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Time-resolved single-molecule fluorescence spectroscopy was used to study the human T-cell lymphotropic
virus type 1 (HTLV-1) nucleocapsid protein (NC) chaperone activity compared to that of the human immu-
nodeficiency virus type 1 (HIV-1) NC protein. HTLV-1 NC contains two zinc fingers, each having a CCHC
binding motif similar to HIV-1 NC. HIV-1 NC is required for recognition and packaging of the viral RNA and
is also a nucleic acid chaperone protein that facilitates nucleic acid restructuring during reverse transcription.
Because of similarities in structures between the two retroviruses, we have used single-molecule fluorescence
energy transfer to investigate the chaperoning activity of the HTLV-1 NC protein. The results indicate that the
HTLV-1 NC protein induces structural changes by opening the transactivation response (TAR) DNA hairpin
to an even greater extent than HIV-1 NC. However, unlike HIV-1 NC, HTLV-1 NC does not chaperone the
strand-transfer reaction involving TAR DNA. These results suggest that, despite its effective destabilization
capability, HTLV-1 NC is not as effective at overall chaperone function as is its HIV-1 counterpart.

Human T-cell lymphotropic virus type 1 (HTLV-1) shares
many common features with human immunodeficiency virus
type 1 (HIV-1). HTLV-1 is of interest because infection with
this virus can lead to adult T-cell leukemia, as well as certain
types of demyelinating diseases, such as tropical spastic para-
paresis (1, 6). The HIV-1 retrovirus has been widely studied,
and it is known that both of these viruses contain many differ-
ent structural and functional proteins (9, 10, 12, 18, 19, 22, 29),
including the nucleocapsid proteins (NC), which are common
in other retroviruses as well (11). In HIV-1, NC proteins play
a critical role in chaperoning the strand transfer reactions
during the reverse transcription process (27, 36, 45, 48). The
HIV-1 NC protein is characterized by two zinc fingers that
have a highly conserved CCHC binding motif as shown in Fig.
1a. Although the first and second zinc fingers of the NC pro-
teins are similar, their biological activities are different. De-
spite their differing biological activities, both zinc fingers are
necessary for viral replication (16, 20, 21).

Guo et al. have shown that zinc ion coordination plays an
important role in the efficient minus- and plus-strand transfer
steps of reverse transcription (23). Specifically, the zinc fingers
destabilize base pairing of the nucleic acid, hence destabilizing
the transactivation response RNA (TAR-RNA) and TAR-
DNA (4). Furthermore, it has been reported that nucleic acid
chaperone activity is not supported by changing the amino acid
residues surrounding the zinc-binding CCHC residues, either
by duplicating and/or exchanging the zinc fingers in the two
positions, as each zinc finger performs a specific function dur-
ing the strand transfer process (24). Two independent func-
tions of HIV-1 NC during reverse transcription include nucleic

acid aggregation (15, 34) and duplex destabilization (3–5, 23,
49, 50, 53) associated with the N-terminal basic amino acid
domain and the zinc fingers, respectively.

The HTLV-1 NC protein, like the HIV-1 NC, contains two
zinc finger motifs, as shown in Fig. 1b, but the overall amino
acid sequence of the HIV-1 protein is basic, whereas HTLV-1
NC is a neutral protein. HTLV-1 NC is 85 amino acids (aa) in
length containing a basic N-terminal region and a negatively
charged C-terminal tail (43). A major difference between the
HTLV-1 and HIV-1 NC proteins is the 35-aa extension on the
C-terminal end of HTLV-1 NC that is quite acidic. The NC
proteins from HIV-1 and the closely related deltaretrovirus,
bovine leukemia virus (BLV), have an extension of only 6 aa at
their C termini (12).

All retroviruses undergo minus-strand transfer in which part
of the minus-strand strong stop DNA must anneal to the viral
RNA. This involves, to a greater or lesser extent depending on
the specific retrovirus, both destabilization and annealing
events. The strand transfer process and the region of TAR-
DNA/RNA involved are well characterized for HIV. Thus,
using TAR is a useful benchmark to study how other retroviral
proteins function during viral replication. As mentioned be-
fore, one of the most important functions of the HIV-1 NC
protein is to chaperone the annealing of HIV-1 TAR-RNA to
the complementary sequence (TAR-DNA) in minus-strand
strong-stop DNA. Unlike the HIV-1 NC protein chaperone
activity in reverse transcription (10, 14, 17, 20, 21, 23, 24, 30, 37,
38, 54, 55), little is known about the activity of the NC protein
in HTLV-1 and other retroviruses during this process. Re-
cently, retroviral specific differences in NC’s nucleic acid bind-
ing, aggregation, and overall chaperone function have been
reported (47). By comparing structural and chemical proper-
ties between HIV-1 and HTLV-1 NC proteins, the effects of
these proteins on binding to the HIV-1 TAR-DNA hairpin can
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provide a greater insight into critical mechanisms and roles
played by these proteins in reverse transcription. Ultimately,
understanding how the NC proteins affect viral infection can
be useful in targeting drugs for disease prevention and control.
The present study compares HIV-1 and HTLV-1 NC protein-
chaperoned opening of the TAR-DNA hairpin and the reac-
tion with zipper DNA (cDNA for the nucleation occurring at
the 3�/5� termini of the TAR-DNA opened at bulge L2 (37)
using time-resolved single-molecule spectroscopy to identify
the underlying mechanism behind NC protein activity.

Fluorescence resonance energy transfer (FRET) is a useful
technique for measuring average configurations. Because of
the dynamic heterogeneity intrinsic to biomolecules, a more
useful technique for measuring dynamics is single-molecule
FRET (SMFRET). SMFRET is a powerful tool for obtaining
information about complex processes at a molecular level (38,
40, 41). Specifically, SMFRET has been used successfully to
observe structural fluctuations in biomolecules (25, 42, 52, 56).
Because one measures these dynamic changes one molecule at
a time, it is possible to eliminate the averaging that occurs
when all molecules are measured concurrently, as in traditional
ensemble FRET. Time-resolved single-molecule spectroscopy
has been used in previous studies to measure the nucleic acid
conformational dynamics (9, 10, 35, 37, 38, 54, 55). Nucleic
acid conformation changes in the presence of proteins have
been observed using SMFRET (7). By monitoring the real-
time fluorescence signals from a donor-acceptor (D/A) fluo-
rescent dye pair, it is possible to extract information about the
dynamics of TAR-DNA hairpin opening and closing, in the
presence or absence of NC proteins. FRET efficiency can be
used as a tool to measure the extent of structural changes as a
function of distance between the dyes when the NC proteins
interact with the D/A TAR-DNA hairpin. Furthermore, fluc-
tuations in the FRET efficiency reveal kinetic information
from these systems in solution.

SMFRET analysis using the HIV-1 system performed by
Cosa et al. showed that the NC protein destabilizes the sec-
ondary structure in the 3�/5�-terminal loop regions of the ini-
tially closed TAR-DNA hairpin (9) (the closed form is the C
form shown in Fig. 7a below). Liu et al. used SMFRET to study
important intermediates in the NC protein chaperoned minus-
strand transfer step in HIV-1 reverse transcription (37, 38).
They showed that in addition to destabilizing the hydrogen
bonds of the TAR-DNA hairpin up to bulge L2, leading to the
Y form structure, the HIV-1 NC protein assists the comple-
mentary zipper DNA (Fig. 2) to anneal to the Y form structure
of TAR-DNA. The interaction between D/TAR-DNA and
A/zipper DNA was monitored by observing the time resolved

FRET between the donor and acceptor dyes as the NC protein
chaperones the annealing of the DNA strands. The FRET data
revealed the importance of HIV-1 NC protein in unzipping the
TAR-DNA hairpin and reannealing the zipper DNA to the
melted region similar to the process occurring during minus-
strand transfer during reverse transcription.

We show here that the HTLV-1 NC protein also disrupts the
HIV-1 TAR-DNA hairpin bonds. In addition, we tested the
ability of HTLV-1 NC protein to chaperone the annealing of
two DNA strands. Both the FRET trajectory study and the
reactions with complementary zipper DNA gave us insights
into the extent to which the TAR-DNA hairpin opens up in the
presence of HTLV-1 NC protein and whether it assists in
annealing complementary nucleic acids.

MATERIALS AND METHODS

Sample preparation. Purified Cy3 (donor)- and Cy5 (acceptor)-labeled bio-
tinylated TAR-DNA (D/A TAR-DNA) was purchased from TriLink Biotech-
nologies (San Diego, CA). HTLV-1 NCp15 protein was prepared as follows: the
gene encoding HTLV-1 NCp15 was PCR amplified from a full-length HTLV-1
proviral plasmid pCS-HTLV-1 (13) (a generous gift from David Derse, NCI-
Frederick) and cloned into pET32a (Novagen, a brand of EMD Biosciences, Inc.,
Madison, WI) to generate the plasmid pDR2559 that expresses HTLV NCp15 as
a thioredoxin fusion with a TEV protease cleavage site (ENLYFQ) (31, 32). The
HIV-1 NCp7 expression construct was prepared as described previously (8).
Once the HTLV-1 and HIV-1 NC fusion proteins were expressed and cleaved
with TEV protease or enterokinase, respectively, the full-length HTLV-1 NCp15
and HIV-1 NCp7 (NL4-3; GenBank accession no. AF324493) were prepared and
purified essentially as described previously (8, 23). Figures 1 and 2 show the
sequences and structures of the NC proteins and the biotinylated DNA used in
these experiments, respectively. D/A TAR-DNA was immobilized on the cover-
slip by using biotinylated polyethylene glycol (biotin-PEG-NHS-5000; NOF
Corp., Japan).

Before PEG immobilization, plasma-cleaned coverslips were first treated with
Vectabond-acetone 1% (wt/vol) solution (Vector Laboratories, Burlingame, CA)
for 5 min and then rinsed with molecular biology-grade water (HyClone; VWR)
and dried with an N2 stream.

Vectabond-treated coverslips were covered with a silicon template with an oval
opening. The exposed area was incubated with 25% m-PEG-SPA-5000 (Sigma)

FIG. 1. Structures of HIV-1 NC protein (a) and HTLV-1 NC pro-
tein (b).

FIG. 2. Structures of TAR-DNA and zipper DNA used in the
SMFRET studies.
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and 0.25% biotin-PEG-NHS-5000 in 0.1 M sodium bicarbonate for 3 h. The
silicon template was removed, and the excess PEG solution was rinsed with
molecular biology-grade water and dried with N2. A reaction chamber was
constructed over the incubated area using flow inlet and outlet ports (Upchurch
Scientific) and predrilled polycarbonate films with customized adhesive seals
(Grace Bio). This reaction chamber made it possible to flow solutions over the
treated surface. The chamber was filled with a streptavidin solution—0.2 mg/ml
in HEPES buffer (25 mM HEPES, 40 mM NaCl [pH 7.3])—and incubated in the
dark for 10 min. Meanwhile, DNA solution was prepared using 10 �l of 10 nM
D/A TAR-DNA in 25 mM HEPES buffer. The TAR-DNA solution was flowed
into the chamber after the streptavidin and was incubated for 20 min. The excess
TAR-DNA solution was then rinsed with 25 mM HEPES buffer.

During FRET analysis, a syringe pump was used to continuously flow an
oxygen scavenger solution through the sample chamber to minimize the effect of
rapid photobleaching of the acceptor and donor dyes. The oxygen scavenger
solution was prepared by using 3% (wt/vol) �-D-(�)-glucose (Sigma), 0.1 mg of
glucose oxidase/ml, 0.02 mg of catalase (Roche Applied Science)/ml, 2 mM
Mg2�, HEPES buffer, and saturated Trolox solution (6-hydroxy-2,5,7,8-tetram-
ethylchroman-2-carboxylic acid; Fluka). The HIV-1 NC and HTLV-1 NC protein
concentration flowed through the sample chamber were maintained at 0.44 �M
in all experiments. This concentration was chosen because it is high enough to be
considered saturating, quantified by the degree of fluctuations and strand trans-
fer, and low enough that protein/nucleic acid aggregation effects are not ob-
served (10). Detailed studies of concentration effects on these properties at lower
concentrations have been reported previously (10, 38).

The reaction between the D/TAR-DNA and the A/zipper DNA was per-
formed by first immobilizing D/TAR-DNA onto the coverslip as described

FIG. 3. Laboratory-built single-molecule spectroscopy/polarization
microscope.

FIG. 4. FRET trajectory (top) and the corresponding FRET histo-
gram (bottom) for single closed-structure TAR-DNA hairpin.

FIG. 5. Ensemble FRET histogram of D/A TAR-DNA with no NC
proteins (a), in the presence of HIV-1 NC proteins (b), and in the
presence of HTLV-1 NC proteins (c). For all experiments, the Mg2�

and NC protein concentrations were maintained at 2 mM and 0.44
�M, respectively.
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above. A series of three syringe pumps were used to systematically flow a 20 nM
solution of A/zipper DNA, NC protein, and oxygen scavenger solutions as
needed for the reactions.

Instrumentation/SMFRET setup. Figure 3 shows a schematic of our instru-
mentation. A 532-nm solid state laser (Verdi; Coherent) was used for sample
excitation. The light was expanded to overfill the back aperture of a Fluar �100
1.3 NA oil immersion microscope objective lens (Carl Zeiss, GmbH) (28). This
resulted in a 1/e2 beam radius and height of �230 nm and �1 �m, respectively.
The power laser light at the sample was maintained at about 310 nW/cm2 in
order to provide adequate signal to noise while minimizing instantaneous pho-
tobleaching of the dyes. Fluorescence was collected and refocused by the same
objective (33) and separated from the excitation light by using a dichroic mirror
(z532rdc; Chroma Technology). Additional emission filters were used to improve
the signal-to-noise ratio (NHPF-532.0; Kaiser Optical; and ET585, Chroma
Technology). The signal was refocused and passed through a second dichroic
mirror to separate the donor and acceptor emission. The donor and acceptor
fluorescence signals were collected with two avalanche photodiodes (SPCM-
AQR-15; Perkin-Elmer). A closed-loop xyz piezo stage (P-517.3CL; Physik In-
strumente) with 100-by-100-by-20-�m travel range and a 1-nm specificity was
used to position the sample (SPM 1000; RHK Technology). Transistor-transistor
logic output from the detectors was augmented and split via a fan-out buffer
(PRL-414B; Pulse Instruments) to two separate computer boards: one for single
photon counting trajectories (PMS-400-A; Boston Electronics Corp.) and the
other for two-dimensional imaging (RHK Technology). The intensity trajectories
were acquired at a 1-ms resolution and later binned up to 10 ms to improve the
signal-to-noise ratio. The fluorescence signals were corrected for background
noise (before binning) and donor/emission cross talk between channels (9). All
of the data were analyzed with software written in house using MATLAB
(R2006a).

The corrected fluorescence signal trajectories were used directly to calculate
the FRET efficiency, EA, using the following equation (37, 55):

EA�t� � IA�t�/	IA�t� � ID�t�
 (1)

where ID and IA are the background-corrected donor and acceptor signals,
respectively.

Data acquisition. To obtain SMFRET trajectories for individual DNA mole-
cules, a 10-�m-by-10-�m area of the sample was scanned to spatially locate 15 to
20 molecules. The RHK controller was then used to precisely position the piezo
stage to focus the laser excitation light on a single molecule. The molecule was
excited with the laser light, and the avalanche photodiodes and photon counter
board collected time-resolved donor (ID) and acceptor (IA) fluorescence signals
until photobleaching of the dye occurred. The corresponding FRET trajectory
was calculated by using equation 1. Figure 4 shows an SMFRET trajectory and
the corresponding FRET histogram of a TAR-DNA hairpin. This process was
repeated to obtain FRET trajectories from at least 40 molecules for each exper-
iment.

To observe the reaction between the D/TAR-DNA and A/zipper DNA, a
solution of oxygen scavenger was flowed through the sample chamber for 10 min,

after which a 30-�m-by-30-�m image was scanned to locate molecules. This area
was then continuously scanned after the flow of A/zipper DNA solution and the
NC proteins was started. The real-time scanning of the reaction area revealed the
chaperoning effects of NC proteins on DNA through the time-resolved fluores-
cence signals from the molecules as they were recorded on the donor and
acceptor channels.

RESULTS AND DISCUSSION

FRET trajectories and histogram. Single-molecule fluores-
cence trajectories record the dynamic conformational fluctua-
tions of the D/A TAR-DNA hairpin in the absence or presence
of either the HIV-1 or HTLV-1 NC proteins. Equation 1 is
used to calculate the FRET efficiency time trace for each
individual molecule. Figure 5 shows the ensemble FRET his-
tograms for D/A TAR-DNA under three different experimen-
tal conditions: TAR-DNA only (panel a), TAR-DNA in the
presence of HIV-1 NC protein (panel b), and TAR-DNA in
the presence of HTLV-1 NC protein (panel c). The average
FRET efficiency for D/A TAR-DNA only was calculated to be
0.95, which indicates that the hairpin is in a closed state (C
form) in the absence of NC proteins (see Fig. 7a).

As shown previously (9, 10, 37, 38, 54, 55) and in Fig. 5b, the
presence of HIV-1 NC proteins reduces the FRET efficiency
from 0.95 to 0.90, implying that the TAR-DNA is in a partially
opened “Y” state in the presence of HIV-1 NC protein, re-
ducing the efficiency of energy transfer between the dyes. It is
important to note that the average FRET value calculated
reflects an equilibrium between closed and open states. Cosa et
al. first showed (9) that the structural change that occurs in the
presence of HIV-1 NC protein that gives rise to the Y-form
structure corresponds to disruptions in the secondary structure
up to bulge L2 as shown in Fig. 7b. A total of 6 to 7 bp break
to open up the TAR-DNA hairpin to form this Y structure.

SMFRET trajectories and the corresponding histograms from
individual TAR-DNA hairpin in the presence of HTLV-1 are
shown in Fig. 6. State-to-state transitions identified from hidden-
Markov modeled trajectories (39) clearly exhibit fluctuations be-
tween the closed and multiple open states (Fig. 6a). In contrast, a
FRET trajectory from a single TAR-DNA molecule (see Fig. 4)
shows no such fluctuations and in the presence of HIV-1 NC (9,

FIG. 6. (a) FRET trajectory (top) and the corresponding FRET histogram (bottom) of individual D/A TAR-DNA hairpin in the presence of
HTLV-1 NC. (b) FRET trajectory of a different TAR-DNA hairpin in the presence of HTLV-1 NC. Both trajectories show highly dynamic
fluctuations between the closed and open states in the presence of HTLV-1 NC compared to fluctuations seen in the presence of HIV-1 NC.
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37) shows fewer fluctuations and fewer open states. The observed
ensemble FRET efficiency in the presence of HTLV-1 NC de-
creases to �0.81, indicating that the TAR-DNA hairpin opens
significantly further in the presence of HTLV-1 NC protein than
it does in the presence of HIV-1 NC protein. This lower energy
transfer indicates that the hairpin structure is opened up at a
bulge lower than L1 and L2, i.e., to L3 or L4 (Fig. 7c and d).

Transition lifetime analyses. The ensemble FRET trajecto-
ries for TAR-DNA in the presence NC protein were further
analyzed to extract information about the transitions from closed

to open states by performing a transition lifetime analysis. Tran-
sition lifetime analysis examines the distributions of lifetimes of a
particular state and can provide kinetic information by fitting
reactant state lifetimes to an exponential decay. FRET values
between 0.93 and 1.0 were set to indicate the closed state (C-
form) conformation of the TAR-DNA hairpin. FRET values
from 0.75 to 0.93 were set to indicate the open Y form, and values
from 0.00 to 0.75 were attributed to the more widely open state
Y�, achieved for TAR-DNA in the presence of HTLV-1 NC
protein. The FRET for each of these three states covers a range

FIG. 7. Structures showing four different states of D/A TAR-DNA. Structures: completely closed “C” structure (a); structure opened at bulge
L2, “Y” form (b); structures opened at bulge L3 (c) and opened at bulge L4 (d), both referred to as Y�.

FIG. 8. Transition lifetime analysis between the closed (C) state and opened states transitions. Panel a analysis gave a total of 258 transitions
from the C state (TAR-DNA/HIV-1 NC), of which �200 go to the Y-form state as shown in panel b. In the presence of HTLV-1 NC protein, the
transition is mostly between state Y and an even more open state Y�, as shown in panels c and d, respectively.
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of values to account for the open/closed equilibrium fluctuations
that occur in each state.

The calculated average FRET is truly the equilibrium value
between the closed and open states and does not reflect the
actual FRET value for any given state. The TAR-DNA histo-
gram in the presence of HIV-1 NC protein can be deconvo-
luted into two distributions that show the appropriate FRET
values for the transition lifetime analysis. In the presence of
HIV-1 NC protein, a total of 258 transitions from the C form
were identified (Fig. 8a). Within the FRET range discussed
above, a total of 198 transitions (�80% of transition C) (Fig.
8b) were identified in the Y form. This implies that in the
presence of HIV-1 NC the TAR-DNA hairpin fluctuates be-
tween the closed and the partially open Y form.

The transition lifetime analysis for TAR-DNA in the pres-
ence of HTLV-1 NC protein shows a shift in the C-form tran-
sition and the hairpin fluctuates between the partially open Y
form and the even more open (Y�) state (�90% transitions
from state Y to state Y�) identified previously (Fig. 8c and d).
It is likely that that HTLV-1 NC protein-induced structural

change in the TAR-DNA hairpin is too fast to resolve the
C-form state. In addition, the fit of the transition lifetime
curves for all transition show bi-exponential decay. The tran-
sition rates in the presence of HIV-1 NC, i.e., from state C
(KC) and from state C to state Y (KCY) and similarly the
respective rates in the presence of HTLV-1 NC, as shown in
Fig. 8, indicate that the transitions in the presence of NC
proteins are not a simple two-state equilibrium but a rather
more complicated and dynamic transition between the states,
as suggested by Cosa et al. (10) as well.

Reaction between TAR-DNA and zipper DNA. Continuing
the comparison between HIV-1 and HTLV-1 NC protein, the
second part of the experiment measures the annealing portion
of the nucleic acid chaperoning effect of the NC proteins for
reactions between D/TAR-DNA and Y form A/zipper DNA
(55). The reaction between the D/TAR-DNA and the A/zipper
DNA in the presence of HIV-1 NC protein shows the emer-
gence of the acceptor fluorescence signal as the reaction pro-
ceeds (Fig. 8).

Figures 9a and b show the ensemble FRET histograms be-

FIG. 9. Experimental ensemble FRET histograms. Panels a and c show FRET histograms calculated before adding A/zipper DNA or NC
proteins, i.e., only donor signal is observed, and hence the average FRET efficiency is zero. (b) In the presence of HIV-NC protein and A/zipper
DNA, the emergence of acceptor signal is seen, and the calculated average FRET efficiency is about 1. (d) In the presence of HTLV-1 NC protein
and A/zipper DNA, no acceptor signal was observed with a calculated average FRET efficiency of zero.
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fore and after addition of the HIV-1 NC protein and the
A/zipper DNA, respectively. The initial FRET efficiency is
zero when no acceptor dye is present in the system. As HIV-1
NC and A/Zipper solutions flow through, signal from the ac-
ceptor dye is observed and the FRET efficiency changes from
�0 to �1. The presence of HIV-1 NC protein clearly chaper-
ones melting and annealing reactions between the two DNA
strands. However, when D/TAR-DNA is reacted with A/zipper
DNA and HTLV-1 NC protein, the annealing reaction was not
chaperoned. This can be observed in that the FRET efficiency
before and after the presence of A/zipper and HTLV-1 NC
protein remained at zero as shown in Fig. 9c and d, respec-
tively.

It is known that the opening and annealing of the TAR-
DNA hairpin is critical for the minus-strand transfer process in
reverse transcription (9, 10, 24, 30, 37, 38, 54, 55). Both
HTLV-1 and HIV-1 NC proteins induce secondary structure
fluctuations in the hairpin as seen above. Even though the
zipper DNA used in our experiments is complementary to the
Y-form structure rather than the Y� structure, if HTLV-1 NC
protein were efficient at reannealing the two strands, the zipper
DNA should partially anneal at the 5� region of the TAR-DNA
as shown by Cosa et al. (9) using different mutant DNAs in the
presence of HIV-1 NC protein. Since we do not observe any
acceptor signal in the presence of HTLV-1 NC protein, it is
clear that even though HTLV-1 NC protein is effective in
opening the TAR-DNA hairpin, it is not effective in assisting
the zipper/TAR-DNA annealing reaction.

Most retroviral NC proteins are highly charged cationic pro-
teins. High-affinity cationic binding of these proteins to nucleic
acid is predominantly electrostatic, which can lead to the for-
mation of protein-induced nucleic acid aggregation (2, 26).
However, HTLV-1 NC is neutral at physiological pH. The
inability of HTLV-1 NC to aggregate nucleic acid is consistent
with the electrostatic model since a high density of acidic
residues are at the C terminus, whereas the majority of the
basic residues are at the zinc fingers and the N terminus (44,
46). Wang et al. have shown that in BLV both NC and matrix
domains are important for viral packaging (51). HTLV-1 NC,
which is closely related to BLV NC, may also require an ad-
ditional protein to chaperone the strand transfer reaction. Fu-
ture efforts will examine this relationship in detail.

Conclusion. We used SMFRET spectroscopy to report for
the first time the implications of HTLV-1 NC protein nucleic
acid chaperone function on the TAR-DNA hairpin. We found
that the HTLV-1 NC protein is effective in opening the TAR-
DNA hairpin, even more so than the HIV-1 NC protein. This
implies that the structures and basic compositions of the NC
proteins play an important role in inducing structural changes
in TAR-DNA since both HTLV-1 NC protein and HIV-1 NC
protein have two zinc finger motifs that are highly capable of
destabilizing base pairs. In addition, unlike HIV-1 NC protein,
HTLV-1 NC protein is not effective at reannealing the zipper
DNA and TAR-DNA. The difference in the C-terminal chain
and the overall charge of the NC proteins is likely affecting the
strand transfer activity, and therefore we suggest that both the
zinc fingers and the termini of NC proteins are important in
the strand transfer process.
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