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ABSTRACT

We present evidence that the reverse transcriptase
(RT) of human immunodeficiency virus type-1 sta-
bilizes in vitro very short (2-nt) duplexes of
3'-overhangs of the primer strand that are
annealed to complementary dinucleotides tails of
DNA or RNA template strands, provided that these
sequences contain at least one C or G. This
RT-induced strand ‘clamping’ activity promotes
RT-directed DNA synthesis. This function is
achieved only when the functional template strand
is adjacent to a second DNA or RNA segment,
annealed upstream to most of the primer (without
gaps). The combined clamp/polymerase activity is
typical to RTs, as it was found in different RTs
from diverse retroviral groups, whereas cellular
DNA-polymerases (devoid of 3'—5 exonucleolytic
activity) showed no clamp activity. The clamp-
associated DNA-binding activity is markedly
stabilized by dGTP, even when dGTP is not
incorporated into the nascent DNA strand. The
hereby-described function can help RTs in
bridging over nicks in the copied RNA or DNA tem-
plates, encountered during reverse transcription.
Moreover, the template-independent blunt-end
synthesis of RTs can allow strand transfers onto
compatible acceptor strands while synthesizing
DNA. These RT properties can shed light on
potentially-new roles of RTs in the reverse-
transcription process and define new targets for
anti-retroviral drugs.

INTRODUCTION

Reverse transcription (RTN) is a critical step in the life
cycle of retroviruses and the related long terminal repeat

(LTR) retrotransposons. This complex process is per-
formed by the retroviral reverse transcriptase (RT) that
converts the viral single-stranded RNA into integration
competent double-stranded viral DNA (1-3). To
perform RTN, RTs possess a DNA polymerase activity,
which is both DNA-dependent and RNA-dependent
(DDDP and RDDP, respectively), and a ribonuclease H
(RNase H) activity that concurrently with DNA synthesis
cleaves the RNA template in the generated RNA/DNA
duplex (4). DNA synthesis produces both (—) and (+)
DNA strands, while RNase H removes the
tRNA-primer and the viral genomic RNA template
(1,3-5).

During RTN, there are two strand transfers, or
template switches events, where the 3’-end of the elongated
DNA primer switches to a second template (1-3,5). In the
first one, designated (—) strand transfer, the DNA is
translocated onto the 3’-end of the genomic RNA. In
the second one, (+) strand transfer, the 3’-end of the (+)
strand with the primer-binding site (PBS) sequence
switches to a complementary sequence in the (—) DNA
strand. These transfers depend on stable sequence
complementarities between the ends of the growing
(donor) DNA and the acceptor RNA or DNA strands.
These complementary sequences are relatively long. In
human immunodeficiency virus type-1 (HIV-1), the
terminal repeat (R), which promotes (—) strand transfer,
is 98-nt long and in murine leukemia virus (MLV), it is
68-nt long, whereas the PBS, is usually 18-nt long in all
retroviruses that use a tRNA primer (including HIV-1 and
MLYV) (1,6).

We present here in vitro evidence that RTs can perform
template switches even with a very short (2-nt) comple-
mentarity between the 3’-ends of the primer donor
strand and the DNA or RNA template acceptor strands.
These dinucleotide duplexes are markedly stabilized by
RT that ‘clamps’ together these otherwise unstable
duplexes. This stabilization of sequence micro-homology
efficiently promotes DNA synthesis. The apparently-new
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RT clamp function is performed by all RTs tested but not
by cellular DNA polymerases. Thus, this activity can po-
tentially allow the RT-associated DNA synthesis to bridge
over nicks in the copied RNA or DNA templates that are
encountered during RTN. Alternatively, the combined
clamp activity and the capacity of some RTs to perform
template-independent blunt-end DNA synthesis can
promote strand transfers onto compatible acceptor
strands while synthesizing the viral DNA.

MATERIALS AND METHODS
RTs and DNA polymerases

All purified recombinant RTs carry six-histidine tags, as
previously described by us. These RTs were of the BH-10
strain of HIV-1 and of the HIV-2 Rod strain (7) as well as
the RTs of Moloney MLV (8), the LTR retrotransposon
Tf1 (9) and bovine immunodeficiency virus (BIV) (10).
Viral avian myeloblastosis virus (AMV) RT and recom-
binant Klenow fragment of Escherichia coli Pol 1 (KF)
(3’—5 exo) polymerase were purchased from NEB.
Recombinant DNA polymerase  (pol-B) was a generous
gift from Drs W. Beard and S. Wilson from National
Institutes of Health.

Oligonucleotides

All oligonucleotides were custom synthesized and HPLC
purified by Metabion (Supplementary Table S1).

Combined clamp/polymerase assay reactions

Primers were 5'-end-labeled by T4 polynucleotide kinase
and [y**P]ATP, followed by heat inactivation and anneal-
ing to the appropriate templates (Supplementary Table
S2), as described in detail (11). The molar ratios between
the templates to primers were 4:1, unless otherwise stated.
Reactions were performed (unless otherwise stated) in
final volumes of 12.5ul with 0.33pmol of template/
primer (T/P), 150ng (128nM) HIV-1 RT (or equal
DDDP activities of the other enzymes used, according to
Supplementary Figure S1) in 30mM Tris—HCI, pH 7.5,
43mM NaCl, 5SmM MgCl,, 4mM dithiothreitol, 24 pg/
ml bovine serum albumin and 4% glycerol (clamp/
polymerase reaction buffer). The contributions to the
final NaCl concentration in the reaction mixtures by
each enzyme preparation were up to 3mM (depending
on the enzyme dilutions performed). Reactions were
initiated by adding all four dNTPs, each at 50 puM
(unless otherwise indicated) for 30 min at 37°C, and then
stopped by adding formamide loading buffer. The reac-
tions were analyzed by urea—polyacrylamide gel electro-
phoresis (urea—PAGE), followed by autoradiography, as
described earlier (8,11).

ELISA-based DNA-binding assay

For a schematic description see Supplementary Figure S2.
Standard binding assays were performed with 3 pmol of
the appropriate T/P and 50uM dNTPs, as described
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above for the combined clamp/polymerase assay. After
incubation at 37°C for 1h, some of the reactions were
heat-denatured for 5min at 95°C, followed by annealing,
while the others were kept on ice. Next, 50 pl of the clamp/
polymerase reaction buffer were added to each reaction.
In parallel, microtiter wells that were pre-coated with
NeutrAvidin [2 pg per well, in phosphate buffered saline
(PBS), incubated overnight at room temperature] were
blocked with 5% BSA in PBS for 1 h at room temperature,
followed by three washes with PBS. Then, each diluted
binding reaction mixture was added to a separate well
and incubated for 1h at room temperature. Unbound
DNA was removed by three washes with PBS and then
the bound DNA was detected by adding 200pl of
anti-digoxigenin antibody (anti-dig), conjugated to horse
reddish peroxidase (HRP) (from Roche, diluted 1:1000 in
100 mM Tris—HCI, pH 7.5 and 150 mM NaCl). Aftera 1 h
incubation at room temperature, the wells were washed
five times with PBS and a further incubation was carried
out with 100pul of 0.5mg/ml 2,2"-azino-bis(3--
ethylbenz-thiazoline-6-sulfonic acid), ABTS, in 12.5mM
Tri-sodium citrate, 12.5mM citric acid and 0.02% H,0O,
.The resulting green color was quantified at 405 nm using a
SpectraFluorPlus plate reader and the Magellan4
software.

RESULTS AND DISCUSSION
The HIV-1 RT clamp phenomenon

While studying the in vitro HIV-1 RT DNA synthesis, we
have noticed that when the DNA primer has a 2-nt 3’-end
overhang over the template strand, and this template
strand is in a molar excess over the primer, there was a
strong extension of the 21-nt primer to 38-nt long
products (e.g. Figure 1B, lane 7). Since there is a two
base complementarity between the 3’-terminal sequences
of the primer (5-GT-3') and of the template strand
(5-AC-3', Supplementary Table S2, set #1), the extension
by RT can be explained as follows: after, or along with the
annealing of one template strand (designated 13) to the
primer (oligo I1), a second identical I3 molecule is
juxtaposed 5 to the first 13 via the 2-bp complementarity
between the 3’-ends of the primer and template strands,
thus RT-directed DNA synthesis is initiated (for a sche-
matic description, see Figure 1A, steps 1-2). The 38-nt
long product is in agreement with this model, as the
expected length is: 21-nt (of the primer, I1) plus 17-nt
(19-nt of 13, minus 2). To support the proposed hypoth-
esis, we have tested DNA synthesis as a function of
varying the molecular ratios of oligo 13 over I1 in set #1
(Figure 1B). Indeed, substantial DNA synthesis is
apparent when this ratio is above 2:1 (lane 6) up to 8:1
(lane 9), suggesting that two template molecules are
annealed to a single primer molecule. Without RT, the
duplex of the two strands is likely to be unstable, with a
predicted basic melting temperature (7},,) value of merely
6°C. Therefore, stabilizing these duplexes by the
RT-associated clamping activity is imperative for primer
extension.
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Figure 1. The combined clamp/polymerase activities of HIV-1 RT. Reactions were conducted with the indicated template/primer sets, as described in
the ‘Materials and Methods’ section. Each oligonucleotide is indicated by the designation that appears in Supplementary Table S1 along with its
length in nucleotides (in parenthesis). Asterisks indicate the 5'-end **P label. The ends of the primer (I1) and template (I3) are indicated by capital
letters and those of the functional templates (either 13 or I8) are indicated by lower case letters. Nicks between two closely-adjacent templates are
indicated by arrowheads. (A) A schematic description of the clamp/polymerase activity. This scheme is drawn for the forward synthesis with set #1
(steps 1 and 2) and for the strand displacement synthesis with set #4. See the text for further explanations. (B) Effects of template/primers (T/Ps)
molar ratios on HIV-1 RT activity with substrate set #1. 1, T/P only; 2, T/P+RT; 3-9, T/P+RT+dNTPs, at the indicated molar ratios of template
over primer. (C) Effects of T/Ps molar ratios on HIV-1 RT activity with substrate set #2. 1, T/P (I3/I1) only; 2, T/P+RT; 3-8, RT+dNTPs+T/P+I8.
In all lanes, the molar ratios of 13 to Il were 1:1 and the ratios of I8 over (I3/11) are indicated. In lane 8, I8 was 4-fold higher than I1, with no 13
present. (D) The strand displacement synthesis (SD) with set #4. The molar ratios of 11:13:18 were 4:4:1, respectively. 1, T/P only; 2, T/P+RT; 3, T/
P+RT+dNTPs; 4, a control reaction of RT+dNTPs+set #2 [as shown above in (C)].

To test whether the combined clamp/polymerase
activity can be achieved also with another functional
template, we have used a third 40-nt long oligo (IS,
Supplementary Table S1) with a terminal AC sequence,
matching the primer’s GT overhang (while the rest of
the sequence is not complementary), that served as the
acceptor second template (Figure 1C and Supplementary
Table S2, set #2). Here, the ratio of 13:11 was equimolar,
while I8 concentrations were varied. The primer was

elongated to 59-nt products, agreeing with the anticipated
length of 21-nt (of the primer) plus 38-nt (40 of the
template I8, minus 2). As expected, extension was
apparent even when the ratio of I8:(I3/11) was only 0.5:1
(Figure 1C, lane 4). However, when I3 was omitted (set
#3, Figure 1C and Supplementary Table S2), there was
no apparent extension (lane 8), indicating that the first
complementary strand is obligatory for stabilizing the
RT/DNA complex. In many experiments shown



here, not all extended primers reach their maximal lengths,
as the processivity of DNA synthesis by RTs is not very
high. Therefore, despite their ability to polymerize up to a
few hundred nucleotides in a single synthesis round, RTs
tend to fall off in vitro at specific sequences or structures,
defined as ‘strong stops’, leading to premature termin-
ations of synthesis, see for example, (1,3,7,12). Thus, in
both cases, with sets #1 and #2 (Figure 1B and C, respect-
ively), there is also a significant clamp-dependent addition
of a single nucleotide (forming a 22-nt products). In the
case of set #2 (Figure 1C), premature terminations are
apparent (with product lengths of mostly 47, 40 and
36-nt), whereas with set #1 these longer premature termin-
ations are less evident (see also below, Figures 2A and 4A,
regarding set #1). These results support the concept that
the extent of RT-dependent processivity and, consequent-
ly pausing, can depend, for a given RT, on the sequences
of the copied templates, for example, (12,13).

To further support the HIV-1 RT-associated clamp
activity, we have also used a matching approach and
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tested strand displacement (SD) activity with set #4 that is
similar to set #2 (Figure 1D and Supplementary Table S2).
However, here, the visual monitoring of primer and tem-
plates was reversed and oligo I8 was 5'-end labeled rather
than I1. Hence in this specific case, I8 is the functional
primer and Il is the functional template (Figure 1A and
D). Typical to RTs, SD occurs when a DNA strand (in
the present case, I3), annealed downstream to the
template (I1), is dislocated by synthesis originating from
an upstream primer (I8) (3,14,15). Indeed, Figure 1D
shows that SD did occur, generating 59-nt products
that are identical in length to the forward clamp reac-
tion products (with set #2), as the 40-nt primer I8
was extended by 19-nt (Figure 1D, lane 3). As ex-
pected, the clamp-dependent SD synthesis is less efficient
than the forward reaction, since RT-associated SD is sub-
stantially slower than regular DNA synthesis. As could be
also anticipated, similar to the forward reaction with set #3
(Figure 1C, lane 8), there was no synthesis when I8 was end
labeled and I3 was absent (data not shown).
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Figure 2. Effects of various template—prlmers on the clamp/polymerase activity of HIV-1 RT. T/Ps designations and their schemes are indicated (see
Figure 1 for details). For each tested set: 1, T/P only; 2, T/P+RT; 3, T/P+RT+dNTPs. In panel B, lanes 4 and 5 also show the outcome with

T/P+RT+dNTPs .
(C) Strand displacement.

Nicks or gaps between two adjacent templates are indicated by arrow heads. (A) and (B), direct clamp/polymerase activity.
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Figure 3. Effects of the terminal 2-nt sequences on the efficiency of the clamp/polymerase activity of HIV-1 RT. T/Ps designations are indicated at
the top of each lane. The autoradiogram was exposed for a relatively short time, in order to allow a reliable quantitative evaluation of the extent of
the clamp activity with the various substrates. The primer bases forming the 3’-end tails are specified at the bottom of each lane, in addition to the
calculated AG® values (in kcal/mol) and the T}, values (expressed in °C) for each terminal duplex. Clamp activity was determined as a percentage of
the total 5'-end-labeled DNA substrate, converted to 38mer DNA products. The level of primer extension (‘Ext’) is the average of two independent
experiments conducted for each substrate set. The results were normalized to the 100% value of the extension level obtained with set #1.

The HIV-1 RT-associated clamp/polymerase activity
depends on a tandem alignment of the template strands

The clamp model suggests that the two bottom template
strands should be juxtaposed, so that the 3’-end of the
functional template is positioned immediately next to the
5-end of the second strand that is complementary to most
of the primer. The results of the experiments shown in
Figure 2A and B imply that even a single nucleotide gap
between the two aligned strands in the two tested substrate
sets (in set #5, relative to set#1, and in set #6 relative to set
#2) strongly reduces the clamp-dependent synthesis.
Quantitative analyses of the presented data reveal that
the reduction in the clamp activity is by ~98% for set
#6 and by ~90% for set #5. Interestingly, in the case of
set #5, the sharp drop in activity also affects the
processivity of HIV-1 RT, as the generated products are
shorter than the maximal length products (32-33nt in
length relative to the 38-nt full length products). As
expected, longer gaps are even more deleterious (sets #7
and #8 in Figure 2A and #9 in Figure 2B). The negative
effect of template gaps was also demonstrated for SD, as
in the parallel assay conducted for this activity, gaps of
even a single nucleotide (as in set #11) eliminated the
clamp activity (Figure 2C).

The clamp activity requires a minimal 2-nt
complementarity between the termini of the DNA strands

We have further studied the requirements of HIV-1 RT
clamp/polymerase activity. A clamp-dependent synthesis
did not occur with an overhang shorter than 2-nt, as seen
with set #10 with a single-nucleotide overhang
(Figure 2A). Similarly, under similar assay conditions
(with 50 uM dNTPs) no extension was observed with a
single-stranded primer (Supplementary Figure S3, set
#13) or a blunt-ended double-stranded DNA (that is
similar to set #1 but with a bottom strand longer at its
S’-end by 2-nt) (see below, set #14 in Figure 7, lane 4).
Finally, we have shown that the clamp function is a
general one and requires only a short complementarity
between the 3’-ends of the primer and the template

strand, as suggested by the substantial clamp/polymerase
activity, obtained with set #15 (which differs from set #I,
except for its 3'-GT tail) (Supplementary Figure S3).

The sequence of the DNA synthesized by the clamp/
polymerase activity

To provide further support to the clamp/DNA synthesis,
we have partially sequenced the clamp-dependent
extended DNA (with set #2), by using HIV-1 RT’s
DNA polymerase activity. This was done in the presence
of four dNTPs combinations, each devoid a single ANTP
that was replaced by the matched di-deoxy NTP (ddNTP)
as chain terminators. The results obtained are consistent
with the proposed clamp/DNA synthesis model (data not
shown), although, HIV-1 RT is not the best enzyme for
DNA sequencing, due to its relatively-low fidelity of DNA
synthesis (16—18).

The effect of terminal sequences on the extent of HIV-1
RT clamp activity

As all clamp-positive reactions, described thus far, were
performed with the 5-GT/AC-3’ primer/template terminal
tails, it was of interest to test how altering these dinucleo-
tides affects the clamp activity. First, when the order of
the 3’-terminal nucleotide was reversed (TG/AC ends, set
#16, Supplementary Table S2), the extent of the clamp
activity was only slightly affected (Figure 3, lanes 1 and
2). Then, the effects of the terminal sequences were tested
with sets of template/primers, similar set #1, except for
their 3’-end dinucleotides (Supplementary Tables S1 and
S2; Figure 3). The strongest activity was obtained with set
#17, with a GG primer overhang (~3.6-fold higher than
set #1), while activities obtained with terminal dinucleo-
tides containing a single G (sets #18 and #19), were lower,
albeit higher than those with sets #1 and #16 (~1.5-fold).
A relatively high activity was obtained with set #20 with a
CC tail (by ~2-fold). Sets containing a single terminal C
but no G (#21 and #22) yielded a lower activity relative to
set #20. Substrates with primer tails with only T and/or A
(sets #23, #24 and #25) were appreciably less fit for the
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with set #1. (B) Assayed with set #2.

clamp activity. It is evident that there is a better correl-
ation between the clamp function and the apparent T,
values of the duplexes, rather than with their AG®
values. Interestingly, the presence of two G's in the
primer’s 2-nt overhang promotes a better clamp activity
than two C's.

To check whether extending the terminal primer/
template duplex to 3-nt improves the HIV-1 RT clamp
activity, we have used the trinucleotides GTG/CAC
sequence (set #26, Figure 3, lane 12). Although the T,
of this substrate is slightly higher than that of set #17
(with terminal GG/CC), the clamp activity was roughly
similar, suggesting that substrates with 2-nt overhangs can
be as efficient as slightly longer ones, depending on the
terminal sequences.

The clamp/polymerase activity is typical to RTs and not
to other DNA-polymerases

Another important issue is how common is the clamp
activity to RTs other than HIV-1 RT and to
DNA-polymerases in general. Therefore, we have also
tested RTs of other lentiviruses (of HIV-2 and of BIV),
RTs of the gammaretrovirus, MLV, of the betaretrovirus,
AMYV and of Tf1 (3,19). In addition, the KF of E. coli Pol 1
and Pol-B were tested, representing cellular prokaryotic

or Mg"? (for MLV and Tfl RTs) are indicated. (A) Assayed

and eukaryotic DNA-polymerases, respectively. As KF
has an inherent 3’—5 exonuclease activity that can
distort the results (since this activity is likely to remove
the nucleotides added while extending the primer during
DNA synthesis), a KF mutant lacking this exonuclease
activity was tested. First, we have calibrated the DDDP
activity of all tested enzymes by a DNA primer-extension
assay (Supplementary Figure S1); so, under the clamp
assay conditions all enzymes have similar act1v1ty levels.
Most RTs and DNA polymerases prefer Mg > over
Mn "2, hence the RTs of HIV-1, HIV-2, BIV and AMV as
well as Pol-B and KF were tested with MgCl,. Since the
RTs of Tfl and MLV vary in their divalent cation prefer-
ences with various substrates (8,9), they were tested with
Mg"? and with Mn"?

The results of the assays with sets #1 and #2 (Figure 4A
and B, respectively) indicate that all tested RTs have a
clamp activity, whereas the two tested cellular polymer-
ases, (both devoid of 3’—5" exonucleolytic activity) lack
any detectable level of this activity. In the case of MLV
and Tfl RTs, a substantial clamp activity is apparent with
Mn*? (with hardly any detectable activity with Mg”)
Interestingly, in case of Tfl RT with set #1 and in the
presence of Mn™? (Figure 4A, lane 17) the generated
38-nt product is further extended to DNA strands up to
45-nt in length. This probably results from the strong
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template-independent synthesis, typical to this RT (9).
However, such an extension is likely to take place only
after completing the template-dependent synthesis, which
results from the clamp activity (generating a 38 mer
products), because in a control experiment, performed
with Tfl RT, under similar conditions with equimolar
template-primer (I3:I1) ratios (as shown above in
Figure 1), there was hardly any primer extension (data
not show).

The clamp activity initiates also an RNA-dependent
DNA synthesis

All experiments, described so far, tested the combined
RT-associated clamp/DDDP activity. Since RTs possess
also an RDDP activity, we further tested the clamp
activity with an RNA template (designated 113,
Supplementary Table S1) that is similar in sequence to
the oligo-deoxynucleotide 13 template in sets #1 and #2.
The results with this DNA/RNA substrate (set #27,
Supplementary Table S2) show that, similar to the
clamp/DDDP, the RTs of HIV-1, HIV-2, BIV and Tfl

show an efficient clamp/RDDP activity (Figure S5A).
Interestingly, under the assay conditions, MLV RT
shows a substantially weaker clamp/extension and full
length products were achieved with only Mg*?, though a
single-nucleotide elongation was substantial.

Another related question is whether RTs can perform
the clamp/DDDP activity while bridging over nicks
between RNA and DNA templates. We used set #28
(Supplementary Table S2) that is similar to set #2,
where the oligo-deoxynucleotide I3 is replaces by the
RNA #I13 and the second template, I8, is the same one
used in set #2. The results indicate that all tested RTs
possess an efficient clamp activity with set #28
(Figure 5B). Interestingly, as with set #27, MLV RT
could hardly extend the primer (and full length products
were obtained only with Mn"?); still, with both divalent
cations, an extension by a single nucleotide was efficient.

A direct test for the RT-associated clamp activity

So far, the clamp activity was tested indirectly, as the
resulting primer extension was examined. Hence, this



analysis cannot distinguish between the direct initial RT
binding to the terminal duplex (the clamping phase) and
the primer extension that follows. To tell apart these two
sequential reactions, we have performed an ELISA-based
DNA-binding assay with HIV-1 RT, as described in
‘Materials and Methods’ section and schematically in
Supplementary Figure S2, using set #29 (Supplementary
Table S2). This set is similar to set #2, except that the
primer is 5-end labeled with biotin (oligo 136,
Supplementary Table S1) and the second functional
template is 25mer in length and is 5-end labeled with
digoxigenin (oligo 138, Supplementary Table S1). As a
result of a clamp activity, the products are supposed to
contain both biotin and digoxigenin tags; so, the primer
moiety binds the wells of plate that were pre-coated with
avidin, and the immobilized 138
oligonucleotides-containing clamp-dependent complexes
are detected with anti-digoxigenin antibodies. Contrary
to all analyses, shown above, here the clamp-directed
signals should be potentially monitored regardless of
DNA synthesis. We have also conducted the equivalent
primer extension analyses of the clamp activity. In this
combined clamp/polymerase analysis, the signal was
detected only when dNTPs were present and, hence, poly-
merization took place (Figure 6A and B, columns/lanes 1
versus 2). Therefore, to directly test the formation of a
clamp-dependent RT/DNA complex, each reaction had
a control that was heat-denatured and re-annealed after
the completion of the RT enzymatic reaction. In cases of
positive signals due to DNA synthesis, the levels of reac-
tions with or without denaturation/annealing should be
fairly similar (as strand re-annealing is independent of
an active RT). In contrast, signals resulting from
clamping per se will be largely reduced after the denatur-
ation/annealing process (assuming that denaturated RT
cannot stabilize RT/DNA complexes). The results show
that with dNTPs, HIV-1 RT induces a high signal, even
after heat inactivation (Figure 6A-2N and 2D), indicating
that the combined clamp activity cannot be separated
from the resulting synthesis. To confirm that the two
template strands are required also in this assay system,
we have used set #30 (that contains only the primer and
the template 138, Supplementary Table S2). Indeed, no
signal was obtained (Figure 6A, column 7), similar to
the data shown with set #3 (Figure 1B, lane 8 and
Figure 6B, lane 7).

Next, we have tested if each dNTP is imperative for
performing the clamp. The correct dNTP to be
incorporated, dGTP, yielded a strong signal, similar to
that with all four dNTPs (Figure 6A—-3N). However,
after denaturation, there was a sharp signal reduction, of
~75% (Figure 6A-3D), suggesting that dGTP strongly
contributes to the clamp signal by itself, although only
two Gs can be incorporated (as confirmed by primer ex-
tension, Figure 6B, lane 3). All other reactions, conducted
with each of the other three incorrect dNTPs, gave no
detectable signal (Figure 6A and B, columns/lanes, 4-6),
suggesting that only dGTP can promote the RT-directed
clamp activity.

The obvious question is whether the putative dGTP-
generated tetra-nucleotide duplex (GTGG/CCAC) is
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responsible by itself to the signal, due to its higher stabil-
ity (an apparent Ty, value of 14°C, versus 6°C of the initial
2-nt duplex). Therefore, we have tested set #31
(Supplementary Table S2) with a preformed 3'-end
GTGG tail. Still, this duplex was not stable enough
to yield a signal even with RT (with no dNTPs)
(Figure 6C, column 1), suggesting that the effect of dGTP
observed with set #29 (Figure 6A) is not due the higher
stability of the formed duplex. However, as with set #29,
adding all ANTPs generated a strong signal that was almost
fully resistant to heat denaturation (Figure 6C-2N and
2D). Interestingly, dGTP (the incorrect dNTP) gave here
also a high signal; similar to that obtained with all ANTPs
(Figure 6C, column 3N) although there was no significant
primer elongation (Figure 6D, lane 3). Moreover, the
majority of the dGTP-dependent signal (~72%) was
denaturation-sensitive, suggesting that it is mostly due to
a true RT-dependent clamping (Figure 6C-3D). This un-
expected result suggests that dGTP is required for
stabilizing the clamp-dependent RT/DNA complex, even
when it is not incorporated. The correct ANTP, dCTP, that
elongated the primer by 2 nucleotides (the second C was
misincorporated opposite to an A, Figure 6D, lane 4) leads
also to a clamp signal that is mostly denaturation-sensitive
(~60%) (Figure 6C-4N and 4D). Still, the overall dCTP-
dependent signals are lower than the dGTP-dependent
ones. In contrast, no clamp-dependent signals were
detected with the two incorrect dNTPs, dTTP or dATP,
although in the urea-PAGE analysis, dTTP was
misinserted (opposite to the template G) followed by a
correct insertion that was elongated by misincorporating
another T (opposite to the template C), while dATP was
also slightly misinserted (Figure 6D, lanes 6 and 5, respect-
ively). Finally, as with sets #30 and #3 (Figure 6A and B,
column/lane 7), no signal was obtained in the absence of
oligo I3 (Figure 6C and B, column/lane 7 for sets #32 and
#34, respectively, see Supplementary Table S2 for a sche-
matic description).

The most likely conclusion from the ELISA-based
assay is that the clamp activity of HIV-1 RT is largely
supported by dGTP. To test whether this phenomenon
is shared also by other RTs, we have performed a
similar experiment with MLV and Tfl RTs, in the
presence of Mn'?, as the preferred divalent cation.
Apparently, the clamp activity of these RTs is also
markedly stabilized by dGTP, as denaturation caused
the MLV RT-generated signal to drop by 76% and the
Tf1 RT signal to totally disappear (Figure 6E, columns 3
and 5, respectively). In conclusion, the unsettled unique
role of dGTP in supporting the clamp activity of RTs calls
for further investigations.

HIV-1 RT can utilize the product of
template-independent synthesis for its clamp activity

As shown above, 3’-end matched preformed terminal di-
nucleotides are required for the clamp activity. However,
RTs are also capable (though to a variable extent) of
adding non-templated nucleotides to the nascent DNA
strand (9,18,20,21). Therefore, we have tested whether
clamp activity can result also from newly-formed
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Figure 6. ELISA-based DNA-binding assay with RTs of HIV-1, MLV and Tfl. The DNA-binding assay was conducted, as described schematically
in Supplementary Figure S2. In (A), (C) and (E), ‘N’ marks the native and ‘D’, the heat-denatured reactions. In all schematic descriptions of the
substrates used, the squares indicate the clamp regions. (A), (B), (C) and (D), tested with HIV-1 RT. The descriptions of all columns and gel lanes are
indicated. Control reactions of RT+dNTPs+T/P (without 13) were conducted with set #30 (in A); set #3 (in B); set #32 (in C) and set #34 (in D), see
Supplementary Table S2 for a schematic description. The bars represent the ranges calculated from at least three independent reactions.
(A) DNA-binding assay with set #29. (B) Urea—PAGE analysis of the clamp/polymerase activity with set #2. (C) DNA-binding assay with set
#31. (D) Urea-PAGE analysis of the clamp/polymerase activity with set #33. (E) and (F), tested with MLV RT or Tfl RT, as indicated. (E) is a
binding assay and (F) is a gel assay.

overhangs, generated by a prior non-templated extension Table S2) in the presence of high dNTPs concentrations
of blunt-ended DNA by the RT. The experiment described (500 uM each) to allow a prior template-independent
schematically in Figure 7A, was conducted with set #14, a DNA synthesis. RT was preincubated with the DNA
blunt-ended double strand DNA (Supplementary and dNTPs, followed by adding the acceptor oligo I8
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Figure 7. The reaction products of the combined non-templated addition and clamp/polymerase activity of HIV-1 RT. (A) A schematic description
of the assay (see Figure 1 for details). (B) HIV-1 RT underwent pre-incubation (P.I) with the indicated T/Ps and dNTPs for 30 min at 37°C, followed
by further incubations with (lanes 6, 7, 8 and 9) or without (lanes 3, 4 and 5) the acceptor oligo I8, for additional 30 min at 37°C, as described under

each of the gel lanes.

with the 3’-end sequence of 5'-AC-3’. Although, under the
assay conditions employed, we could not detect any signifi-
cant non-templated extension (Figure 7B, lane 3), adding
oligo I8 resulted in weak, albeit significant, synthesis of
61-nt products (lane 6). In contrast, no significant clamp
activity was observed with 50 uM dNTPs (that is too low
for a non-templated extension) after adding the acceptor
oligo I8 (Figure 7B, lane 4 versus lane 7).

To bias the non-templated synthesis to preferentially
generate G/T-containing tails, which are suitable for the
3’-end of the acceptor strand (oligo 18), RT was
preincubated with set #14 and 500uM of each dGTP
and dTTP, followed by adding oligo I8 and 50 uM of
each dATP and dCTP. Here, a stronger extension of the
primer to the expected products was obtained (Figure 7,
lane 8), though no significant non-templated extension
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was observed without the acceptor strand, I8 (lane 5). This
confirms the prediction that RT can utilize the
end-product of a template-independent synthesis for its
clamp/polymerase activity. As could be expected, the
direct clamp assay is by far more sensitive than the
indirect  non-templated synthesis-dependent/clamp/
polymerse assay, as the reaction with the preformed
3’-end overhang substrate, set #1 (with an equimolar
template-primer, 13:11, ratio) in addition to the acceptor
strand, oligo I8, was much more efficient (Figure 7, lane 9
versus lanes 6 and 8).

A previous study by Golinelli and Hughes suggested
that non-templated DNA synthesis by HIV-1 RT can
induce non-specific strand transfers when the acceptor
DNA is in an exceedingly-high excess (70-fold) over the
primer (21), which is definitely above any expected in vivo
physiological conditions. In contrast to this, the experi-
mental conditions and results described in the present
study are different. First, an efficient clamp/polymerase
activity with preformed 2-nt overhangs could be
achieved even at the acceptor (in the case of set #2, oligo-
nucleotide I8) to primer molar ratio of 0.5:1, a ratio that is
supposed to be close to the conditions that can be encoun-
tered in vivo (Figure 1C, lane 4). Moreover, even when a
prior non-templated addition was required, clamp-
dependent strand transfer could be accomplished in
our experiments at a molar ratio of acceptor (I8) to
primer as low as 4:1 (and possibly even at a lower ratio)
(Figure 7B, lanes 6 and 8). Therefore, this cardinal differ-
ence between the over-saturation conditions, employed by
Golinelli and Hughes, and those used by us makes it dif-
ficult to compare between those few results of theirs
(which are pertinent to our study) and the results pre-
sented herein.

One explanation for the clamp/polymerase activity
shown here can be the necessity for non-specific switches
from one template strand to another, once the first strand
was fully copied. Blunt-end duplexes can be formed during
retroviral RTN due to breaks in the template RNA.
Therefore, if the growing segmented DNA chains gain
very short unpaired 3’-end tails due to the template-
independent synthesis property of RTs, suitable acceptor
DNA or RNA strands will permit extending the nascent
DNA by RT, upon copying these templates. This means
that these strand switches will depend on 3’-end sequence
of the acceptor strand, the cellular ANTPs pool bias and
the capacity of a given RT to perform non-templated add-
itions. For example, our preliminary results suggest that
MLV RT has an apparently weak template-independent
DNA polymerase activity, therefore, despite its reasonable
clamp activity with preformed overhangs in the presence
of Mn*? (Figure 4A and B, lanes 13) its combined
non-templated addition/strand switching activity 1is
marginal (data not shown).

Alternatively, by stabilizing the nucleic acids/RT
complexes, RTs can bridge over nicks in the copied tem-
plates, even when the formed duplexes are otherwise
unstable. Since the clamp-dependent DNA synthesis is ac-
complished in vitro by all tested RTs, it is likely to be a key
factor in performing RTN. This prediction opens the door
for identifying the potential specific steps during RTN that

depend on this function. However, it should be also
emphasized that the clamp activity characterized in this
study is most likely different from the ‘classical’ (—) and
(+) strand DNA transfers, known to take place during
RTN, since they involve substantially longer complemen-
tary sequences between the strands. Thus, the R region,
promoting (—) strand transfer, varies between 15 and
250-nt in different retroviruses, and the PBS, involved in
(+) strand transfer, is usually 18-nt in length (1).

The in vitro findings described herein show that RTs can
hold together template DNA strands, juxtaposed with no
gaps, with the complementary primer DNA strand that
has very short overlapping 3’-end tails. The formed
duplexes are undoubtedly thermodynamically unstable
without RT, while the same DNA complexes with RT
are stable enough to allow efficient DNA synthesis. To
provide structural insights into this HIV-1 RT-DNA
complex, we have modeled such a 3D structure
(Supplementary Figure S4). This model suggests that
several RT residues may participate in forming the
complex (residues 89-92, Lys154, Prol57 and Alal5s).
Evidently, further mutagenesis and structural studies are
required to clarify the molecular basis for this activity and
whether it is possible to molecularly-dissect between DNA
synthesis and clamp activity of RT. Moreover, the unique
contribution of dGTP to the clamp function needs to be
further investigated to see whether it involves hydrolysis of
dGTP (e.g. as a potential energy source). However, we
could not find any apparent sequence homology between
HIV-1 RT and consensus sequences of known GTPases
(data not shown).

The potential involvement of dGTP in the clamp
activity may be one direction in further studying the mo-
lecular processes, involved in this activity, as well as iden-
tifying specific inhibitors of these unique steps. Thus, this
clamp function can be valuable as a novel and specific
target for inhibiting HIV RTs and hence RTN, as this
activity is probably not shared by other cellular host
DNA polymerases. Finally, as RTs are widely used
nowadays in bioresearch for synthesizing cDNA from
RNA, the RT clamp function may be used also for the
in vitro synthesis of continuous DNA strands from seg-
mented RNA strands.
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