
provided by the covalent linkage of mod- 
ules. The design criteria that allowed the 
construction of ZFHDl included the short 
length of polypeptide linker that was re- 
quired to fuse the DNA binding domains 
and the absence of steric interference be- 
tween these domains. 

Designed transcription factors will be 
useful for the targeted regulation of specific 
cellular eenes. The use of  articular DNA " 
binding domains in a hybrid (or the addi- 
tion of other domains) mav allow a ~ r o t e i n  
to interact with othe; cellblar factois or to 
be modulated by a particular regulatory 
pathway. The structure-based design of hy- 
brid transcription factors should facilitate 
the development of efficient and specific 
reagents for biological research and gene 
therapy. 

REFERENCES AND NOTES 

1. N. P. Pavletich and C. 0 .  Pabo, Science 252, 809 
(1 991). 

2. J. D. Klemm, M. A. Rould, R. Aurora, W. Herr, C. 0. 
Pabo, Cell 77, 21 (1 994). 

3. Thls alternative arrangement would also have a short 
(<I 0 A) llnker connecting zlnc f~nger 2 to the home- 
odomain, but the subs~tes are arranged so that the 
pred~cted binding sequence 1s 5'-CGCCCAN- 
N m - 3 ' .  

4. A. Laughon, Biochemistry 30, 11357 (1 991). 
5. C. P. Verrijzer et a/., EMBO J. 11, 4993 (1 992). 
6. No selected sites matched the binding sequence 

predicted for the alternative arrangement (3). 
7. The relat~vely high afflnlty of the POU domain for the 

hybrid sltes may result from nonspec~f~c contacts 
made by the POU-specific domain. 

8. J. L. Pomerantz, unpublished results. 
9. P. Youderian, A. Vershon, S. Bouv~er, R. T. Sauer, M. 

M. Susskind, Cell35, 777 (1983); R. P. Wharton and 
M. Ptashne, Nature 316, 601 (1985); M. Suckow, A. 
Madan, B. K~sters-Woike, B. von Wilcken-Berg- 
mann, B. Muller-Hill, Nucleic Acids Res. 22, 2198 
(1 994). 

10. J. L. Pomerantz and P. A. Sharp, Biochemistry 33, 
10851 (1994). 

11. E. J. Rebar and C. 0. Pabo, Science 263, 671 
(1994); A C. Jamieson, S.-H. Kim, J. A. Wells, Bio- 
chemistry 33, 5689 (1994); R. Desjarla~s and J. M. 
Berg, Proc. Natl. Acad. Sci. U.S.A. 90, 2256 (1 993). 

12. W. P. Jencks, Proc. Natl. Acad. Sci. U.S.A. 78,4046 
(1 981). 

13. B. A. Christy, L. F. Lau, D. Nathans, ibid. 85, 7857 
(1 988). 

14. R. A. Sturm, G. Das, W. Herr, Genes Dev. 2, 1582 
(1 988). 

15. F. M. Ausubel etal., Eds., Current Protocols in Mo- 
lecular Biology (Wiley, New York, 1994). 

16, J. L. Pomerantz, T. M. Krist~e, P. A. Sharp, Genes 
Dev. 6, 2042-(1992). 

17. P. E. Pellett, J. L. C. McKnight, F. J, Jenkins, B. 
Roizman, Proc. Natl. Acad. Sci. U.S.A. 82, 5870 
( I  985). 

18. Each model of a hybrid prote~n (Figs. 1 and 5) was 
constructed by juxtapos~t~on of porilons of two dif- 
ferent crystallographically determined protein-DNA 
complexes. Models were initially prepared by super- 
imposit~on of the double helices in various registers 
and were analyzed to see how the polypeptide 
chains might be connected. Superimposit~on of sets 
of phosphates typically gave root mean squared dis- 
tances of 0.5 to 1.5 A between correspond~ng at- 
oms. These distances glve some perspective on the 
error lim~ts involved in modeling and were one of the 
reasons we chose a flexible llnker contalnlng several 
glycine res~dues for these in~t~al studies. 

19. Afragment encod~ng Zif268 residues 333 to 390 (13), 
two glyclne residues, and Oct-I residues 378 to 439 
(14) was generated by polymerase chain reaction 

(PCR), confirmed by d~deoxysequenc~ng, and cloned 
into the Bam HI site of pGEX2T (Pharmac~a) to gener- 
ate an in-frame fusion to GST. The GST-ZFHDI pro- 
tein was expressed by standard methods (15), puri- 
fied on glutathione Sepharose 48 (Pharmac~a) ac- 
cord~ng to the manufacturer's protocol, and stored at 
-80°C ~n 50 mM tris (pH 8.0), 100 mM KCI, and 10% 
glycerol. Protein concentratlon was determined by 
densitometric scannlng of Coomass~e-stained SDS- 
polyacrylam~de gel electrophoresis (PAGE)-resolved 
protelns with the use of bovine serum albumin (BSA) 
(Boehringer Mannhe~m) as standard. 

20. The probe used for random binding site selection 
contained the sequence 5'-GGCTGAGTCTGAACG- 
GATCCN,,CCTCGAGACTGAGCGTCG-3'. Four 
rounds of selection were done as descr~bed (lo), 
except that 100 ng of poly[d(l-C)]-poly[d(I-C)] and 
0.025% NP-40 were included in the binding reac- 
tions. Selections used 5 ng of randomized DNA in 
the f~rst round and approximately 1 ng in subsequent 
rounds. Blndlng reactions contained 6.4 ng of GST- 
ZFHDI in round I ,  1.6 ng in round 2, 0.4 ng in round 
3, and 0.1 ng ~n round 4. 

21. DNA bind~ng reactions conta~ned IOmM Hepes (pH 
7.9), 0.5 mM EDTA, 50 mM KCI, 0.75 mM dith~o- 
threitol, 4% F~coll-400, and BSA (300 pg/ml), with the 
appropriate protein and binding site in a total volume 
of 10 ~ 1 .  The concentration of bind~ng s~te was al- 
ways lower than the apparent d~ssociat~on constant 
by at least a factor of 10. The PA-Oct-I POU fusion 
has been descr~bed (16). The purified three-finger 
Zif268 peptide ( I )  was a gift from M. Elrod-Er~ckson. 
Reactions were incubated at 30°C for 30 min and 
resolved in 4% nondenaturing polyacrylamide gels 
(16). Apparent dissoc~ation constants were deter- 
mined as described (10). Probes were derived by 
cloning of the following fragments into the Kpn I and 
Xho I sltes of pBSKII+ (Stratagene) and excision of 
the fraaments with A S D " ~  and Hind Ill: 5'-CCTC- 
GAGG~CATTATGGGCGCTAGGTACC-31, 5'-CCT- 
CGAGGCGCCCATCATTACTAGGTACC-3', 5'-CC- 
TCGAGGCGCCCACGCCTAGGTACC-3', and 5'- 
CCTCGAGGTCATTTGCATACTAGGTACC-3'. 

22. The ZFHDI -VPI 6 expression vector was construct- 
ed by cloning of a fragment encod~ng the epitope 

Met-Tyr-Pro-Tyr-Asp-Val-Pro-Asp-Tyr-Ala, ZFHDI , 
and VPl6 res~dues 399 to 479 (1 7) into the Not I and 
Apa I sites of Rc/CMV (Invitrogen). Reporter vectors 
were constructed by clonlng of the following frag- 
ments Into the Xho I and Kon I sltes of oGL2-Pro- 
moter (Promega): 5'-GGTACCAGTATGCAAATGA- 
CTGCAGTATGCAAATGACCTCGAG-3', 5'-GGTA- 
CCAGGCGTGGGCGCTGCAGGCGTGGGCGCC- 
TCGAG-3', and 5'-GGTACCAGTAATGATGGGCG- 
CTGCAGTAATGATGGGCGCCTCGAG-3'. The 293 
cells were transfected w~th the use of calc~um phos- 
phate prec~pitation with a glycerol shock as de- 
scribed (15). Quantitation of human growth hormone 
(HGH) production was done with theTandem-R HGH 
lmmunoradiometr~c Assay (Hybritech, San Diego, 
CA) according to the manufacturer's Instructions. 
Cell extracts were made 48 hours after transfection 
(15) and luciferase activ~ty was determined with the 
use of 10 ~1 of 100 pI of total extract per 10-cm plate 
and 100 ~1 of Luc~ferase Assay Reagent (Promega) in 
a ML2250 Luminometer (Dynatech Laboratories, 
Chantilly, VA), w~th the use of the enhanced flash 
program and lntegrat~on for 20 s w~th no delay. 

23. P. C. M. Ma et a/. , Cell 77, 451 ( I  994). 
24. B. F. Lu~si etal., Nature 352, 497 ( I  991). 
25. We thank J. Crispino, P. MacMillan, and J. Kim for 

critical reading of the manuscript; D. Shayw~tz and J. 
Klemm for helpful discussions; members of the 
Sharp lab for their continual suppori; M. S~afaca for 
her ever-present assistance; L. Nekludova for help 
with modeling and programming; W. Xu and R. 
Sauer for help us~ng Insight; and Y. QIU and R, lssner 
for indispensable technical assistance. Supporied 
by USPHS grant POI-CA42063 from NIH, by coop- 
erat~ve agreement CDR-8803014 from NSF (to 
P.A.S.), and partially by the National Cancer Institute 
Cancer Center Support (core) grant P30-CA14051. 
Graphics were prepared with equ~pment purchased 
w~th suppori from the PEW CharitableTrusts and the 
Howard Hughes Medical Inst~tute. C.O.P. 1s in the 
Howard Hughes Medical Institute. J.L.P. 1s part~ally 
supporied by the Hatvard Medical School M.D.- 
Ph.D. program. 

9 September 1994; accepted 31 October 1994 

Footprint Analysis of Replicating Murine 
Leukemia Virus Reverse Transcriptase 

Birgitta M. Wohrl, Millie M. Georgiadis, Alice Telesnitsky, 
Wayne A. Hendrickson, Stuart F. J. Le Grice* 

Replication complexes that contained either murine leukemia virus reverse transcriptase 
(MLV RT) or avariant reverse transcriptase without a ribonuclease (RNase) H domain (ARH 
MLV RT) were visualized by enzymatic footprinting. Wild-type MLV RT protected template 
nucleotides +6 to -27, and primer nucleotides -1 to -26 of primers that had first been 
extended by one or four nucleotides. Although it catalyzed DNA synthesis, ARH MLV RT 
stably. bound template-primer only under conditions of reduced ionic strength and pro- 
tectedthe duplex portion only as far as position -1 5. Despite altered hydrolysis profiles, 
both enzymes covered primarily the template-primer duplex, contradicting recent pre- 
dictions based on the structure of rat DNA polymerase p. 

E v e n  though they catalyze common reac- 
tions, retroviral reverse transcriptases 
(RTs) are structurally diverse. Whereas 
human, equine, feline, and simian en- 
zymes share a heterodimeric organization 
of subunits encoded by the RT  gene (1 -5), 
a subunit of the avian sarcoma-leukosis 
virus (ASLV) enzyme retains the integrase 
domain of the gag-pol polyprotein (6). 
The  isolated enzyme of the murine leuke- 

mia virus (MLV) is a 75-kD monomer, 
whereas a 150-kD homodimer is proposed 
to catalyze DNA synthesis (73. A structur- 
al motif common to RNase H of Escherich- 
ia coli and MLV R T  (a helix 111) is also 
absent from the human immunodeficiency 
virus (HIV) enzyme (8). Such observa- 
tions illustrate the importance of compar- 
ative studies in understanding the evolu- 
tion of these multifunctional enzymes. 
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We used chemical (9) and enzymatic 
probes (1 0) to develop a model of replicating 
HIV-type 1 (HIV-1) RT that is compatible 
with the crystallographic data (1 1-1 3). Hy- 
droxyl radical footprinting (9) and a cocrys- 
tal of RT and template-primer (1 2) indicate 
that - 18 base pairs (bp) of nucleic acid span 
the DNA polymerase and RNase H catalytic 
centers. In addition, the distortion of duplex 
DNA in the cocrystal correlates with a "win- 
dow" of template and primer nucleotides 
that are accessible to chemical cleavage. Bio- 
chemical and structural models also predict 
that 4 to 5 bp of substrate occupy the RNase 
H catalytic center. Results of enzymatic foot- 
printing (10) suggest a larger "umbrella" of 
replicating HIV-1 RT shields template 
nucleotides +7 to -22 and primer nucleo- 
tides -1 to -24, which agrees with structural 
predictions (1 3) and studies of drug sensitiv- 
ity as a function of template length (14). 
These examples demonstrate the ability of 
footprinting techniques to evaluate retrovi- 
ral replication complexes in the absence of a 
three-dimensional structure. Here, enzymat- 
ic footprinting of wild-type MLV RT and a 
variant without the RNase H domain (ARH 
MLV RT) (7) provided structural informa- 
tion about a second retroviral DNA poly- 
merase in addition to the consequence of 
eliminating the COOH-terminal domain. 

The efficiency of DNA-dependent DNA 
synthesis catalyzed by wild-type and ARH 
MLV RT (Fig. 1A) (15) was first deter- 
mined on a model template-primer (Fig. 
1B). Both efficiently extended the primer to 
the position at which a chain-terminating 
dideoxynucleotide triphosphate (ddNTP) 
was incorporated (Fig. 1C) (1 6). This was 
important for ARH MLV RT, because a 
hairpin structure near the template 5' ter- 
minus impaired translocation of human 
and equine enzymes lacking their RNase 
H domain (1 7). The data of Fig. 1C 
contrast with a report that demonstrates 
reduced processivity for ARH MLV RT 
(7). To reconcile these discrepancies, we 
evaluated the efficiency of primer exten- 
sion in the presence of polyriboadenylate 
[poly(rA)]-~ligo(dT)~~~~~. As the amount 
of competitor was increased, stalled inter- 
mediates became evident in reactions cata- 
lyzed by ARH MLV RT (Fig. ID). This 
indicates the dissociation and capture of 
ARH MLV RT by poly(rA)-oligo(dT) lZZ18' 
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Replication complexes with wild-type 
MLV RT were analyzed by deoxyribonucle- 
ase (DNase) I footprinting (1 8) after primer 
extension by one or four nucleotides (+1  
and +4 complexes). In recent work (1 O), 
locating HIV-1 RT on template-primer was 
aided by intramolecular base pairing near its 
5' terminus which rendered a portion 
DNase I-sensitive (Fig. 1B) (10, 17). In 
both complexes, protection of template 
nucleotides to position -27 was evident. In 
agreement with earlier work (9, lo), the 
hydrolysis profiles differed only in being 
displaced on the template by the register 
of DNA synthesis. The template extremity 
of replicating MLV RT in Fig. 2A is posi- 
tion +6; although this cannot be deter- 
mined from the DNase I profile, more 
accurate localization was provided by S1 
footprinting. Equivalent complexes that 
contained HIV-1 RT (10) indicated pro- 
tection of template nucleotides +7 to -22, 
which may be due to the molecular masses 
of the two enzymes. 

The same experimental conditions did 
not generate stable replication complexes 
with ARH MLV RT (Fig. 2A). The simi- 
larity between DNase I hydrolysis profiles of 
the naked template-primer duplex (which 
was freed of RT before hydrolysis) and those 
that contained ARH MLV RT verifies that 
DNA synthesis was achieved, but was ac- 
companied by dissociation of the truncated 
polypeptide, in agreement with the data of 
Fig. ID. A similar response was noted with 
RNase H-deficient HIV-1 and El AV en- 
zymes; that is, both catalyzed DNA synthe- 
sis but gave no DNase I footprint (1 9). To 
enhance the stability of complexes contain- 
ing ARH MLV RT, we removed NaCl from 

the assay buffer; this did not influence 
DNA-dependent DNA synthesis (20) but 
permitted stable binding (Fig. 2B). As pre- 
dicted, enzyme without the RNase H do- 
main covered considerably less of the tem- 
plate-primer duplex [the footprint of wild- 
tme MLV RT was unaltered at reduced 

f = 
ionic strength (21 )I. The upstream extrem- 
ity of a + 1 replication complex was relo- 
cated to position -15, which is 12 nucleo- 
tides shorter than a complex containing the 
wild-type enzyme (Fig. 2A). Furthermore, 
the DNase I footprint was interrupted at 
positions -9 and -10, which remained ac- 
cessible for hydrolysis. The +1 and +4 
replication complexes that contained ARH 
MLV RT were qualitatively identical, in- 
cluding having enhanced accessibility 
around positions -9 and -10. In spite of an 
altered interaction of ARH MLV RT with 
the template-primer duplex, the hairpin 
structure on the template remains DNase I 
susceptible, which suggests that interactions 
involving the NHz-terminus were not al- 
tered by eliminating the RNase H moiety. 

Interaction of each RT with the DNA 
primer is shown in Fig. 3. The extremity of 
a + I  replication complex that contains 
wild-type MLV RT was estimated to be at 
position -26. This location corresponds 
well with the position of the enzyme on the 
DNA template (Fig. 2A). In contrast, the 
hydrolysis profile of an equivalent complex 
containing ARH MLV RT extended to po- 
sition -15. Primer nucleotides -9 and -10 
showed no DNase I reactivity, even though 
template nucleotides -9 and -10 were ac- 
cessible (Fig. 2B). Also, position -23 on the 
primer had enhanced DNase I sensitivity 
but the reason for this is unclear. Other 

Fig. 1. (A)Analysis of pu- A 6 
Med wild-type (lane 1) 
and ARH MLV RT (lane 2) - 94 5' 
by SDSpolyacrylamide a - 67 
gel electrophoresis. Lane - 43 3' 36-nt pnmer 5' 
M, protein molecular size - 30 +1 t ddATP 

+4 c dATP, ddGTP 
standards in kilodaltons. - 20 + lo  t dATP. dGTP, d d n P  
(B) Schematic represen- +19 t ~ATP, dGTP, dTTP, ddCTP 
tation of the 71 -nt36-nt 
template-primer used for , , , , 5 c p 1 2 3 4 5 
studying replication corn- * #  - - Il ~g PO~Y 

plexes. The hairpin struc- +35 ,- (rA)/oligo (0 -, 
ture near the template 5' 0 2 4 8 0 2 4 8 C  

terminus was determined 
by partial DNase I and 
S1 hydrolysis (10). The -P+lO 

dNTP-ddNTP combina- -P+4 
tions that produced "ar- - P +I 

I l  
rested'' replication ~0m-  wt MLV RT ARH MLV RT w4MLVRT ARHMLVRT 
plexes are indicated. (C) 
DNA polymerase activity of wild-type and ARH MLV RT. The designations P +1, P +n represent primer 
extension reactions outlined in (B). Lane P, unextended primer; lane C, end-labeled template. The P +35 
product is obtained in the absence of chain termination. (D) Substrate challenge experiments with wild-type 
and ARH MLV RT. With the template-primer combination of (B), the capacity of each enzyme to complete 
a +10 primer extension reaction in the presence of increasing amounts of poly(rA)-oligo(dT),,,, was 
determined. Lane C, unextended primer. 
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Fig. 2 (left). DNase I 
footprinting of +1 and 
+4 replication complex- 
es containing wild-type 
and ARH MLV RT. Tem- 
plate DNA was labeled 
at its 5' terminus with 
P2P]. In (A), complexes 
were prepared in a buff- 
er containing 80 mM 
NaCI. The boundaries of 
+1 and +4 replication 
complexes containing 
wild-type (wt) MLV RT 
are indicated, within 
which the arrow indi- 
cates incorporation of 
the chain-terminating 
ddNTP (defined here as 
position -1). (B) Repli- 
cation complexes con- 
taining ARH MLV RT 
were analyzed in buffer 
lacking NaCI. Regions 
of the replication com- 
plex with altered DNase 
I sensitivity are indicated 
by the white arrow. The 
extremitv of both en- 

wf 
MLV RT 

ARH 
MLV RT 
n 

- 1 0  

ARH MLV RT wt MLV RT 
zymes on the single- LYIH MLV RT 
stranded template is in- 
dicated by a broken line, because this is derived from the S1 footprinting Primer DNA was labeled at the 5' terminus. Hyperaccessibility to DNase I 
data of a later experiment. Fig. 3 (far right). DNase I hydrolysis profiles at position -23 in the presence of ARH MLV RT is indicated by the white 
of primer DNA of +1 replication complexes containing MLV RT variants. arrow. 

than these differences, DNase I footprinting 
of ARH MLV RT demonstrates that protec- 
tion of -12 bp of the template-primer du- 
plex (-16 to -27) is lost as a consequence of 
removing the RNase H domain. 

The cocrystal of HIV-1 RT and tem- 
plate-primer (9-13) predicts that the fin- 
gers subdomain of the MLV enzymes could 
interact with six to seven template nucle- 
otides beyond the DNA polymerase catalyt- 
ic center. [From the anatomical resem- 
blence to a right hand, RT subdomains are 
denoted "fingers," "palm," "thumb," and 
"connection" (I I).] The interaction with 
single-stranded DNA is better evaluated by. 
resistance of the nucleotides to nuclease S1 
(22). S1 hydrolysis profiles of template 
DNA in +4 replication complexes that 
contained wild-type and ARH MLV RT are 
shown in Fig. 4A. Similar to previous work 
(1 O), this revealed primarily single-stranded 
template nucleotides between the template- 
primer duplex and the region of intramo- 
lecular base pairing (Fig. 1B). In the pres- 
ence of wild-type and ARH MLV RT, sev- 
eral template nucleotides were wholly or 
partially S1 resistant. With this strategy, 
the extremity of both enzymes was located 
six nucleotides ahead of the position of 
chain termination. The location of the two 
MLV enzymes at position +6 agrees with 
data from complexes containing HIV-1 RT 
(10, 14) which indicate that the P3-P4 

Fig. 4. (A) Susceptibility A 
6 a%+: B of +4 replication com- 

plexes containing wild- w J I  

type or ARH MLV RT to m. 2' 
nuclease S1 digestion. 

m. Template DNA was la- a i +I~RM -W SI- w n s n k m  
pdmr 

beled at its 5' terminus. . . , , . . 
Lanes C, control S1 hy- . , 

10. . , . , 

drolysis of template on - 8  
a s  c 4 -15 . , . , . , I 1 b R T  

which the primer was ex- . . , , 

tended by four bases. (B) -- . ,  . , . , , , 
Schematic S1 hydrolysis I a. # ,  *. 
profile of template DNA DNA - * s1- on which the primer was symds w n m n w m  DNA 
extended by four bases J synthesis 
(striped, shaded box). c.-- 

The S1 -resistant hairpin 20. 

structure was deduced 
from previous work (10). 
(C) Schematic S1 hydrol- 
ysis profile of +4 replica- i s  - 
tion complexes containing MLV RT variants. The shaded box on the template represents nucleotides 
protected from S1 hydrolysis in the presence of RT. 

hairpin of its p66 fingers subdomain inter- 
acts with template nucleotides +3 to +6. 
More importantly, data of Fig. 4 show that 
both MLV enzymes accommodate equiva- 
lent amounts of template during DNA syn- 
thesis. The combined MLV RT footprinting 
data are summarized in Fig. 5 and compared 
with complexes that contain the HIV-1 
enzyme. 

Structural studies (9-13) indicate that 
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the fingers subdomain'of p66 HIV-1 RT 
contacts primarily its palm, whereas the 
RNase H domain contacts the extended 
thumb of p51. Our notion that the struc- 
tural integrity of the MLV RT fingers sub- 
domain (and interaction with the template) 
is not compromised by elimination of the 
RNase H domain is therefore not unreason- 
able. Replication complexes containing 
HIV-1 RT suggested that its p66 fingers 



Fig. 5. Comparison of repli- 
cation complexes contain- 
ing MLVand HIV-1 RT. A +4 
complex catalyzed by the 

OH. 
r; 3- - - - - - - - - - - - - -J HIV-1 RT 

+7 +3 -15 -22 

y MLVRT 
+51+6 -27 

three enzymes is presented - ARH MLV FIT 

(primer extension is indicat- +51+6 -1 5 
,!.I , x- 

ed by a shaded box). For , 
HIV-1 RT, filled boxes indi- 1 
cate footprints derived from 1 1 5  36-nt primer 
hydroxyl radical footprinting ARH MLVRT p-1 

(9), whereas broken lines ex- 1 -26 
MLVRT p-1 

tending this are the limits of 1 
HIV-1 FIT 

-15 -24 
the complex determined by -zzzzzzzzzzz 
enzymatic footprinting (10). OH. 

Delineation of the DNA polymerase (Pol) and RNase H active centers (RNase), in addition to a 45" bend 
in substrate, is according to (9) and (12). Filled boxes within the duplex represent template and primer 
nucleotides of the complex accessible to chemical cleavage (9). 

protect template nucleotides as far as +7 
(10). Whereas S1 footprinting provides 
only low-resolution information, the crystal 
structure of a proteolytic fragment of MLV 
RT indicates that a tighter angle exists 
between its fingers and palm (23), which 
suggests that MLV RT extends over a 
slightly smaller portion of the template. 
Although interactions with the single- 
stranded template are unaffected, the tem- 
plate-primer duplex between -16 and -27 is 
DNase I sensitive in complexes that con- 
tain ARH MLV RT. 

These observations are consistent with 
biochemical and structural data available 
for HIV-1 RT. Chemical footprinting (9)  
predicts that within 18 template and 15 
primer nucleotides embraced by the repli- 
cating enzyme, duplex nucleic acid be- 
tween -12 to -15 occupies the RNase H 
catalytic center. Subsequent structural 
analysis (13) and DNase I footprinting 
(10) predict that an  additional 5 to 6 bp 
may be shielded by the RNase H domain. 
These combined observations sueeest that 
the HIV-1 RNase H domain could cover 
the primer-template duplex from -12 to 
-22, which agrees with the loss of protec- 
tion over 12 bp of the template-primer 
duplex found here. The  elimination of the 
MLV RNase H domain also alters DNase I 
sensitivity at template positions -9 and 
-10, which remain accessible within a 
larger region of protection. Current mod- 
els of replicating HIV-1 R T  (9-13) sug- 
gest positions -9 and -10 of the template- 
primer duplex lie in the nucleic acid- 
binding cleft between the catalytic cen- 
ters. Elimination of the RNase H domain 
may compromise the architecture of this 
cleft or constraints imposed on  the tem- 
plate-primer duplex. Duplex DNA was 
shown to adopt A -  and B-form geometry 
in the DNA polymerase and RNase H 
catalytic centers, respectively (12). The  
absence of an  RNase H domain may re- 
lieve constraints on A-form DNA, leaving 
the DNA polymerase catalytic; also, a 45' 
bend in nucleic acid between the catalytic 

centers (12) may not  be facilitated. Such 
rearrangements may render the template 
DNase I sensitive at positions -9 and -10 
and alter the affinity of ARH MLV R T  for 
template-primer. 

These data confirm and extend structur- 
al features of HIV-1 R T  (9-14), but con- 
tradict other reports (24, 25). The structure 
of a ternary complex containing rat DNA 
polymerase P predicts that during DNA- 
dependent DNA synthesis, HIV RT  occu- 
pies primarily the template and not the 
template-primer duplex. In contrast, we 
find that MLV RT shields the template- 
primer duplex, to an extent that is influ- 
enced by the elimination of the RNase H 
domain. Because we observe equivalent oc- 
cupancy of the template-primer duplex with 
HIV and El  AV RT  (1 0, 26), the source of 
the enzyme does not account for these dis- 
crepancies. In-summary, our results support 
the disposition of R T  on template-primer 
previously reported (1 1 , 12). 
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