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ABSTRACT: The functional relationship between the polymerase and RNase H domains of reverse transcriptase 
(RT) was investigated by studying the activities of AKR murine leukemia virus (MuLV) enzymes. In 
addition to the wild type, an RNase H-minus RT missing the entire RNase H domain and two other mutants 
having abnormal po1ymerase:RNase H ratios were expressed. These mutants include (i) a chimeric protein 
in which the MuLV RNase H domain was replaced by the entire Escherichia coli RNase H sequence and 
(ii) an RT with a 126 amino acid deletion in a region analogous to the "connection" subdomain in the p66 
subunit of human immunddeficiency virus type 1 RT (Kohlstaedt, L. A,, Wang, J., Friedman, J. M., Rice, 
P. A., & Steitz, T.  A. (1992) Science 256, 1783-1790). With the wild-type RT, the major RNase H 
cleavage reaction was coordinated with DNA synthesis and occurred at a position corresponding to 15 
nucleotides from the 3/-terminus of the DNA primer. Additional cleavages closer to the 5/-end of the RNA 
were explained in terms of a model relating binding of the RNA-DNA hybrid substrate and enzyme structure. 
The chimeric RT behaved like E. coli RNase H, exhibited 300-fold higher RNase H activity than wild-type 
RT, and was limited in its ability to synthesize DNA. Qualitative and quantitative changes in the polymerase 
and RNase H activities of the deletion mutant were also observed. The RNase H domain appeared to 
function independently of the polymerase domain, supporting the idea that the proper spatial relationship 
between the two active centers was disrupted by the mutation. Taken together, our results indicate that 
alteration of the normal po1ymerase:RNase H ratio can have profound effects on both polymerase and 
RNase H cleavage activities, as expected for an enzyme with two interdependent domains. 

Reverse transcriptase (RT)' is a virion-associated enzyme 
encoded by the pol gene of all retroviruses, which catalyzes 
the synthesis of a double-stranded DNA copy of the viral 
RNA genome (Gilboa et al., 1979). The enzyme is multi- 
functional (Varmus & Swanstrom, 1984) and has several 
activities: RNA-dependent DNA polymerase activity; DNA- 
dependent DNA polymerase activity; and RNase H activity, 
which leads to degradation of the RNA moiety in an 
RNA-DNA hybrid (Moelling et al., 1971; Keller & Crouch, 
1972; Leis et al., 1973). These activities reside on the Same 
polypeptide (Baltimore & Smoler, 1972; Grandgenett et al., 
1972; Keller & Crouch, 1972; Moelling, 1974; Verma, 1975), 
but the existence of independent active sites for the polymerase 
and RNase H functions was inferred from differential 
sensitivity to inhibitors (Brewer & Wells, 1974; Modak, 1976; 
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Gorecki & Panet, 1978; Tan et al., 1991). Indeed, studies on 
MuLV and HIV RTs have shown that the polymerase and 
RNase H domains can be localized to the N- and C-terminal 
regions of the enzyme, respectively (Johnson et al., 1986; 
Hansen et al., 1988; Hizi et al., 1988; Kotewicz et al., 1988; 
Levin et al., 1988; Tanese & Goff, 1988; Prasad & Goff, 
1989; Hizi et al., 1991). Evidence for the organization of RT 
into separate domains has also been obtained from recent 
work on the X-ray crystal structures of Escherichia coli RNase 
H (Katayanagi et al., 1490; Yang et al., 1990), HIV-1 RNase 
H (Davies et al., 1991), and HIV-1 RT (Arnold et al., 1992; 
Kohlstaedt et al., 1992). 

In an earlier study (Levin et al., 1988), we pointed out that 
although the polymerase and RNase H activities of RT can 
each function in the absence of sequences from the other 
domain (Moelling, 1976; Lai & Verma, 1978; Gerard, 1981; 
Kotewicz et al., 1988; Levin et al., 1988; Tanese & Goff, 
1988), under normal biological conditions there must be an 
interaction between the domains, which is required for proper 
folding of the enzyme and for complete transcription of the 
viral RNA genome during virus replication. The first attempt 
to conceptualize functional activity in terms of RT structure 
was made by Oyama et al. (1989). On the basis of that study, 
a model was proposed in which the position of the polymerase 
catalytic site is located at the 3'-terminus of the nascent DNA 
strand at a fixed distance from the RNase H active center; 
the model also envisioned tight coupling of polymerization 
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strain DC 519 (Hu et al. 1986; Sisk et al., 1986) and were 
transferred to E. coli strain DC520 (Hu et al., 1986; Sisk et 
al., 1986) for expression. In some cases, an RNase H-minus 
(rnhA-339::cat) version of DC520 was used; the mutation 
was introduced by P1 transduction from MIC3001 (Itaya & 
Crouch, 1991). 

Construction of Plasmids. To prepare the wild-type RT 
clone, PAHA, plasmid pRT24 (Hu et al., 1986) was cut at two 
unique sites, XmaI [nt 4579, according to the numbering 
system of Herr (1984), near the 3’-end of the AKR MuLV 
RT coding region] and NheI [in the lacZ region of pWS50 
(Sisk et al., 1986)]. The resulting large fragment (-9 kb) 
was ligated to a 62-bp double-stranded oligonucleotide whose 
coding strand contained the RT sequence from nt 4580 to 
4625 (Herr, 1984) followed by a TAA termination codon in 
three reading frames, a HindIII site, and the 5’ G of the NheI 
site, Clone ~P(ASX)AHA was generated by digesting PPAHA 
at uniqueSalI (nt 3720) andXhoI (nt 4098) sites in the AKR 
MuLV RT coding region (Herr, 1984); the digested DNA 
was religated in a reaction containing a low DNA concentration 
(50 ng in a 20-pL final volume). Clone PPAAH was 
constructed by digesting pRT24 (Hu et al., 1986) with XhoI 
and NheI. The resulting large fragment (- 8.5 kb) was ligated 
to a 21-bp double-stranded oligonucleotide containing (in the 
coding strand) the sequence TCGAG from the XhoI site 
followed by a TAA termination codon in three frames, a 
HindIII site, and the 5’ G of the NheI site. To prepare the 
chimeric clone, PPAHEC, the large XhoI-NheI fragment of 
pRT24 (Hu et al., 1986) was ligated to another XhoI-NheI 
fragment obtained from plasmid pNTl (E. Kalman and R. 
Crouch, unpublished data), which encodes the entire E. coli 
RNaseHprotein (Kanaya & Crouch, 1983). [pNTl contains 
an XhoI site followed by an NdeI site, the ATG of which is 
the methionine codon initiating the E. coli RNase H protein 
(Kanaya & Crouch, 1983). The TAA termination codon for 
the RNase H protein (Kanaya & Crouch, 1983) is immediately 
followed by an NheI site.] For each of the clones, the inserts 
and surrounding regions were sequenced using a Sequenase 
kit. Like the protein expressed by the parent clone pRT24 
(Hu et al., 1986), all of the proteins expressed by the new 
clones have the short N-terminal leader peptide joined to amino 
acid 5 of RT. 

Enzyme Expression and Purification. To express the RT 
clones, 2 mL of LB broth containing 50 pg/mL ampicillin 
was inoculated with one colony and incubated at 32 OC. After 
7 h, the entire 2-mL culture was added to 100 mL of LB broth 
containing 50 pg/mL ampicillin and incubated overnight at 
32 OC. Forty milliliters of the overnight culture was 
transferred to 500 mL of LB broth containing 50 pg/mL 
ampicillin and incubated at 32 OC until the absorbance at 600 
nm was 0.5-0.6. To induce expression of sequences under the 
control of the X pL promoter, the culture was then shifted to 
36 OC for 4 h. The cells were centrifuged in a Sorvall GS-3 
rotor for 15 min at 266 lg, washed one time with Tris-buffered 
saline, pH 7.4, placed on dry ice, and stored at -80 O C .  

Soluble extracts were prepared from approximately 5 g of 
cell pellets (derived from 500-mL cultures) according to the 
procedure of Lautenberger et al. (1983), except that PMSF 
(1 mM final concentration) was added when the bacteria were 
disrupted. The final salt concentration of the extracts was 
0.1 M. Following passage through 0.45-pm filters, extracts 
were loaded onto a DEAE-5PW column (150 X 21.5 mm) 
which was connected to a SP-5PW column (150 X 21.5 mm) 
at a flow rate of 2 mL per min; the DEAE column was washed 
with 0.1 M NaCl in modified buffer A (Levin et al., 1988) 

and RNase H activities, with synthesis of a small amount of 
DNA followed by RNase H cleavage of the transcribed RNA. 
Experimentally, it has been shown that the RTs of MuLV, 
HIV, and the avian retroviruses AMV and RAV-2 exhibit 
RNase H cleavage patterns which are consistent with a fixed 
distance of 14-18 nucleotides between the two active sites 
(Oyamaet al., 1989; Wohrl & Moelling, 199O;Luo &Taylor, 
1990; Furfine & Reardon, 1991; Fu & Taylor, 1992; 
Gopalakrishnan et al., 1992). Although some evidence has 
been presented suggesting that the polymerase and RNase H 
activities are not strictly coupled (Huber et al., 1989; De 
Stefan0 et al., 1991a; Kati et al., 1992), other studies are, in 
general, in accord with the prediction made by the model 
(Oyama et al., 1989; Schatz et al., 1990; Wohrl & Moelling, 
1990; Luo & Taylor, 1990; Furfine & Reardon, 199 1; Fu & 
Taylor, 1992; Gopalakrishnan et al., 1992). The model has 
also received strong support from results describing the three- 
dimensional structure of HIV-1 RT (Arnold et al., 1992; 
Kohlstaedt et al., 1992). 

The goal of the present study was to further evaluate the 
functional relationship between the polymerase and RNase 
H domaiqs. We have performed detailed studies on wild- 
type MuLV RT, and we also describe an RT mutant which 
is missing the entire RNase H domain. In addition, we have 
examined the effects of unique alterations in the primary 
sequence of MuLV RT that (i) delete sequences in the region 
corresponding to the “connection” subdomain (Kohlstaedt et 
al., 1992) of HIV-1 RT and (ii) replace the MuLV RNase 
H domain with the complete sequence of E. coli RNase H 
(Kanaya & Crouch, 1983). The possibility that RTmay have 
evolved by fusing a cellular RNase H with a retroviral 
polymerase (Oyama et al., 1989) led us initially to express the 
chimeric protein and to determine whether its RNase H activity 
would present a “viral” or a “cellular” phenotype. 

Our results with wild-type RT are in agreement with the 
idea that the major RNase H cleavage event is coordinated 
with DNA synthesis. We present a model based on the 
structure of the enzyme to explain other cleavages which occur 
closer to the 5’4erminus of the RNA. We also show that 
mutations which most likely affect the spatial relationship 
between the two activities and the po1ymerase:RNase H ratio 
qualitatively and quantitatively affect polymerase activity and 
cleavage activity, as expected from the interdependence of 
the two RT domains. 

MATERIALS AND METHODS 

Materials. PMSF and the Micro BCA kit for determination 
of protein concentration were purchased from Pierce. 
[cx-~~PIATP (800 Ci/mmol) was obtained from New England 
Nuclear Corp. The HPLC columns were manufactured by 
TosoHaas and were purchased from Thomson Inc. Sephacryl 
S-200, dNTPs, ddNTPs, poly(rA).oligo(dT), and poly(dT) 
were purchased from Pharmacia LKB Biotechnology Inc. 
DNA oligonucleotides were synthesized on a Biosearch 
Synthesizer Model 8750 (New Brunswick Scientific Co.). The 
Sequenase kit which contains single-stranded phage M13mpl8 
was purchased from U. S. Biochemical Corp. 

Bacterial Strains and Plasmids. Derivation of the lacZ+ 
parent clone, pRT24 (Hu et al., 1986), from the expression 
vector pWS50 (Sisk et al., 1986) has been described (Hu et 
al., 1986). Plasmid pRT24 contains sequences encoding the 
first 13 amino acids of the X cII proteC4 joined to the AKR 
MuLV RT coding region (minus tha first 12 nt), 456 nt 
encoding the 5’ portion of integrase, and the coding region for 
lac2 (Hu et al., 1986). All plasmids were isolated in E. coli 
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containing 20% glycerol (instead of 5% glycerol). RT passes 
through the DEAE column and is bound to the SP column. 
RT was eluted from the SP column by using a linear gradient 
from 0.1 to 0.75 M NaCl in modified buffer A (Levin et al., 
1988) at a flow rate of 2 mL per min. Fractions (2 mL) 
containing a protein with the appropriate molecular size (as 
determined by Coomassie blue staining of 10% SDS- 
polyacrylamide gels) and having either polymerase or RNase 
H activity or both (see below under Polymerase and RNase 
H Assays) were eluted at a salt concentration of 0.2-0.3 M 
NaCl. The peak fractions from the SP column were pooled 
and concentrated to a final volume of approximately 1 mL 
with the Centricon-30 filter system and were then loaded onto 
a Sephacryl S-200 column (1 X 120 cm). The Sephacryl 
column was equilibrated with 0.1 M NaCl in modified buffer 
A (Levin et al., 1988) and run at a rate of 5 mL per h using 
gravity (i.e., without a pump). One-milliliter fractions were 
collected and scanned for the presence of a protein of the 
expected molecular size (see above). The peak fractions were 
pooled, concentrated 5-fold with the Centricon-30 filter system, 
and then assayed for polymerase and RNase H activities. 
Several independent preparations of each RT were made, and 
in each case comparable results were obtained. 

Polymerase and RNase H Assays. Polymerase activity 
was assayed with the synthetic primer/template, poly(rA)* 
oligo(dT), as described (Levin et al., 1974; Levin et al., 1988) 
except that MnC12 (final concentration, 0.5 mM) was used. 
One unit of polymerase activity is defined as 1 pmol of 
[ 3H] dTMP incorporated in response to poly(rA)-oligo(dT) in 
40 min at 37 "C (see Table I). Assay of RNase H activity 
with the homopolymeric substrate poly(rA)-poly(dT) was 
performed as described by Levin et al. (1988) with MnC12 
(final concentration, 1 mM) or MgC12 (final concentration, 
10 mM). The substrate was synthesized as described pre- 
viously (Levin et al., 1988), except that the ATP was labeled 
with 32P, and was purified as described by Hall and Crouch 
(1977). Units of RNase H activity refer to assay of RNase 
H with [ 32P] poly(rA)=poly(dT) in reactions containing Mg2+ 
(see Table I); one unit is defined as degradation of 1 pmol of 
substrate in 15 min at 37 "C. 

Uniformly labeled [32P]RNA160 (a 160-nt ovalbumin RNA 
fragment) was prepared and purified as described by Oyama 
et al. (1989) except that [cu-~~PIATP was used to label the 
RNA. One picomole of the 32P-labeled RNA ( N 50 000 cpm) 
was hybridized to 2 pmol of a 20-nt DNA oligonucleotide 
complementary to nt 3-22 upstream of the 3'-end of the RNA 
(Oyama et al., 1989) at 68 "C for 5 min in buffer containing 
40 mM Tris-HC1, pH 7.5,40 mM NaCl, and 5 mM MgC12. 
The hybrid was assayed in 1 0-pL reaction mixtures containing 
the same buffer as that used for the hybridization, 1 mM 
DTT, and RT, as indicated. In experiments in which cleavage 
was measured under conditions which permit extension of the 
DNA oligonucleotide primer, reactions also contained 0.125 
mM each of 1 ddNTP and 3 dNTPs (ddNTP mixture). After 
incubation at 37 "C for 20 min, a 3-pL portion of the reaction 
mixture was added to 2 pL of RNA loading buffer (80% 
formamide, 50 mM Tris-borate, pH 8.2, 1 mM EDTA, 0.1% 
bromphenol blue, and 0.1% xylene cyanol); 3.5 pL of this 
mixture was run on a 6% sequencing gel. 

Gel Renaturation Assay of RNase H Activity. Samples 
were electrophoresed in an SDS-polyacrylamide gel containing 
2 X lo7 cpm of 32P-labeled poly(rA)-poly(dT) substrate (see 
above). After termination of the run, the gel was incubated 
for 4 days at room temperature in buffer containing 50 mM 
Tris-HC1, pH 8.0, 2 mM MnC12 or 10 mM MgC12 (as 

Post et al. 

Protein Size 
kDa 

76 

62 

56 

74 

FIGURE 1: Schematic representation of insert sequences in AKR 
MuLV RT clones. Construction of the clones is described under 
Materials and Methods. The X cII leader sequence, the insert 
sequences, and the sizes of the expressed proteins are shown for RT 
clones PPAHA, PP(ASX)AHA, PPAAH, and PPAHEC. The figure is 
not drawn to scale. P, polymerase domain; H, RNase H domain; S, 
SaZI; X, XhoI. Subscripts: A, AKR MuLV; EC, E. coli. 

indicated), 5 mM DTT, and 50 mM NaCl, with several changes 
of buffer each day. The gel was exposed to XAR-5 film and 
subsequently stained with Coomassie blue. In this assay, 
degradation of the substrate is indicated by the presence of 
a clear band (at the position of the active protein) in the dark 
background of the autoradiogram. For ease of presentation, 
we have made a negative print; thus, bands corresponding to 
the active proteins are black and appear in a light background. 

RESULTS 

Expression of MuLVRT Clones in E. coli. To gain a more 
precise understanding of the relationship between the poly- 
merase and RNase H domains, wild-type and mutant AKR 
MuLV RT clones were constructed and expressed in E. coli 
under the control of the X pL promoter (Figure 1). The wild- 
type clone, PPAHA, contains sequences encoding the poly- 
merase and RNase H domains of AKR MuLV RT and 
expresses a 76-kDa protein. An RNase H-minus clone, 
PPAAH, contains polymerase sequences up to the XhoI site 
and expresses a 56-kDa RT missing the entire RNase H 
domain. Two other mutant clones include (i) PPAHEC, which 
contains AKR MuLV polymerase sequences up to the XhoI 
site fused to the entire coding region of E. coli RNase H 
(Kanaya & Crouch, 1983) and expresses a 74-kDa chimeric 
protein; and (ii) ~P(ASX)AHA, which is produced by an in- 
frame deletion of sequences between unique SaZI and XhoI 
sites (Herr, 1984) and expresses a 62-kDa RT missing 126 
amino acids from the polymerase domain in a region 
immediately upstream of the RNase H domain. Johnson et 
al. (1986) suggested that this region may serve as a "tether" 
joining the two catalytic domains of RT. Comparison of the 
HIV-1 and MuLV RT sequences (Doolittle et al., 1989) taken 
in conjunction with recent information on the structural 
organization of HIV-1 RT (Kohlstaedt et al., 1992) suggests 
that this region in MuLV RT is analogous to the connection 
subdomain in the polymerase portion of the HIV-1 p66 subunit. 
The connection subdomain is adjacent to the RNase H domain 
in the primary sequence and also contacts the RNase H domain 
in the three-dimensional structure (Kohlstaedt et al., 1992). 

In our initial studies, the RT proteins were expressed at 42 
"C for 1 h; RNase H activity was tested by using a gel 
renaturation assay (see Materials and Methods). Figure 2, 
panel IA, shows the Coomassie blue-stained protein pattern, 
and panel IB, the RNase H activity, of the insoluble pellet 
fraction of three of the RT clones; the assay was performed 
in the presence of MnC12. In each case, several protein 
concentrations were tested. As may be seen, the extract from 
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FIGURE 2: Gel assay of RNase H activity. Plasmids were expressed 
in 40-mLcultures at 42 "C for 1 h. Extracts were prepared according 
to Lautenberger et al. (1983), as described under Materials and 
Methods. The pellet fraction obtained after centrifugation of the 
lysate was resuspended directly in 0.25 mL of loading buffer (Hu et 
al., 1986). On the basis of the final absorbance at 600 nm of 1.3 for 
1 mL of the 40-mL cultures, we calculate that 1 pL of this suspension 
was equivalent to the pellet fraction from 2 X lo8 cells. The 
supernatant fraction was 1.2 mL; 1 pL was equivalent to the 
supernatant fraction from 0.42 X lo8 cells. (I) Pellet fractions of 
clones PP(ASX)AHA (lanes 1-3), PPAAH (lanes 4-6), and PPAHA 
(lanes 7 and 8) were electrophoresed in a 10% SDS-polyacrylamide 
gel. (IA) Coomassie blue stain. (IB) Activity assay with MnC12. 
The amounts added were as follows: lanes 1, 4, and 7, 5 pL; lanes 
2,5, and 8,lO pL; lanes 3 and 6,20 pL. (11) Pellet and supernatant 
fractions of clone PPAHEC were electrophoresed in a 12.5% SDS- 
polyacrylamide gel. (IIA) Activity assay with MgC12. Lane 1, 
purified E. coli RNase H (Kanaya & Crouch, 1983), 7 pg of protein; 
lane 2, pellet fraction; lane 3, supernatant fraction. (IIB) Activity 
assay with MnC12. Lane 1, pellet fraction; lane 2, supernatant fraction. 
(IIC) Coomassie blue stain of lanes 1 and 2 shown in (IIB). The 
amounts of pellet and supernatant fractions added were 10 and 25 
pL, respectively. The molecular masses of the standard proteins are 
indicated on the left in panel IA. The proteins used were myosin 
(200 kDa), phosphorylase B (97 kDa), bovine serum albumin (68 
kDa), ovalbumin (43 kDa), carbonic anhydrase (29 kDa), and 
&lactoglobulin (1 8 kDa). The arrowheads in panels IA and IB denote 
the positions of proteins which exhibit activity in the RNase H assay. 
P, pellet fraction; S, supernatant fraction. 

the wild-type clone, PPAHA, contained two major proteins: 
one, a 76-kDa band (denoted by an arrowhead) having the 
expected size of the full-length translation product, and the 
other, a smaller band at 69 kDa (IA, lanes 7 and 8). Only 
the larger band exhibited activity in this assay (IB, lanes 7 
and 8). The 69-kDa protein is presumably the same protein 
as that observed earlier during expression of clone pRT250 
(Levin et al., 1988) and is formed by C-terminal processing 
of the 76-kDa protein in E. coli. Thus, the 69-kDa protein 
reacts with a monoclonal antiserum directed against the 
N-terminal cII leader peptide (Levin et al., 1988) and a peptide 
antiserum directed against sequences in the N-terminal region 
of the RNase H domain, but not with a peptide antiserum 
directed against sequences at the C-terminus of RT (K. Post 
and J. G. Levin, unpublished data). These data support our 
earlier conclusion that the 69-kDa protein terminates within 
or near the amino acid sequence EGREIK and is missing 
sequences from the C-terminal half of the RNase H domain 
(Levin et al., 1988). 

The results obtained with clone pP( ASX)AHA are illustrated 
in Figure 2, panels IA and IB, lanes 1-3. The 62-kDa primary 
translation product (denoted by an arrowhead) had RNase 
H activity (IB, lanes 1-3). The two smaller proteins migrating 
slightly faster than the 62-kDa protein (IA, lanes 1-3) did not 
have activity (IB, lanes 1-3) and are likely to be derived by 
proteolytic cleavage of the full-length product. As anticipated, 
no RNase H activity was associated with the major 56-kDa 
band or with smaller products expressed by clone PPAAH (IA 
and IB, lanes 4-6). 

The high molecular weight activity band seen in all lanes 
in panel IB at the position corresponding to a molecular weight 
of approximately 100 kDa is probably due to activity of the 
E. coli Pol I enzyme. The lower molecular weight bands, also 
seen in all lanes in panel IB, represent E. coli RNase H activity. 

Analysis of clone PPAHEC is shown in Figure 2, panels IIA, 
IIB, and IIC. Because E. coli RNase H has activity in the 
presence of both Mg2+ and Mn2+, the chimeric protein was 
assayed with MgC12 (IIA) and MnCl2 (IIB). As shown in 
panel IIA, most of the activity associated with the 74-kDa 
translation product was in the pellet fraction (lane 2). In 
contrast, E. coli RNase H activity present in the extract was 
more prominent in the supernatant fraction (lane 3). The 
position of E. coli RNase H in the gel was verified by 
electrophoresis of purified enzyme (Kanaya & Crouch, 1983) 
(lane 1). The results obtained in the MnC12 assay (IIB) 
paralleled those with MgC12 (IIA), except that activity was 
higher in the presence of Mg2+. Panel IIC shows lanes 1 and 
2 of panel IIB after the proteins were stained with Coomassie 
blue; the 74-kDa protein was detected in both bacterial cell 
fractions. It should be noted that while E. coli RNase H in 
the supernatant fraction had significant activity (IIB, lane 2), 
it could not be visualized with the Coomassie stain (IIC, lane 
2). This observation presumably reflects the high efficiency 
of renaturation of E. coli RNase H under the conditions of 
the assay. 

The results of Figure 2 demonstrate that, for each RNase 
H-positive clone, RNase H activity was associated with an 
RT protein with the predicted molecular weight (Figure 1). 
In addition, the data show that, like E. coli RNase H, the 
chimeric protein expressed by clone PPAHEC has activity in 
the presence of Mg2+ and Mn2+ cations but clearly exhibits 
a preference for Mg2+. 

Purification and Specific Activities of MuLVRT Proteins. 
The results illustrated in Figure 2 indicated that in order to 
obtain purified proteins for detailed enzymatic studies, it would 
be important to find expression conditions which eliminate or 
at least minimize bacterial proteolysis within the RNase H 
domain and also lead to expression of large amounts of soluble 
protein. To address these problems, we expressed clone pPAHA 
at several temperatures for varying times and analyzed the 
proteins in the insoluble and supernatant fractions of the 
bacterial lysate (Lautenberger et al., 1983). At 36 OC, most 
of the RT in the supernatant fraction was present as the 76- 
kDa protein, and very little was present as the 69-kDa protein 
(data not shown). On the basis of these results, the RT clones 
were routinely expressed in all subsequent experiments at 36 
OC for 4 h. 

The RT proteins were purified from 500-mL cultures; the 
purification scheme is described in detail under Materials 
and Methods. Analysis of the purified proteins by SDS- 
PAGE and Coomassie blue staining is illustrated in Figure 
3. The data in panel A indicate that while the soluble extracts 
of clones PPAHEC (lane 1) and PPAHA (lane 4) had a large 
number of proteins, the material from the SP column (lanes 
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FIGURE 3: Gel analysis of purified AKR MuLV RT proteins. Proteins 
were electrophoresed in a 10% SDS-polyacrylamide gel and then 
stained with Coomassie blue. (A) Lane 1,  PAHEC, soluble extract 
(200 pg of protein); lane 2, PAHEC, pooled fractions from the SP- 
5PW column (0.3 pg of protein); lane 3, PAHEC, pooled fractions 
from the Sephacryl S-200 column (0.6 pg of protein); lane 4, PAHA, 
soluble extract (200 pg of protein); lane 5 ,  PAHA, pooled fractions 
from the SP-5PW column (7 pg of protein); lane 6, PAHA, pooled 
fractions from the Sephacryl S-200 column (5 pg of protein). (B) 
Lane 1,  PAAH, pooled fractions from the Sephacryl S-200 column 
(0.5 pg of protein); lane 2, P(ASX)AHA, pooled fractions from the 
Sephacryl S-200 column (3 pg of protein). The molecular masses 
of the standard proteins are shown on the left. The proteins used 
were myosin (200 kDa), phosphorylase B (97.4 kDa), bovine serum 
albumin (69 kDa), ovalbumin (46 kDa), carbonic anhydrase (30 
kDa), and trypsin inhibitor (21.5 kDa). The molecular masses of the 
purified proteins are indicated on the right. 

2 and 5) consisted almost entirely of the expressed 74- and 
76-kDa RT proteins, respectively. At the final step of 
purification, one major band (lanes 3 and 6) was observed. 
Panel B shows that the final preparations of PAAH (lane 1) 
and P(ASX)AHA (lane 2) contained the expected 56- and 
62-kDa proteins (Figure l) ,  respectively. In the original gels 
it was also possible to visualize a few minor bands; each of the 
four enzyme preparations was therefore estimated to be 85- 
90% pure. 

The purified RT proteins were further characterized by 
determining the specific polymerase and RNase H activities 
(Table I) in assays utilizing a homopolymeric primer/template 
[poly(rA)*oligo(dT)] or an RNAsDNA hybrid substrate 
[poly(rA)-poly(dT)] , respectively, as described under Mate- 
rials and Methods. RNase H activity was measured in reaction 
mixtures containing MnC12 or MgC12. The wild-type RT, 
PAHA, exhibited a high level of polymerase activity; the RNase 
H activity was also high, and as is characteristic for MuLV 
RT (Moelling, 1974; Verma, 1975), the enzyme showed a 
marked preference for Mn2+ compared with Mg2+ (35-fold). 
PAAH had no detectable RNase H activity with either cation, 
but its specific activity value for polymerase was severalfold 
higher than wild type. A similar observation has been made 
for other MuLV RTs which are missing the RNase H domain 
(Hizi et al., 1990; Telesnitsky et al., 1992). The deletion 
mutant, P( ASX)AHA, had essentially no polymerase activity 
and also exhibited a significant reduction in RNase H activity 
in the presence of Mg2+. PAHEC had the same specific 
polymerase activity as the wild type in the poly(rA)-oligo(dT) 
assay, but its RNase H activity was like that of purified E.  
coli RNase H (Kanaya & Crouch, 1983), with respect to 
both metal ion preference and high specific activity. 

The analysis of the purified PAHA, P(ASX)AHA, and PAAH 
RTs showing very low (or no) RNase H activity in the presence 
of Mg2+ indicates that these enzyme preparations were not 
contaminated with E. coli RNase H. In the case of PAHEC, 
this cannot be evaluated directly, but it should be noted that 
the RNase H activity of enzyme purified from an RNase 
H-minus strain of E. coli (see Materials and Methods) was 
the same as that shown in Table I (data not shown). Poly- 
merase activity was also assayed in response to poly(dA)- 

Table I: Polymerase and RNase H Activities of RT Proteins 

RNase Hb 
RT protein polymerasea Mn2+ Mg2+ 

~ 

pmol incorpd/ pmol degraded/pg of protein 
pg of protein 

PAHA 21 000 840 24 
PAAH 49 000 <0.2 c0.2 
P(ASX)AHA 2.5 424 1 .o 
PAHEC 22 000 1740 250 000 

Polymerase activity is measured as pmol of [3H]dTMP incorporated 
in response to poly(rA)*oligo(dT). RNase H activity is measured as 
pmol of [32P]poly(rA)-poly(dT) degraded. 
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FIGURE 4: RNase H digestion products obtained with a substrate 
containing 32P-labeled RNA160 hybridized to a 20-nt DNA oligo- 
nucleotide. The hybridization conditions, the assay of RNase H 
activity, and the definition of RNase H units (H) are given under 
Materials and Methods. The sizes of RNA fragments generated by 
RNase H cleavage were estimated by comparison with a coelectro- 
phoresed DNA sequencing ladder; the estimates were based on the 
assumption that the position of RNA160 indicates nt 160 (Oyama et 
al., 1989). The nucleotide sequence of the ovalbumin RNA fragment 
at positions 141-160 is shown on the right. Lane 1, no enzyme; lane 
2, PAHA, 0.12 unit (H), 4.8 ng of protein; lane 3, P(ASX)AHA, 0.18 
unit (H), 0.18 pg of protein; lane 4, PAHEC, 113 units (H), 0.45 ng 
of protein; lane 5, E. coli RNase H, 15 units (H), 0.2 ng of protein; 
lane 6, PAAH, 4.4 ng of protein; lane 7, no enzyme. The particular 
E. coZi RNase H preparation used in this experiment had a specific 
activity about 2-fold lower than normal (Kanaya & Crouch, 1983; 
data not shown). The lanes labeled L are sequencing ladders made 
by mixing the A, C, T, and G sequencing reactions of M13mp18. 

oligo(dT); the specific activity was generally less than or equal 
to 1 pmol/pg of protein (data not shown), indicating that 
there was little or no contamination with E. coli Pol I. 

RNase H Cleavage Products Generated from a Complex 
RNAoDNA Hybrid Substrate without Concurrent DNA 
Synthesis. It was of interest to characterize the RNase H 
activity of the purified RTs with a substrate more complex 
than poly(rA)-poly(dT). For this work, we chose the het- 
eropolymeric substrate used in the earlier study by Oyama et 
al. (1 989); this substrate consists of a 160-nt ovalbumin RNA 
fragment (RNA160) hybridized to a 20-nt complementary 
DNA oligonucleotide at a site located 2 nt from the 3’-end 
of the RNA. Gel analysis of the cleavage products obtained 
in the absence of polymerization is shown in Figure 4. 
Cleavage catalyzed by the wild-type enzyme (lane 2) occurred 
at positions corresponding to 15,9, and 6 nt from the 3’-end 
of the DNA oligonucleotide (1 53-, 147-, and 144-nt products, 
respectively), but the 153-nt fragment represented the major 
cleavage product. There was also a very weak band corre- 
sponding to a 150-nt product. At a limiting concentration of 
enzyme, the only cleavage product detected was the 153-nt 
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fragment (data not shown). In contrast, at high enzyme 
concentrations, cleavages closer to the 5’-end of the RNA 
(i.e., closer to the 3’-end of the DNA) were more prominent 
and, indeed, the 153-nt product was not seen when excess 
MuLV RT was used (Oyama et al., 1989). Presumably, when 
the 160-nt RNA is shortened to 153 nt, the resulting hybrid 
is a poor substrate at low concentrations of RT; however, 
when more RT is present, additional cleavage occurs. 

Large amounts of enzyme were needed to obtain cleavage 
with P(ASX)AHA (Figure 4, lane 3); the most prominent 
cleavage product occurred at a position corresponding to 6 nt 
from the 3’-end of the DNA oligonucleotide (1 44-nt product), 
although trace amounts of the 153- and 147-nt products were 
also observed. The cleavage products generated by PAHEC 
(lane 4) were numerous and, in general, shorter than those 
obtained with wild-type RT; the most prominent bands 
occurred at positions 6, 9, and 3 nt from the 3’-end of the 
DNA oligonucleotide (1 44-, 147-, and 141 -nt products, . 
respectively). The pattern obtained with E. coli RNase H 
(lane 5) was similar to that of PAHEC, except that the band 
corresponding to the 141-nt product was very weak and there 
was a band of moderate intensity at a position 12 nt from the 
3’-end of the DNA (1 50-nt product), which was very faint in 
the PAHEC pattern. The differences in the PAHEC and E. coli 
RNase H patterns are due to the fact that the PAHEC reaction 
mixtures contained more units of RNase H activity than those 
with E. coli RNase H. Thus, when a lower concentration of 
PAHEC was used and some of the RNA160 remained undigested, 
the 150-nt product was more readily detected and the 141-nt 
product was less prominent (data not shown). As expected, 
PAAH (lane 6) did not exhibit any RNase H activity. 

Analysis of Polymerase Activity under Conditions of 
Limited Primer Extension. It is clearly important to evaluate 
RNase H activity under conditions where DNA synthesis is 
also occurring. Since this study involves mutant and wild- 
type enzymes, initial experiments were performed to examine 
polymerization with the RNA160 template. Reactions were 
carried out in the presence of unlabeled RNA160, 32P-5’-end- 
labeled 20-nt primer, 3 dNTPs, and 1 ddNTP (Figure 5); in 
this situation, the ddNTP acts as a chain terminator of DNA 
synthesis and blocks further extension of the primer at the 
growing end of the DNA strand. Thus, with ddATP, ddCTP, 
ddTTP, and ddGTP, polymerization is terminated after 
extension by 1, 3, 8, and 18 nt, respectively (Oyama et al., 
1989). 

Figure 5A, lanes 1-5, shows the analysis of the wild-type 
reactions. Products corresponding to the predicted extensions 
of +3, +8, and +18 were observed in reactions with ddCTP 
(lane 3), ddTTP (lane 4), and ddGTP (lane 5), respectively. 
In each case, some smaller products were also observed and 
were presumably the result of pausing or premature termi- 
nation of DNA synthesis. The presence of some 19-mer in 
the 20-nt primer preparation [note the band immediately below 
the unextended primer (labeled O)] may account for products 
corresponding to extensions of +7 and +17 in the ddTTP 
(lane 4) and ddGTP (lane 5) reactions, respectively. Reactions 
withddCTP (lane 3) and ddGTP (lane 5) also contained minor 
amounts of products which were slightly longer than expected; 
the explanation for this is unclear. With ddATP (lane 2), the 
predicted extension product of +1 could not be detected. 

In contrast to the results obtained with the wild type, analysis 
of reactions containing the chimeric RT (Figure 5A, lanes 
6-10) indicated that the predicted extension products were 
not detected in any of the reactions, even though the 
concentration of enzyme was increased 10-fold over that used 
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FIGURE 5: Limited extension of 32P-labeled 20-nt DNA oligonu- 
cleotide primer with RNA160 as template. Unlabeled RNA160 (1 
pmol) was hybridized to 32P-5’-end-labeled 20-nt DNA primer 
(1 30 000 cpm, 0.07 pmol) and then incubated with RT and a mix- 
ture of 1 ddNTP and 3 dNTPs, as indicated. The conditions for 
primer extension with 1 ddNTP and 3 dNTPs and the definitions of 
polymerase (P) and RNase H (H) units, respectively, are given under 
Materials and Methods. After incubation, reactions were termin- 
ated by addition of 4 pL of STOP solution from a U.S. Biochemical 
Corp. Sequenasekit, and a 3.5-pL portion was run on a 8% sequencing 
gel. (A) Enzymes and amounts added were as follows: PAHA, 100 
units (P), 0.12 unit (H), 4.8 ng of protein (lanes 1-5); PAHEC, 100 
units (P), 1130 units (H), 4.5 ng of protein (lanes 610). Lanes 1 
and 6, no dNTPs; lanes 2 and 7, ddATP mixture; lanes 3 and 8, 
ddCTP mixture; lanes 4 and 9, ddTTP mixture; lanes 5 and 10, 
ddGTP mixture. (B) Amounts of enzyme added were as follows: 
P(ASX)AHA, 0.45 unit (P), 0.18 unit (H), 0.18 pg of protein (lanes 
1 and 2); PAAH, 216 units (P), 4.4 ng of protein (lanes 3 and 4). 
Lanes 1 and 3, no dNTPs; lanes 2 and 4, ddGTP mixture. A, G, T, 
and G refer to reactions with 3 dNTPs and ddATP, ddCTP, ddTTP, 
or ddGTP, respectively. The numbers on the left side of each panel 
indicate the positions of DNA extensions of +1 ,  +3, +8, and +18 
which are predicted for reactions containing ddATP, ddCTP, ddTTP, 
and ddGTP, respectively; 0 refers to the unextended primer. A 
radioactive band immediately below the unextended primer represents 
a small amount of a 19-nt oligonucleotide in the 20-nt primer 
preparation. Since the oligonucleotides are synthesized in a 3’ - 5’ 
direction, the 19-mer should only be missing the final 5’ nucleotide 
(dC) (Oyama et al., 1989), present in the 20-nt primer. 

in the experiment shown in Figure 4. In the presence of ddATP 
(lane 7) and ddCTP (lane 8), no extension was observed. With 
ddTTP (lane 9) and ddGTP (lane lo), some extension 
occurred, and in the case of ddTTP there was a small amount 
of a +7 extension product. 

With P(ASX)AHA (Figure 5B, lanes 1 and 2), very little 
extension was observed in reactions with ddGTP (lane 2); 
small amounts of +3 and +4 extension products were detected, 
as well as traces of products up to an extension size of +lo. 
This result was not surprising since P(ASX)AHA had virtually 
no polymerase activity in the polyrAeoligo dT assay (Table I). 
With PAAH (Figure 5B, lanes 3 and 4), addition of ddGTP 
(lane 4) resulted in a distribution of products which was similar 
to that seen with the wild-type RT (Figure 5A, lane 5); in this 
case, however, there were relatively higher amounts of less 
than full length products. In addition, there were equivalent 
amounts of the +17 and +18 extension products, whereas in 
the wild-type reactions the +18 product was the major DNA 
synthesized. This result indicates that the RNase H-minus 
RT is less processive than the wild-type enzyme and is in 
accord with other experiments in which primer extension was 
measured on viral RNA and DNA templates in the presence 
of all four dNTPs (J. Guo, K. Post, R. J. Crouch, and J. G. 
Levin, unpublished data). 

RNase H Cleavage Products Generated from the RNA160 
Substrate with Concurrent DNA Synthesis. To determine 
the effect of dNTP addition on RNase H cleavage, reactions 
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FIGURE 6: RNase H digestion products generated from the RNA160 substrate after incubation with PAHA, PAHEC, P(ASX)AHA, and PAAH 
RTs under conditions of limited primer extension. The assay conditions and amounts of enzyme were the same as those used to study 
polymerization and 2rc given in the caption to Figure 5. The 32P-labeled substrate was the same as that used in the experiment described in 
Figure 4. (A) Enzymes added were PAHA (lanes 2-6) and PAHEC (lanes 7-1 1) .  Lanes 1 and 12, no enzyme and no dNTPs; lanes 2 and 7, 
no dNTPs; lanes 3 and 8, ddATP mixture; lanes 4 and 9, ddCTP mixture; lanes 5 and 10, ddTTP mixture; lanes 6 and 1 1 ,  ddGTP mixture. 
(B) Enzymes added were P(ASX)AHA (lanes 2 and 3) and PAAH (lanes 4 and 5). Lane 1, no enzyme and no dNTPs; lanes 2 and 4, no dNTPs; 
lanes 3 and 5, ddGTP mixture. The nucleotide sizes of the individual cleavage products are indicated by the numbers on the right of each 
panel. None refers to reactions without enzyme and dNTPs; A, C, T, and G refer to reactions containing 3 dNTPs and ddATP, ddCTP, ddTTP, 
or ddGTP, respectively. 

were performed under the same conditions as those used to 
study polymerization (see caption to Figure 5 ) ,  except that 
32P-labeled RNA160 and unlabeled 20-nt primer were added 
(Figure 6). With the wild-type RT (Figure 6A, lanes 2-6), 
no change in the cleavage pattern could be detected in reactions 
with ddATP (compare lanes 3 and 2). This finding parallels 
the observation that, with ddATP, the predicted +1 extension 
product also could not be detected (Figure 5A, lane 2). In 
reactions with ddCTP (+3 extension), there was a decrease 
in the 153-nt product and a substantial increase in a 150-nt 
product (compare lanes 4 and 2); in addition, there was an 
increase in the 147- and 144-nt products. As shown in lane 
5,  addition of ddTTP (+8 extension) resulted in the loss of 
the 153-nt product and increased amounts of the 144- and 
147-nt products. An additional 138-nt product was also seen. 
With ddGTP (+18 extension), the major cleavage products 
were 135 and 134 nt in length (lane 6). There were also 
minor amounts of larger products. 

These results demonstrate that, in general, with a limiting 
concentration of the wild-type RT, as the DNA was extended, 
the RNA was correspondingly shortened; cleavage was 
detected at a position 14 or 15 nt from the 3'-end of the growing 
DNA chain. The exact position also appeared to depend on 
the local RNA sequence, and with the exception of the 150-nt 
product, it occurred between a 5' U and the adjacent nucleotide 
[see the sequence of RNA160 in Oyama et al. (1989) and 
Figure 41. 

Addition of dNTPs had no effect on the cleavage pattern 
obtained when PAHEC was present at  the same concentration 
as that used in the experiment shown in Figure 4 (data not 
shown). When the concentration of enzyme was increased 
1 0-fold, the products obtained in reaction mixtures containing 
3 dNTPs and 1 ddNTP (Figure 6A, lanes 8-1 1) were similar, 
but not identical, to those obtained in the absence of 
triphosphates (Figure 6A, lane 7). Small amounts of new 
cleavage products were observed in the presence of ddTTP 
(lane 10) and ddGTP (lane 1 l), indicating that some extension 
had taken place in these reactions; however, the amounts of 
these new products were very low. These observations are in 
accord with the findings of Figure 5,  demonstrating that the 
chimeric RT is deficient in its ability to synthesize DNA under 
the conditions of this assay. 

No change in the cleavage pattern could be detected when 
a mixture containing ddGTP was added to reaction mixtures 
containing P(ASX)AHA; in both the absence and the presence 
of dNTPs, one major band corresponding to the 144-nt product 
was observed (Figure 6B; compare lanes 2 and 3). This result 
is consistent with the finding that, under the conditions of this 
experiment, P(ASX)AHA synthesized only low amounts of 
small extension products (Figure 5B, lane 2). With PAAH, 
no RNase H activity was observed, either in the presence or 
in the absence of the ddGTP mixture (Figure 6B; compare 
lanes 4 and 5 ) .  

DISCUSSION 

In the present study, we have investigated the functional 
relationship between the polymerase and RNase H domains 
of MuLV RT. RNase H activity was examined in detail, in 
both the absence and the presence of concurrent DNA 
synthesis, using the previously characterized RNA160 substrate 
(Oyama et al., 1989). We describe an RT, PAAH, which is 
missing the entire RNase H domain, as well as two other 
novel mutants: (i) a chimeric RT, PAHEC, in which the MuLV 
RNase H domain is replaced by E. coli RNase H, and (ii) 
P(ASX)AHA, which has a 126 amino acid deletion in a region 
corresponding to the connection subdomain in the p66 subunit 
of HIV-1 RT (Kohlstaedt et al., 1992). Our data show that 
each of these mutations, while occurring in only one domain, 
results in an abnormal po1ymerase:RNase H ratio and has 
profound effects on both polymerase and RNase H cleavage 
activities. 

The interpretation of the data is aided by recent studies on 
the three-dimensional structure of HIV-1 RT (Arnold et al., 
1992; Kohlstaedt et al., 1992). HIV- 1 and MuLV RTs share 
many properties, except that the HIV enzyme is active only 
in dimeric form (Jacobo-Molina & Arnold, 1991), while 
MuLV RT appears to be a monomer (Varmus & Swanstrom, 
1984). For example, since P(ASX)AHA is missing most of 
the region which in HIV-1 RT contacts portions of the 
polymerase domain as well as the RNase H domain (Kohl- 
staedt et al., 1992), the mutation alters the spatial relationship 
between the two domains and the protein functions as if the 
domains are no longer interconnected. Not surprisingly, the 
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deletion leads to a large reduction in polymerase activity (Table 
I; Figure 5 )  and a significant decrease in RNase H activity 
(Table I). Results obtained with the RNA160 substrate 
demonstrate that both the quality and the quantity of RNase 
H cleavage by P(ASX)AHA differ from those seen with wild 
type (Figure 4); moreover, the cleavages are not affected by 
the inclusion of dNTPs in the reaction mixture (Figure 6). 
Curiously, one result of the mutation is a more dramatic effect 
on RNase H activity in the presence of Mg2+ compared with 
Mn2+ (Table I). In HIV, the isolated RNase H domain 
(expressed in E. coli) has no RNase H activity (Becerra et 
al., 1990; Hostomsky et al., 1991; Restle et al., 1991). It is 
of interest that this lack of activity is thought to result, at least 
in part (Kohlstaedt et al., 1992), from the fact that the His539- 
containing loop which is located close to the two divalent metal 
ions at the RNase H catalytic center of HIV-1 RTis disordered 
in the isolated RNase H domain (Davies et al., 1991) and 
ordered in p66/51 RT (Kohlstaedt et al., 1992). Thisfeature 
is the only major difference between the two three-dimensional 
structures (Davies et al., 1991; Arnold et al., 1992; Kohlstaedt 
et al., 1992). 

The chimeric RT behaves like purified E.  coli RNase H 
(Kanaya & Crouch, 1983) in assays with the homopolymeric 
(Table I) and RNA160 substrates (Figure 4), and unlike wild- 
type MuLV RT (Moelling, 1974; Verma, 1975; Table I), it 
exhibits a strong preference for Mg2+ over Mn2+ (Figure 2; 
Table I). Interestingly, in calculating the ratio of RNase H 
activity to polymerase activity using RNase H values from 
Table I obtained under optimal RNase H assay conditions 
(i.e., Mg2+ for PAHEC and Mn2+ for PAHA), we find that this 
ratio is much higher for PAHEC (1 1: 1 ratio) than it is for the 
wild-type enzyme (1:25 ratio). These results demonstrate 
that fusion of the cellular RNase H with the viral polymerase 
produces an aberrant RT in which RNase H is the dominant 
activity. 

The PAHEC cleavage pattern with the RNA160 substrate 
shows little or no change when dNTPs are present in the 
reaction mixture (Figure 6), reflecting the limited ability of 
this enzyme to carry out primer extension (Figure 5 ) .  Since 
the RNA160 assay is performed under conditions where the 
RNase H activity of the enzyme is very potent [i.e., in the 
presence of Mg2+ (Table I)], there may be substantial 
degradation of the RNA in the RNA-DNA hybrid before 
significant copying of the template can occur. The high level 
of polymerase activity seen in the Mn2+-dependent assay with 
poly(rA).oligo(dT) is possible because the RNase H activity 
of the chimeric RT with this cation is comparable to that of 
wild-type RT and approximately 150-fold lower than with 
Mg2+ (Table I). Similarly, it can be argued that the complete 
lack of RNase H activity in the PAAH RT (Table I; Figures 
4 and 6) accounts for the observation that this enzyme has a 
higher polymerase specific activity than the wild type (Table 

Analysis of the wild-type RT with the RNA160 substrate 
reveals that the major cleavage product represents a cut in the 
RNA corresponding to a position 15 nt from the 3’-end of the 
20-nt DNA primer (Figure 4), in accord with other studies 
(Oyama et al., 1989; Luo & Taylor, 1990; Wohrl & Moelling, 
1990; Furfine & Reardon, 1991; Fu & Taylor, 1992; 
Gopalakrishnan et al., 1992; J. Guo, K. Post, R. J. Crouch, 
and J. G. Levin, unpublished data). These findings, as well 
as recent X-ray crystallographic studies on HIV- 1 RT (Arnold 
et al., 1992; Kohlstaedt et al., 1992), support the proposal 
(Oyama et al., 1989) that recognition of the 3’-terminal OH 
of the DNA orients the RT protein and places the RNase H 

1). 
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catalytic site at a fixed distance, Le., 14-18 nt, from the 3’- 
OH position. Furthermore, evidence presented in this (Figures 
5 and 6) and other reports (Oyama et al., 1989; Schatz et al., 
1990; Wohrl & Moelling, 1990; Luo & Taylor, 1990; Furfine 
& Reardon, 199 1; Gopalakrishnan et al., 1992) indicates that 
in general, when polymerization occurs, the major RNase H 
cleavage is coordinated with DNA synthesis. As noted above, 
cleavage is also influenced by local sequence (Figure 6; Oyama 
et al., 1989; Furfine & Reardon, 1991). 

It is interesting that with the RNA160 substrate and wild- 
type RT significant amounts of RNA160 remain in reactions 
containing dNTPs (Figure 6A, lanes 3-6), but at the same 
enzyme concentration virtually all of the RNA is degraded 
in the absence of dNTPs (Figure 6A, lane 2). This suggests 
that once DNA synthesis begins, the enzyme may be bound 
to the two catalytic sites and no longer free to attack another 
molecule of RNA160. Furfine and Reardon (199 1) have made 
a similar observation with HIV-1 RT and have argued that 
after incorporation of a dideoxynucleotide, the presence of 
the next encoded dNTP may inhibit dissociation of the 
templateprimer from RT. 

In addition to the major RNase H cleavage site, we find, 
in agreement with others (Wohrl & Moelling, 1990; Schatz 
et al., 1990; Furfine & Reardon, 1991; De Stefan0 et al., 
1991b; Wohrl et al., 1991; Gopalakrishnan et al., 1992), that 
sites close to the 3’-OH of the DNA can also be cleaved. With 
wild-type RT, these sites are detected mainly when an excess 
of enzyme is used (Figure 4; Oyama et al., 1989). Cleavage 
at the secondary sites can occur in the presence or absence of 
dNTPs (Figure 6) and is not coupled to DNA extension (Figure 
6; Furfine & Reardon, 1991; Gopalakrishnan et al., 1992). 
Presumably, these sites have sequences which favor cleavage. 
Thus, the 144- and 147-nt secondary products produced in 
the absence of dNTPs (Figure 6A, lane 2) are also the major 
cleavage products formed during extension of +8 nucleotides 
with ddTTP (Figure 6A, lane 5 ) ,  instead of an expected 145- 
nt product. 

It is quitestriking that, in contrast to wild-type RT, cleavages 
made by the mutant enzymes, PAHEC and P(ASX)AHA, occur 
exclusively at secondary cleavage sites and are not coordinated 
with DNA synthesis (Figure 6). Thus, when the RNase H 
of E. coli is fused to the polymerase domain of MuLV, the 
polymerase domain has no influence on the cleavage pattern 
seen with the RNA160 substrate (Figure 6). Similarly, with 
P(ASX)AHA, the 144- and 147-nt cleavage products are 
identical to the secondary products seen with the wild-type 
enzyme (Figure 6), and as discussed above, the RNase H 
activity Of  P(ASX)AHA functions independently of polymerase. 
These observations led to theconclusion that, for both mutants, 
binding of the RNAaDNA hybrid must be independent of the 
polymerase domain. 

The secondary cleavages of the wild-type enzyme as well 
as the similar mutant cleavages appear to result from a primary 
interaction of the RNase H region of the enzyme with the 
RNAnDNA hybrid, in a manner which is also independent of 
the 3’-OH of the DNA component. We term such cleavages 
“3’-OH-independent”.2 That 3’-OH-independent cleavages 
can indeed occur is perhaps best illustrated by the ability of 
HIV-1 RT to cleave an RNA-DNA hybrid that is completely 
devoid of 3’-termini (Krug & Berger, 1989). 

‘3’-OH-independent” is analogous to the term ‘polymerase-inde- 
pendent” (Furfine & Reardon, 1991; Peliska & Benkovic, 1992), but is 
more precise since for some RTs, e.g., HIV RT (Hostomsky et al., 1991), 
the polymerase domain is necessary for RNase H activity. ‘3’-OH” 
refers to the 3’-terminus of the DNA, even if extension of the DNA is 
terminated with a ddNTP. 
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FIGURE 7: Scheme for 3’-OH-dependent and -independent cleavages 
of an RNA-DNA hybrid bound to RT. The DNA polymerase and 
RNase H active sites of RT are indicated on the figure. Nucleotide 
positions on the RNA are numbered with respect to the distance of 
a complementary deoxyribonucleotide from the 3’-OH of the DNA; 
e.g., N1 refers to the nucleotide which is complementary to the 
terminal deoxyribonucleotide at the 3’-OH. (A) 3’-OH-dependent 
cleavage. The 3’-OH of the DNA is shown bound to the polymerase 
active site. The polymerase and RNase H active sites are separated 
by a distance of 14-18 nt, and cleavage will occur at the position 
where the hybrid interacts with the RNase H site. (B) 3’-OH- 
independent cleavage. After the cleavage shown in (A), the hybrid 
is repositioned, as indicated by the solid arrow between (A) and (B), 
in a 3’ - 5’ direction (referring to the RNA strand) with respect to 
RT; the 3’-OH is no longer bound to the polymerase active site. 
Cleavages can now occur at nucleotides which are closer to the 3’- 
OH of the DNA. (C) Alternative 3’-OH-independent cleavage. The 
RNA-DNA hybrid is repositioned in a 5’- 3’direction (RNA strand), 
as indicated by the solid arrow between (B) and (C), with respect 
to RT. The 3’-OH of the DNA is always at a position which is away 
from the polymerase active site. 

How can we explain 3’-OH-independent cleavages with 
more conventional substrates? In Figure 7, we present a 
general scheme relating binding of the RNA-DNA hybrid to 
the wild-type enzyme and the type of cleavage event; the 
scheme is based on our results with the RNA160 substrate, 
although the substrate shown represents a generic RNA-DNA 
hybrid. With wild-type RT, the major cleavage event, which 
is 3’-OH-dependent (Figure 7A), occurs 14-1 8 nucleotides 
from the 3’-OH of the DNA. (These nucleotide positions are 
designatedN14-N18, whereN1 is thenucleotidein the RNA 
which is complementary to the deoxyribonucleotide at the 
3’-OH of the DNA.) After this cleavage (Figure 7B), the 
RNAoDNA hybrid is repositioned with respect to the enzyme 
and new cleavages take place at positions closer to the 3’-OH, 
e.g., at N6 and N9 (corresponding to the cuts generating the 
144- and 147-nt products seen with the RNA160 substrate); 
in this case, the 3’-OH is no longer bound to the polymerase 
active site. In HIV-1 RT, the RNAoDNA hybrid fits in a 
groove connecting the polymerase and RNase H active sites 
(Kohlstaedt et al., 1992). Assuming that MuLV RT has a 
structure similar to that of HIV- 1 RT, it seems likely that this 
groove would tend to keep the substrate from being completely 
released and could also aid in repositioning the hybrid on the 
enzyme. 

The movement of the substrate shown in Figure 7B, Le., in 
a 3’ - 5’ direction (referring to the RNA strand), has been 
observed previously (Schatz et al., 1990; DeStefano et al., 
1991b; Wohrl et al., 1991) and may be necessary for DNA 
strand transfer (Peliska & Benkovic, 1992). In Figure 7C we 
have considered the theoretical possibility that the substrate 
moves in the other direction. As may be seen, were the 
RNA-DNA hybrid to move in this way, the polymerase active 
site would have no 3’-OH with which to interact. Fu and 
Taylor (1992) have described a two-step reaction in which 
DNA synthesis is uncoupled from cleavage; the DNA product 
is synthesized with an RNase H-minus RT and extends to the 
end of the RNA template; the resulting hybrid is then cleaved 
with an RNase H-plus enzyme. The 5’-cleavage product from 
this reaction is 14-1 8 nt in length and is presumably generated 
by the mechanism shown in Figure 7A. However, cleavage 
of the rest of the RNA could conceivably occur by the 
mechanism shown in Figure 7C. In a model in which DNA 
synthesis and RNA cleavage are uncoupled or in the case of 
the RNase H-minus RT product of Fu and Taylor (1 992), for 
any cleavages other than the one related to the 3’-OH, the 
enzyme must find the RNA-DNA again, either by binding 
internally or by some processive mechanism. In either case, 
all of these cleavages would have to be 3’-OH-independent. 

NOTE ADDED IN PROOF 
After submission of this manuscript, a paper appeared which 

suggests that MuLV RT binds primer/template as a dimer, 
although the enzyme is monomeric in solution (Telesnitsky 
& Goff, 1993). 
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