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provided by the covalent linkage of mod-
ules. The design criteria that allowed the
construction of ZFHD1 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 genes. The use of particular DNA
binding domains in a hybrid (or the addi-
tion of other domains) may allow a protein
to interact with other cellular factors 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.
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Footprint Analysis of Replicating Murine
Leukemia Virus Reverse Transcriptase

Birgitta M. Wéhrl, 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 a variant 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-
tected the duplex portion only as far as position —15. Despite altered hydrolysis profiles,
both enzymes covered primarily the template-primer duplex, contradicting recent pre-
dictions based on the structure of rat DNA polymerase .

Even 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-
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mia virus (MLV) is a 75-kD monomer,
whereas a 150-kD homodimer is proposed
to catalyze DNA synthesis (7). A structur-
al motif common to RNase H of Escherich-
ia coli and MLV RT (a helix III) 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.



We used chemical (9) and enzymatic
probes (10) to develop a model of replicating
HIV-type 1 (HIV-1) RT that is compatible
with the crystallographic data (11-13). Hy-
droxyl radical footprinting (9) and a cocrys-
tal of RT and template-primer (12) 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 (13) 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) (16). 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 (17). 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)]-oligo(dT),, ;5. As the amount
of competitor was increased, stalled inter-
mediates became evident in reactions cata-
lyzed by ARH MLV RT (Fig. 1D). This
indicates the dissociation and capture of

ARH MLV RT by poly(rA)-oligo(dT),, s
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Replication complexes with wild-type
MLV RT were analyzed by deoxyribonucle-
ase (DNase) I footprinting (18) after primer
extension by one or four nucleotides (+1
and +4 complexes). In recent work (10),
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, 10), 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 Sl
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 [ 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. 1D. A similar response was noted with
RNase H-deficient HIV-1 and E1AV en-
zymes; that is, both catalyzed DNA synthe-
sis but gave no DNase I footprint (19). To
enhance the stability of complexes contain-
ing ARH MLV RT, we removed NaCl from

L R R L e L e REPORTS |

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-
type MLV RT was unaltered at reduced
ionic strength (21)]. 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 1
susceptible, which suggests that interactions
involving the NH,-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 +1 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 1M B

rified wild-type (lane 1)

and ARH MLV RT (lane 2) -94 5' 71-nttemplate  3'
by SDS-polyacrylamide il -67 ! I

gel electrophoresis. Lane ¥ =4 3 36-nt primer  5'
M, protein molecular size ~-30 :1 o gg#;" SHGTP

standards in kilodaltons. -20 +10 « dATP, dGTP, ddTTP

(B) Schematic represen- +19 « dATP, dGTP, dTTP, ddCTP
tation of the 71-nt-36-nt C

t?n:jplate-prilmer used for 12345C P12345 D e

studying replication com- o .

plexes. The hairpin struc- -1 ® =P+ — (rAyoligo (dT) —

ture near the template 5’ 024802480
terminus was determined ® W -P+19 w =P +10
by partial DNase | and : 5

S1 hydrolysis (10). The .. .’ =P +10 i
dNTP-ddNTP combina- -P+4 s & i

tions that produced “ar- ®5  ~ g% =P+ Ii “a .“. “q.-P
rested” replication com- wt MLV RT ARH MLV RT wt MLV RT ARH MLV RT

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),,_,s Was

determined. Lane C, unextended primer.
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Fig. 2 (left). DNase | A
footprinting of +1 and et
+4 replication complex-
es containing wild-type
and ARH MLV RT. Tem-
plate DNA was labeled
at its 5’ terminus with
[32P]. In (A), complexes
were prepared in a buff- -
er containing 80 mM
NaCl. The boundaries of
+1 and +4 replication
complexes containing
wild-type (wt) MLV RT
are indicated, within
which the arrow indi- g
cates incorporation of Ly
the chain-terminating
ddNTP (defined here as
position -1). (B) Repli-
cation complexes con-
taining ARH MLV RT
were analyzed in buffer faeef
lacking NaCl. Regions i
of the replication com- -
plex with altered DNase
| sensitivity are indicated e
by the white arrow. The
extremity of both en-
zymes on the single-
stranded template is in-

wt MLV RT

dicated by a broken line, because this is derived from the S1 footprinting
Fig. 3 (far right). DNase | hydrolysis profiles
of primer DNA of +1 replication complexes containing MLV RT variants.

data of a later experiment.

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” (11).] 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
(10), 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 B3-p4

arrow.

Fig. 4. (A) Susceptibility A
of +4 replication com-
plexes containing wild-
type or ARH MLV RT to
nuclease S1 digestion.
Template DNA was la-
beled at its 5’ terminus.
Lanes C, control S1 hy-
drolysis of template on

50

which the primer was ex-
tended by four bases. (B) 4dGTP= P §
Schematic S1 hydrolysis ;| B R .
profile of template DNA o g-: .
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extended by four bases
(striped, shaded box).
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structure was deduced
from previous work (70).
(C) Schematic S1 hydrol-

ysis profile of +4 replica- b
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at position -23 in the presence of ARH MLV RT is indicated by the white
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DNA

synthesis
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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
SCIENCE
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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-
ingMLVand HIV-1RT. A +4
complex catalyzed by the
three enzymes is presented
(primer extension is indicat-
ed by a shaded box). For
HIV-1 RT, filled boxes indi-
cate footprints derived from
hydroxyl radical footprinting
(9), whereas broken lines ex-
tending this are the limits of
the complex determined by
enzymatic footprinting (70).

71-nt template

OHe

I | , T 1 HIV-1 RT
+7 43 -15 -22
r —] MLVRT
+5/+6 =27
LI_:L' ARH MLV RT
+5/+6 -15
Bend
Pol A RNase
A 5 36-nt primer
ARHMLVRT [t
-1 -26
MLV RT I d|
1 B -24
HIV-1 RT M 1 -

—

OHe

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 (72). 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 [ 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 [ footprinting
(10) predict that an additional 5 to 6 bp
may be shielded by the RNase H domain.
These combined observations suggest 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 1
sensitivity at template positions -9 and
-10, which remain accessible within a
larger region of protection. Current mod-
els of replicating HIV-1 RT (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 RT for
template-primer.

These data confirm and extend structur-
al features of HIV-1 RT (9-14), but con-
tradict other reports (24, 25). The structure
of a ternary complex containing rat DNA
polymerase B 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 E1AV RT (10, 26), the source of
the enzyme does not account for these dis-
crepancies. In-summary, our results support
the disposition of RT on template-primer
previously reported (11, 12).
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