnCl2-dependent activity at pH 8.0 was still 70% of the
activity at pH 6.0. KCI concentrations greater than 25 mM
were inhibitory, and reducing agents were no longer re-
quired, reflecting the absence of cysteines in the region
expressed.
The activities of purified HIV-1 RNase H proteins NY427

and CY427, which lack the tryptophan-rich region, were
compared with those of RHN-2 and RHC-1 to determine the
contribution of amino acids 400 to 426 to the detected
MnCl2-dependent activity. Equivalent amounts of each
RNase H domain were titrated in the nonspecific RNase H
assay under buffer conditions optimal for RHN-2 and RHC-1
(Fig. 4C). The activities of all four proteins were approxi-
mately equal, indicating that the tryptophan-rich region
upstream of the RNase H domain does not contribute to
RNase H activity in the context of a purified domain. Since
NY427 and CY427 are inactive in MgCl2 (data not shown),
the lack of MgCl2-dependent activity by RHN-2 and RHC-1
cannot be attributed to interference by the presence of
residues 400 to 426. The possibility exists that the inactivity
with MgCl2 was caused by misfolding during renaturation.
To address this question, NY427 was also purified as a
native protein on a Ni2+-NTA column as described in
Materials and Methods (Fig. 3A, lane 6). The RNase H
obtained from this purification protocol showed very low
levels of activity with MgCl2, but MnCl2-dependent activity
was equivalent to that of the refolded NY427 (data not
shown). The observed low level of RNase H activity in
MgCl2 appears to be attributed to an endogenous E. coli
enzyme (data not shown). The similarity between the re-
folded and native NY427 suggests that the HIV-1 RNase H
domain can be denatured and refolded into a conformation
similar to that of the native protein.
HIV-1 RT has a newly described activity (called RNase

D), which is specific for dsRNA (3, 4). This activity as
detected on in situ RNA-RNA gels is dependent on Mn2+
(4). To determine whether the Mn2+-dependent RNase H
activity detected (Fig. 4) could actually be that of RNase D
or of contaminating E. coli RNase III acting on fortuitous
regions of dsRNA in the RNA-DNA hybrid substrate, we
synthesized a dsRNA substrate and tested RHN-2 and
RHC-1 for RNase D activity (Table 1). RHN-2 and RHC-1
did not have RNase D activity, while purified RNase III and
the HIV-1 RT heterodimer were active, indicating that
RHN-2 and RHC-1 do not have RNase D activity and that
the preparations are not contaminated with RNase III.
Further, E. coli RNase III was not detected in the purified
RHN-2 or RHC-1 fractions by Western blot with a poly-
clonal antiserum specific for RNase III (data not shown).
There was also a possibility that the activity results shown

in Fig. 4 were from a contaminating single-stranded RNase.
To rule out this possibility, both the dsRNA and RNA-DNA
hybrid substrates were heat denatured prior to incubation
with RHN-2 and RHC-1 (Table 1). This procedure greatly
diminished RNase H and dsRNA-dependent RNase activi-
ties; but in contrast, RNase A now completely degraded the
RNA in both denatured substrates, indicative of the strand
separation. The low levels of RNase III and RNase H
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TABLE 1. Analysis of substrate integrity'

Protein or RNA-RNA RNA-DNA
enzyme Native Denatured Native Denatured

RHN-2 - - + + +
RHC-1 - - + + +
HIV-1 RT + - ++ +
E. coli RNase H - - ++ +
RNase III ++ + ++ +
RNase A + + + + +

a Substrates were incubated for 30 min at 37°C with saturating amounts of
enzyme. The reactions were performed with the indicated amount of protein
or enzyme activity level under the following conditions: for 5 pmol of RHN-2
or RHC-1, 20 mM MES (pH 6) or 20 mM Tris-HCl (pH 8), 8 mM MnCl2, and
2 mM DTT; for 2 pmol of HIV-1 RT or 28 ng of RNase III, 20 mM Tris-HCl
(pH 8), 8 mM MnCJ2, and 2 mM DTr; for 0.02 U of E. coli RNase H activity
or 1 ,ug of RNase A, 20 mM Tris-HCl (pH 8), 8 mM MgCI2, and 2 mM DTT.
The results are expressed as the percentage of maximal substrate digestion
levels as follows: ++, >75%; +, 31 to 75%; +, 10 to 30%; and -, <10%.

activities detected following substrate denaturation are most
likely due to a partial reannealing of the substrates at 370C
during the assays. These results indicate that the activity
detected in the RHN-2 and RHC-1 preparations is truly an
RNase H activity.

Purified E. coli RNase III was unexpectedly able to digest
the [3H]UTP-labeled RNA-DNA hybrid substrate under low
salt concentrations (<100 mM) and in the presence of Mn2+
(Table 1). In low salt concentrations, RNase III has been
previously shown to change structure and have reduced
specificity or "star" activity which could explain this finding
(10, 31). On the basis of the specificities of all the enzymes
on each substrate, the data in Table 1 collectively indicate
that the RNA-DNA hybrid is in fact a hybrid and that RNase
III can digest this RNA-DNA hybrid. Further investigation
of this property of E. coli RNase III is required.

In situ RNase H gel assays were performed to unambigu-
ously attribute the activity detected in the RHN-2 and
RHC-1 preparations to the recombinant HIV-1 proteins and
not E. coli RNase H or other cellular proteins (Fig. 5). In situ
assays have been applied for the rapid analysis of recombi-
nant RT RNase H activity in a crude E. coli extract (53). For
RHN-2 and RHC-1, the crude extract could not be analyzed,
because E. coli RNase H (Mr, 18,000) would block out the
HIV-1 signals. The purified proteins were fractionated on
SDS-polyacrylamide gels which were copolymerized with a
32P-labeled RNA-DNA hybrid substrate. The proteins within
the gels were renatured; labeled RNA released from the
hybrid by RNase H can diffuse from the gel, leaving a
nonradioactive band on an autoradiograph that corresponds
with the protein band after Coomassie staining. When the in
situ gel was renatured in buffer containing MnCl2 (Fig. 5A),
both RHN-2 (lane 10) and RHC-1 (lane 12) showed RNase H
activity, corresponding to the protein bands in lanes 4 and 6,
respectively. The pETlic vector control fraction did not
show any detectable activity (lanes 5 and 11). Importantly,
there were no other zones of clearing detectable. Contami-
nating RNase H activities from the E. coli extract loaded on
the column (lanes 1 and 7) were not present in the purified
fractions. E. coli RNase III, shown to be active in this assay
(lanes 3 and 9), was also not detected in the purified RNase
H fractions. More RNase H activity was detected for RHC-1
than for RHN-2. RHC-1 may have refolded within the gel
more efficiently than RHN-2 as a result of the histidine tag
being at the C terminus. Even though more RHC-1 protein
(4.4 ,ug) was loaded onto the gel than RHN-2 protein (4.0

,ug), it is unlikely that this difference can account for the
observed variation in activity. RNase H activity was not
detected from RHN-2 or RHC-1 when the gel was soaked in
buffer containing MgCl2 (Fig. SB), confirming the results of
in-solution assay. The second band of clearing under the p66
band in both the Mn2' and Mg2+ gels is most likely an
N-terminal breakdown product of p66, since as expected,
pS1 (provided by Stuart Le Grice [29]) did not produce a
signal (Fig. SB, lanes 7 and 14). E. coli RNase III produced
a band on the MnCl2 gel (Fig. SA, lane 9), as expected from
the in-solution data in Table 1. In the presence of MgCl2,
RNase III does not digest the RNA-DNA hybrid in solution
(data not shown). Therefore, the lack of clearing for RNase
III in the MgCl2 gel (Fig. SB, lane 10) is not surprising.
RNase III can digest dsRNA in the presence of MgCl2. Since
MgCl2-dependent activity is not detected with RNase III on
the RNA-DNA hybrid substrate, this indicates that there is
minimal dsRNA in the hybrid preparation.
RNase H activity relative to intact HIV-1 RT. A time course

of RNase H activity for RHN-2, RHC-1, HIV-1 RT, and the
pETlic control was determined with the nonspecific 3H-
labeled substrate under optimal buffer conditions for each of
the proteins (Fig. 6). The accumulation of acid-soluble
radioactivity in the supernatant was monitored over a course
of 10 min. RHN-2 and RHC-1 showed almost identical
kinetics on this substrate, suggesting that the orientation of
the histidine tag does not play a major role in RNase H
activity. On a molar basis, the wild-type HIV-1 RT het-
erodimer was approximately threefold more active than
either RHN-2 or RHC-1 when Mn2+ was the divalent cation
in the reaction. RHN-2 had a specific activity of 650 U/mg
and RHC-1 had a specific activity of 750 U/mg, while that of
the HIV-1 RT heterodimer was 350 U/mg. An RNase H unit
of activity is defined as 1 pmol of [3H]UMP released in 1 min.
The effects of several inhibitors of HIV-1 RNase H

activity are given in Table 2. dAMP (20 mM), previously
determined to inhibit the RNase H activity of HIV-1 RT (52),
was a better inhibitor of RHC-1 and RHN-2 than of HIV-1
RT. RVC (8 mM) completely eliminated activity from all
three proteins, while RNasin did not inhibit any protein, as
expected from previous studies (26). Interestingly, MAb
18D7, previously found to inhibit the RNase H activity of
HIV-1 RT (51), almost completely inhibited RHN-2 and
RHC-1 activities. The epitope recognized by this MAb has
been mapped to the RNase H domain. Another MAb (7E5),
which recognizes a conformational epitope of the RNase H
domain but does not inhibit RNase H activity in the case of
heterodimeric RT (51), did inhibit RHN-2 and RHC-1 by
approximately 95% (data not shown). MAb 20 (43), which
does not recognize the HIV-1 RNase H domain, did not
inhibit the RNase H activity (data not shown). These results
suggest the RNase H activity of the isolated RNase H
domain with an N-terminal extension back to threonine 400
retains many characteristics of the wild-type enzyme. Also,
in the absence of the entire p66-p5, the RNase H domain is
more susceptible to inhibitors than as a heterodimer.

Specificity of minus-strand primer removal by recombinant
HIV-1 RNase H domain. Previous studies have demonstrated
that the RNase H activity of HIV-1 RT specifically removes
the tRNA]Ys minus-strand primer in vitro, cleaving one
nucleotide away from the US-primer binding site junction
(12, 39, 48). This specific cleavage results in the 3' rA of the
tRNA3'ya being left attached to the US long terminal repeat
terminus. In Fig. 7, RHN-2T was tested for the ability to
produce the same specific cleavage event as the wild-type
heterodimer by using a model substrate. This substrate
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FIG. 5. In situ RNase H gel assay. Approximately 6 x 106 cpm of a [32P]CTP-labeled RNA-DNA hybrid was copolymerized into an

SDS-17.5% polyacrylamide gel. Following electrophoresis of the purified RHN-2 and RHC-1 proteins, the gel was soaked in a renaturation
buffer (50 mM Tris-HCl [pH 8.0], 50 mM KCl, 8 mM MgCl2 or MnCl2 as indicated, 2 mM DTT) at room temperature for at least 3 days. The
gel was exposed wet for autoradiography and then stained with Coomassie brilliant blue. (A) Coomassie stain and activity gel with 8 mM
MnCl2. Lanes: 1 and 7, E. coli 4 M urea extract loaded onto the first pET-RHC1 NTA column; 2 and 8, purified HIV-1 RT heterodimer (5.2
,ug); 3 and 9, purified E. coli RNase III (0.7 jig); 4 and 10, purified RHN-2 (4 ,ug); 5 and 11, pET11c control; 6 and 12, purified RHC-1 (4.4
jig). (B) Coomassie stain and activity gel with 8 mM MgCl2. Amounts of protein identical to those for the MnCl2 gel were loaded. Lanes: 1
and 8, E. coli 4 M urea extract of the pET-RHC1 purification; 2 and 9, HIV-1 RT; 3 and 10, E. coli RNase III; 4 and 11, RHN-2; 5 and 12,
pET11c control; 6 and 13, RHC-1; 7 and 14, purified p51 polymerase domain (4 ,ug) of HIV-1 RT. The positions of molecular mass markers
(in kilodaltons) are shown to the left of each gel.

mimics an intermediate in reverse transcription where plus-
strand synthesis has been completed after the first 18 nucle-
otides of the tRNA minus-strand primer have been copied
(48). Upon incubation with RHN-2T, the major product
produced migrates as a species 108 nucleotides long, corre-

sponding to the size expected for the correct specific cleav-
age (Fig. 7, lanes 1 to 4). Interestingly, removal of the
histidine tag by cleavage with thrombin, as seen in Fig. 3B,
abolishes RNase H activity (Fig. 7, lanes 5 to 8). However,

the specific cleavage can be recovered by the addition of the
purified HIV-1 RT p51 subunit (lanes 9 to 12). The addition
of p51 does not completely restore the original activity level,
as shown by the time course data (compare lanes 1 to 4 with
9 to 12). Activity is not detected when p51 is incubated
without RHN-2T (lanes 13 to 16). A similar cleavage pattern
is also observed when the release of the RNA is assayed
directly (data not shown) as has been demonstrated for the
HIV-1 RT heterodimer (48). It might be expected that since
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FIG. 6. Comparison of RNase H activities of the extended
RNase H domain to that of wild-type HIV-1 RT under optimal
reaction conditions for each RNase H. RNase H activity was
monitored over a course of 10 min with aliquots taken every 2 min.
Protein (1 pmol) was added to each reaction. For the pET11c
control, an equivalent amount of fraction volume was added since
the protein concentration was much lower than that for the N- and
C-terminal-tagged RNase H domain fractions. Buffer conditions for
wild-type HIV-1 RT (0) were 50 mM Tris-HCl (pH 8.0), 50 mM
KCI, 8 mM MnCl2, and 2 mM DTT. Buffer conditions for RHN-2
(U), RHC-1 (E), and the pET11c control fraction (0) were 20 mM
MES (pH 6.0), 8 mM MnCl2, and 2 mM DTT.

HIV-1 RNase H and E. coli RNase H are so similar
structurally, they would produce a similar cleavage pattern.
However, E. coli RNase H produced a random cleavage
pattern (data not shown). These results indicate that the
RNase H domain of RT is directly responsible for the
specificity of tRNA3YS removal in vitro. The polymerase
domain does not appear to contribute to the specific cleavage
observed in this assay. Removal of the histidine tag from
RHN-2T also abolished activity on the nonspecific RNase H
substrate (data not shown). It appears that the histidine tag is
providing a function usually provided by the pS1 subunit.
Recombinant HIV-1 RNase H is a monomer. Previous

studies have shown antibodies directed against the tether
region can inhibit dimerization (43). Since a portion of the
tether-connector subdomain has been included in the recom-
binant RHN-2 and RHC-1 RNase H proteins, there was a
possibility that dimers could form. Zonal centrifugation was
performed with the N-terminal-tagged RNase H protein

TABLE 2. Effects of known HIV-1 RNase H inhibitors

% Inhibition by':
Protein

RVC dAMP MAb 18D7 Acetonitrile RNasin

RHN-2 100 84 98 8 1
RHC-1 100 80 98 4 0
p66-pSi 100 42 80 100 5

' Data are the averages from at least two independent assays. One picomole
of each protein was used in the RNase H reaction mixtures. Proteins and
inhibitors were preincubated for 10 min on ice prior to the addition of the
substrate. Reactions were stopped after 4 min. The concentration or amount
of inhibitor used was 8 mM RVC, 20 mM dAMP, 2 ,ug of MAb 18D7, 15%
acetonitrile, or 0.8 U of RNasin per ,u.

(RHN-2) on a linear 10 to 30% glycerol gradient to determine
the oligomerization state of the enzyme (Fig. 8). On the
RHN-2 gradient, RNase H activity peaked at fraction 24,
corresponding to the sedimentation expected for a protein
with a molecular mass of approximately 20 to 21 kDa. The
Mr of RHN-2 on an SDS-polyacrylamide gel is 20,000.
Therefore, in this buffer system, RHN-2 behaves as a
monomer. Fraction 24 contained the peak of the RHN-2
protein, detected by Western blot (data not shown), indicat-
ing that the protein and the enzyme comigrated. RHN-2 was
not detected in the fractions corresponding to the sedimen-
tation position expected for a dimer. These results suggest
that the N-terminal p51-derived extension on RHN-2 (amino
acids 400 to 440) is not sufficient for dimerization. RHC-1
with a C-terminal histidine tag also sedimented as a mono-
mer (data not shown), suggesting that dimerization is not
simply being blocked by the histidine tag.

DISCUSSION

Previous studies using model substrates in vitro have
concluded that the RNase H activity of HIV-1 RT incom-
pletely removes the tRNA3Ys minus-strand primer (12, 39,
48). The cleavage specificity observed resulted in the 3'-rA
nucleotide of the tRNA3YS CCA-3' terminus remaining at-
tached to the adjacent U5 DNA sequence. This specificity
explains the presence of an extra A:T base pair detected in
the majority of HIV-1 circle junction sequences (20, 28, 35,
47, 57). The mechanism directing this specificity remains
unclear. The specificity can occur in both the presence and
absence of DNA polymerization. However, in the absence
ofDNA polymerization, the specificity may be dependent on
a sequence or structural feature of the tRNA-DNA junction
region. Changing the rA to deoxyadenosine 5' phosphate
does not alter the specificity (48). After this paper had been
submitted for publication, a paper describing unusual sugar
conformations for the first two DNA residues of the
tRNA3'Ya hybrid junction was published (45). Given the
ability of HIV-1 RT to produce the specific cleavage in both
the polymerase-dependent and -independent modes, and
since the polymerase domain is believed to provide the
substrate-binding cleft, we wanted to determine the actual
contribution of the polymerase domain to the minus-strand
primer removal specificity.

Previous studies have concluded that there is a large
degree of interdependence between the DNA polymerase
and RNase H domains of HIV-1 RT (5, 17, 38). Further, the
RNase H and DNA polymerase active sites share a single
substrate-binding cleft (1, 25). This cleft is formed primarily
by the DNA polymerase domain consisting of the N-terminal
51-kDa portion of p66. There has been considerable contro-
versy regarding whether the HIV-1 RNase H domain can
function alone without the presence of the DNA polymerase
domain. Several groups have expressed and purified HIV-1
RNase H domains which were inactive or had very low
levels of activity (2, 8, 42, 49). These constructs generally
consisted of amino acids 427 to 560 and therefore lacked the
substrate-binding cleft. However, there have also been re-
ports of active RNase H domains (11, 16), one of which was
purified from virions and the other of which had a histidine
tag at the N terminus. RNase H activity can be reconstituted
between an inactive p15 domain and purified pS1 (21), again
suggesting that in the context of the p66 subunit, residues of
the polymerase domain are important for RNase H activity.
Possibly, amino acids immediately N-terminal of the RNase
H domain, specifically regions of the connector subdomain
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FIG. 7. Specificity of tRNA3LYs primer removal by RHN-2T. The substrate for determining the site of cleavage in the minus-strand primer
removal was incubated with the isolated RNase H domain RHN-2T for either 0, 5, 30, or 45 min at 37°C. RNase cleavage products were
analyzed on a 10% sequencing gel. A sequencing ladder (lanes G, A, T, and C) consisting of single-stranded pMR2S-1 DNA primed with the
18-mer oligodeoxynucleotide 2641, which is complementary to PBS, was used as a marker. Lanes: 1 to 4, RHN-2T (100 ng) incubated with
substrate for 0, 5, 30, and 45 min, respectively; 5 to 8, thrombin-cleaved RHN-2T (100 ng) incubated for 0, 5, 30, and 45 min, respectively;
9 to 12, thrombin-cleaved RHN-2T (100 ng) plus purified pS1 subunit (50 ng) incubated with substrate for 0, 5, 30, and 45 min, respectively;
13 to 16, p51 incubated with substrate for 0, 5, 30, and 45 min, respectively; 17, substrate incubated alone for 45 min. The position of the
uncleaved substrate is indicated on the right. The cleavage product expected for complete RNA removal at the RNA-DNA junction is 107
nucleotides, while position 108 corresponds to specific cleavage 5' of the rA residue. This major cleavage product is also indicated by an
asterisk.

that form the interface with RNase H, have a role in RNase
H activity. There is a tryptophan-rich region upstream of
Tyr-427 for which there is a counterpart in E. coli RNase H.
There have been suggestions that this tryptophan-rich region
could play a role in substrate binding (8).
To determine whether amino acids upstream from Tyr-
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FIG. 8. Zonal centrifugation of purified RHN-2. RHN-2 (16 ,ug)
was diluted into 250 ,ul and layered onto a 4.75-ml linear gradient of
10 to 30% glycerol in a buffer consisting of 50mM Tris-HCl (pH 8.0),
50 mM KCl, 2 mM DTT, 0.1 mM EDTA, and 0.01% Triton X-100.
The gradient was centrifuged at 48,000 rpm in a Sorvall AH-650
rotor for 24 h at 4°C. Fractions (125 Ill) were collected from the
bottom of the tube, and 5 RI of each fraction was assayed for RNase
H activity as described in Materials and Methods. Cytochrome c

(12.4 kDa), TFIIB (33 kDa), Mo-MuLV RT (71 kDa), and aldolase
(160 kDa) were sedimented in a separate tube under identical
conditions. All of these proteins sedimented as monomers, except
for aldolase, which is a tetramer. The positions of the protein
markers are indicated by arrows.

427, specifically the tryptophan-rich region, contribute to
RNase H activity in the context of an isolated domain, and to
determine whether the HIV-1 RNase H domain can specif-
ically remove the tRNA3 ys minus-strand primer in the
absence of the polymerase domain, we have expressed and
purified from E. coli an HIV-1 RNase H domain consisting of
amino acids 400 to 560 of RT. The protein was tagged at
either the N or C terminus with six histidine residues,
expressed in E. coli, purified under denaturing conditions by
Ni2 -NTA chelate chromatography, and characterized.
Both renatured RNase H proteins, RHN-2 and RHC-1, had
Mn2+- but not Mg2+-dependent RNase H activity. This
activity was approximately threefold less on a molar basis
than the intact p66-pSi heterodimer in MnCl2. The lower
activity may be due to decreased processivity (16). In situ
RNase H assays of our purified HIV-1 RNase H proteins
(Fig. 5) found no detectable E. coli RNase H. It has been
suggested that the low level of activity detected with one of
the other purified HIV RNase H domains is from a contam-
inating E. coli enzyme (42). The recombinant RNase H
proteins, NY427 and CY427, which lack the tryptophan-rich
region, had the same levels of Mn2+-dependent activity as
RHN-2 and RHC-1. This similarity ruled out the possibility
that residues 400 to 426 were playing a role in RNase H
activity in the context of these proteins. The low level of
Mg2+-dependent activity in the native NY427 preparation
was attributed to a contaminating E. coli protein. This result
is in contrast with the report of an (amino acids 427 to 560)
HIV-1 RNase H with an alternate N-terminal tag that was
found to be enzymatically active with Mg2+ as the divalent
cation (11).
RNase H activity was optimal at pH 6 rather than the pH

8 optimum of the intact RT heterodimer. Since the pKa of the
imidazole group of histidine is 6, it seemed likely that the
histidine tag was playing a role in the observed RNase H
activity. One of the reported active amino acid 427 to 560
RNase H domains also had an affinity tag at the N terminus
containing histidine residues (11). Removal of the N-terminal
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histidine tag from RHN-2T by cleavage with thrombin re-
sulted in an inactive protein. Interestingly, the protease site
of NY427 was resistant to thrombin cleavage (data not
shown), suggesting that the thrombin site is more tightly
associated with the RNase H structure of NY427 than for
RHN-2T. The presence of the tryptophan-rich region (amino
acids 400 to 426) resulted in the RNase H being expressed as
an insoluble protein. The role the tag is playing remains
unclear.
Upon incubation of RHN-2T with the model substrate for

tRNA3 yS removal, the major cleavage product corresponded
to the size expected for release of the RNA primer leaving
the 3'-rA residue attached to U5 sequences (Fig. 7). Despite
the requirement for the histidine tag, the isolated RNase H
domain retained the same specificity for tRNA3 ys removal as
the wild-type heterodimer. The requirement for the histidine
tag could be overcome by the addition of the purified p51
subdomain to the thrombin-cleaved RNase H, suggesting
that the histidine tag is playing a role usually provided by
p5l, either substrate binding or stabilization. Since the
cleavage specificity of an isolated RNase H domain was the
same as that for the wild-type HIV-1 RT heterodimer, the
polymerase domain probably does not play a direct role in
controlling the specificity of tRNA'YS removal through rec-
ognition of sequence or structure by the substrate-binding
cleft.

E. coli RNase H is structurally very similar to HIV-1
RNase H. One notable difference is the presence of a
lysine-rich handle region consisting of a loop and a-helix C in
E. coli RNase H, which is missing in the case of HIV (8, 24,
60). Substitutions of the lysines in this handle region raise
the Km while not affecting Vm., suggesting a role in sub-
strate binding (23). Since at pH 6 the histidine tag would be
more positively charged than at pH 8, it is possible that the
histidine tag of RHN-2 and RHC-1 could be playing a role in
substrate binding, substituting for the positively charged
lysine-rich region of E. coli RNase H. Computer modeling of
the histidine tags onto the RNase H structure indicated the
N- and C-terminal tags localize to nonoverlapping regions of
the protein. In either case, though, the histidine tag could
potentially come in contact with nucleic acid, which could
increase substrate binding.
Although it is unlikely that the histidine tags could be

stabilizing identical regions of the protein, the possibility still
exists that the histidine tag is stabilizing the RNase H
structure. In the crystal structure of HIV-1 RNase H, amino
acids 538 to 542 are disordered, including the highly con-
served His-539 (8). Further, the entire C terminus of an
HIV-1 RNase H domain in solution is disordered from amino
acids 536 to 560 as determined by nuclear magnetic reso-
nance (36). Mutations of the conserved His-539 residue have
reduced exonuclease activity, are more sensitive to salt, and
may show reduced substrate binding (46, 59). In E. coli
RNase H, however, mutations of the conserved histidine-
124 decrease the Vma. without affecting the Ki,, suggesting
that the histidine is involved in catalysis rather than sub-
strate binding (34). In the crystal structure of the HIV-1 RT
heterodimer, this His-539 loop is ordered and interacts with
a portion of the pS1 thumb subdomain (25). The His-539 loop
is also in close proximity to two divalent metal ions, again
suggesting an involvement of this region in RNase H activ-
ity. Similarly, two Mn2+ ions are bound in the isolated
RNase H domain structure (8). The disorder of the His-539
loop has been suggested to be the reason for inactivity of
isolated RNase H domains consisting of residues 427 to 560
(8, 25, 37). For RHN-2 and RHC-1, the histidine tag could be

playing a role in stabilizing the C terminus, either directly
(C-terminal tag) or indirectly (N-terminal tag).
A recent study has demonstrated that a mutation of

glutamic acid-478 eliminates both HIV-1 RNase H activity
and the newly discovered dsRNA-dependent RNase activity
(RNase D), suggesting that the two activities have either
overlapping or identical catalytic sites (4). RHN-2 and
RHC-1 did not have detectable RNase D activity but did
have RNase H activity. Like RNase H, RNase D may be
dependent on the DNA polymerase domain for activity.
Mo-MuLV RT also contains the double-stranded RNase
activity (4, 14). However, an isolated RNase H domain of
Mo-MuLV RT does not have RNase D activity (14), in
agreement with our results with the isolated HIV RNase H
domain.
RHN-2 and RHC-1 were generally more sensitive to

inhibitors of RNase H activity than was the HIV-1 RT
heterodimer (Table 2). The structure of HIV-1 RT revealed
that the thumb of the pS1 subunit interacts with RNase H
(25). The lack of this intersubunit contact as well as other
interactions that normally occur with the polymerase domain
of p66 most likely makes RHN-2 and RHC-1 more sensitive
to inhibitors of HIV-1 RNase H activity, including dAMP,
MAb 18D7, and RVC. RVC is believed to inhibit the RNase
H activity of HIV-1 RT by binding to the substrate-binding
cleft (27). The finding that RHN-2 and RHC-1 are inhibited
by RVC indicates that there is another mode of action for the
RVC inhibition of RNase H.

Epitope mapping studies and the crystal structure of the
HIV-1 RT heterodimer implicate the tether-connection sub-
domain as being important for dimerization between pS1 and
p66 (25, 43). In addition, it has been shown that this
dimerization is required for the RNase H activity of HIV-1
RT (42). RHN-2 and RHC-1, however, behaved as mono-
mers on a glycerol gradient, suggesting that under the
conditions tested, amino acids 400 to 440 are not sufficient
for dimerization, even though most of the tryptophan-rich
region is present. In addition, 15% acetonitrile (Table 2),
which has been used to dissociate the HIV-1 heterodimer
(41, 42), had very little effect on the RNase H activity of
RHN-2 or RHC-1, while greatly affecting the heterodimer.
The RNase H domain described by Becerra et al. behaved as
a monomer and had very low activity (2). However, the
RNase H domain described by Restle et al. fractionated as
an inactive monomer and putative dimer (42). While the data
of Restle et al. (42) indicate that in the context of full-length
RT, dimerization is-required for RNase H activity, mono-
meric RHN-2 and RHC-1 are active. In the context of an
isolated domain, the unusual requirement of a histidine tag
for activity may somehow be substituting for contacts usu-
ally made between the p66 and p51 subunits.

In the process of studying the specificity of tRNA3YS
minus-strand primer removal, we have characterized the
activity of an isolated HIV-1 RNase H domain. Residues 400
to 426, which encompass the tryptophan-rich region of the
connector subdomain, did not contribute to the Mn2+-
dependent RNase H activity of this protein. In addition,
activity was dependent on a histidine affinity tag being
present at either the N or C terminus. Despite the require-
ment for a histidine tag, the isolated RNase H enzymes
retained many characteristics of RNase H in the context of a
heterodimer, including the specific removal of tRNA YS.
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