








C-terminal Electrostatic Switch Modulates HTLV-1 NC

FIGURE 1. Sequence and zinc finger structures of the WT and mutant NCs studied in this work, including
HTLV-1 (A), HTLV-2 (B), HIV-1 (C), and HIV-1/HTLV-1 chimeric NC (D). The arrows mark the C-terminal
deletion (AC29) or mutations or deletions of individual residues in the CTD. The corresponding names of all
mutants are indicated in parentheses. C also shows the p1 and p6 domains of the HIV-1 precursor protein

NCp15.

fixed DNA extension, the stretching force was recorded as
function of time until equilibrium was achieved.

RESULTS

Fig. 1 compares the amino acid sequence of HTLV-1 NC (Fig.
1A) with that of HIV-1 NC (Fig. 1C, top). Both proteins possess
two zinc binding domains, which contain many basic residues
and two or three aromatic residues. A distinguishing feature is
the highly anionic CTD of HTLV-1 NC, which is absent in
mature HIV-1 NC. Whereas most retroviral NCs have an over-
all basic character (pI = 9-10), the overall pl of HTLV-1 NC is
about 7. Here, we investigate the hypothesis that this unusual
feature leads to poor chaperone function by comparing the
chaperone properties of the WT protein with that of a trun-
cated variant lacking 29 amino acids from its CTD (AC29, see
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Fig. 1A). We also prepared three
additional HTLV-1 NC mutants
that lack (either through substitu-
tion with Ala or deletion) one or
more C-terminal acidic residues.
The negative charge of the anionic
CTD of these mutants is diminished
to varying extents, and they are des-
ignated EED, in which three acidic
residues are neutralized by chang-
ing them to Ala, LLD, which lacks
residues 65-70 including one acidic
residue, and point mutant D69A.
These HTLV-1 NC mutants are
similar to the ones shown in a recent
study to have a significant effect on
apolipoprotein B editing catalytic
polypeptide 3G (APOBEC3G) pack-
aging into HTLV-1 virions (34).
Nucleic Acid Chaperone Activity
of HTLV-1 NC Is Negatively Modu-
lated by Its Amnionic C-terminal
Domain—In this study, we used a
mini-TAR DNA/RNA model sys-
tem to characterize the overall
chaperone activity of WT and
mutant HTLV-1 NC (Fig. 2). The mini-
TAR RNA sequence is derived from
the TAR RNA hairpin present near
the 5'-end of the 96-nt R region
of the HIV-1 genome. The HTLV-1 R
region contains 228 nt and folds into
a complex secondary structure (43—
45), whose 5' region is predicted to
contain several hairpins (e.g. nts
27-46 and 139-163) with similar
thermodynamic stability as the
mini-TAR RNA substrate used here
(AG = —9.70 kcal/mol) (46). We
compared the chaperone activities
of these proteins by measuring the
annealing time course in the pres-
ence of saturating amounts of NC.
As shown previously, in the absence of NC this reaction is
extremely slow and is characterized by a bimolecular rate con-
stant of ~100 M~ ' s ! in low salt (20 mm NaCl) (38). Addition
of HIV-1 NC increases this rate by ~10-fold. Presented in Fig.
3 is the mini-TAR annealing time course in 20 mm NaCl in the
presence of saturating amounts of WT HTLV-1 NC (5 unm; 0.66
nt:NC ratio) and the following four mutants indicated in Fig.
1A: AC29, EED, D69A, and LLD. The ability of these proteins to
facilitate the annealing reaction varies greatly. WT HTLV-1 NC
results in only a 2-fold increase above the background rate of
annealing, even at a concentration of 5 uM. The AC29 variant,
which lacks 8 out of a total of 11 negatively charged residues,
facilitates annealing ~100-fold over the background rate but is
still not quite as effective as HIV-1 NC (~4-fold lower) (38).
The next best chaperone is the EED variant, whose chaperone
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presence of saturating amounts of
each protein and the reversible
nature of the annealing reaction. In

FIGURE 2. A, schematic illustration of the annealing reaction between the TAR RNA and DNA hairpins or
mini-TAR RNA and DNA hairpins. B, typical native polyacrylamide gel quantifying the fraction of bound (B) and
free (F) RNA as a function of time indicated by each lane in minutes, in the presence of saturating HIV-1 NC.

activity is only ~3-fold reduced relative to AC29 NC. These
data suggest that the three neighboring acidic residues that
were neutralized in this mutant provide a major contribution to
the inhibition of chaperone activity for HTLV-1 NC. The chap-
erone activities of D69A and LLD are ~5-fold lower than the
EED variant and indistinguishable from one another within
our experimental error. This result is consistent with the fact
that relative to WT HTLV-1 NC, both of these variants lack
just a single negatively charged amino acid at position 69 (see
Fig. 14).

Altering the Solution Ionic Strength Supports an Electrostatic
Mechanism of CTD Inhibition of HTLV-1 NC Chaperone
Function—Based on the results presented in Fig. 3, the anionic
residues of the CTD of HTLV-1 NC are responsible for the poor
chaperone function of the WT protein. We hypothesize that an
electrostatic interaction between anionic CTD and cationic
NTD of HTLV NC (see Fig. 1A) may be responsible for this
effect. Because increasing salt is expected to weaken this elec-
trostatic interaction, the difference between WT and AC29
HTLV-1 NC annealing activity is also expected to be reduced as
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other words, the mini-TAR RNA/
DNA annealing equilibrium shifts
toward reactants, thereby leading to
less product formation at equilib-
rium, as observed previously for other retroviral NC proteins
(28). This effect is only apparent in lower salt conditions under
which the annealed duplex is much less stable than in higher
salt. Based on these fixed time point results, we performed
mini-TAR RNA/DNA annealing kinetic studies in the presence
of 3 um (1.1 nt:NC, low salt reactions) and 6 um (0.55 nt:NC,
high salt reactions) protein. Both proteins are near saturation at
these concentrations, and the duplex destabilization observed
in low salt is minimal (see Fig. 4A4).

Kinetics of Mini-TAR RNA/DNA Annealing in the Presence of
Saturating WT and AC29 HTLV-1 NC in Low and High Salt—
Presented in Fig. 4B are the mini-TAR annealing time courses
at low and high salt in the presence of either WT or AC29
HTLV-1 NC. The annealing time courses in 20 and 100 mm
NaClin the absence of protein are also shown. In the latter case,
the extent of annealing after 30 min is slightly higher at 100 mm
compared with 20 mm NaCl (see Fig. 4B). This result is in agree-
ment with the facilitating effect of mono- and divalent cations
on annealing (47). Interestingly, the annealing in the presence
of AC29 HTLV-1 NC is equally efficient either at low or high
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FIGURE 3. Annealing time courses for mini-TAR RNA/DNA hairpins in the
absence of NC or in the presence of WT or mutant HTLV-1 NC as indicated
by each curve. The lines are two-exponential fits performed as described
previously (28).

salt. In contrast, annealing in the presence of WT HTLV-1 NC
is very poor in low salt but is facilitated 2—3-fold in 100 mm
NaCl. In low salt, the annealing times with WT and AC29 are
~10-fold different, whereas in high salt they differ by less than
2-fold. This result supports our hypothesis that the electrostatic
attraction between the anionic CTD and cationic NTD of
HTLV-1 NC contributes to its poor chaperone function.

Assays presented in Fig. 4 were also performed with the
closely related HTLV-2 NC protein and a CTD truncation
mutant (Fig. 1B). The results for HTLV-1 and -2 are indistin-
guishable within experimental error (data not shown). This
result supports our hypothesis that it is the overall cationic/
anionic character of the proteins, rather than their exact amino
acid sequence (compare Fig. 1, A and B), that determines their
chaperone activity.

Elimination of Zinc Finger Structures Slightly Improves
Chaperone Function of HTLV-1 NC—The zinc fingers of HIV-1
NC are known to be responsible for the ability of this protein to
destabilize NA secondary structures (18, 19, 31, 37,48 -54). To
test the potential role of the zinc finger structures in the chap-
erone function of HTLV-1 NC, the mini-TAR RNA/DNA
annealing reaction was performed in the presence of saturating
amounts of WT HTLV-1 NC (3 uM; 1.1 nt:NC), which had been
preincubated for 30 min with 1 mm EDTA. Under these condi-
tions, the EDTA is expected to fully chelate the zinc (30, 39, 40),
thereby eliminating the zinc finger structures (55). The anneal-
ing rate was slightly increased (~2.2-fold) by EDTA treatment
(Fig. 4B). These results suggest that the zinc finger structures of
HTLV-1 NC contribute only slightly to the poor chaperone
function of this protein.

HTLV-1 NC CTD and NTD Domains Bind Each Other via
Direct Electrostatic Interaction—To establish whether a direct
electrostatic interaction occurs between the acidic CTD and
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FIGURE 4. A, percent of mini-TAR RNA (15 nm) annealed to mini-TAR DNA (90
nm) 30 min after mixing at 37 °C as a function of NC concentration. The filled
symbols correspond to WT HTLV-1 NC and open symbols to AC29 in low salt
(LS, 20 mm NaCl) or high salt (HS, 100 mm NaCl). B, time course of mini-TARRNA
annealing to mini-TAR DNA in the absence of NC (—NC) or in the presence of
WT or mutant HTLV-1 NC. NC concentrations were 3 um for low saltand 6 um
for high salt conditions. The experiment with WT HTLV-1 NC treated with
EDTA as described in the text (WT + EDTA) was conducted under the low salt
conditions. For all curves, the lines are not fits but connect the data points.

basic NTD of HTLV-1 NC, the binding between the two sepa-
rate domains was monitored by FA. The AC29 mutant was
titrated into CTD-FL. At low ionic strength (1 mm NaCl), a
binding interaction is clearly observed with an apparent
K, ntoserp of 206 = 40 num (Fig. 54). The K, rp,crp Value
increases with increasing [NaCl], and at 100 mm NaCl, binding
can no longer be detected within the range of AC29 concentra-
tion studied (=3 um) (Fig. 54). A log-log plot of K; \rp/ctp
versus [NaCl] is shown in Fig. 5B. A linear fit of the data yields a
slope S = 1 = 0.3, suggesting that AC29/CTD-FL binding is
associated with a net release of ~1 Na™. This result implies that
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FIGURE 5. A, FA of labeled CTD-FL (19 nm) monitored as a function of AC29
concentration. [NaCl] was varied as indicated on each curve. The lines are fits
of the data to a 1:1 binding isotherm. B, plot of the dissociation constant for
the NTD/CTD interaction versus [NaCl]. The K, \rp,crp Was obtained by fitting
the data in A as described under “Experimental Procedures.” The line is the
power law fit of K, nrp,crp versus [NaCl] with a log-log slope S = 1 + 0.3.

an effective negative charge of ~1 exists on the CTD site that
binds NTD (32), likely localized to a region created by several
closely spaced anionic residues, such as the EED (see Fig. 14).
Although the binding data shown in Fig. 5 were obtained with
separate NTD and CTD constructs in trans (i.e. an intermolec-
ular interaction), these domains are present in cis in the full-
length HTLV-1 NC. The effective concentration (C,) of NTD
and CTD domains within a single molecule can be estimated as
the reciprocal volume of a single HTLV-1 NC molecule as
described under “Experimental Procedures” (C, ~ 400 m). The
free energy of the AC29/CTD-FL interaction at a given salt
concentration was then estimated using Equation 2. AGyrp,crp
changes with increasing salt concentration, from —12.6
kcal/mol at 1 mm NaCl to —8.5 kcal/mol at 100 mm NaCl, i.e.
the CTD/NTD interaction weakens significantly. Although the
absolute value of the actual NTD/CTD intramolecular interac-
tion is most likely smaller due to steric constraints, the salt
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FIGURE 6. A, relative percent mini-TAR RNA/DNA annealed at 30 min using 1
M AC29 HTLV-1 NCin the presence of increasing amounts of CTD-FLin 10 or
100 mm NaCl. B, time course annealing of mini-TAR RNA/DNA in the presence
of 1.5 um HIV-1, HTLV-1, or HIV-1/HTLV-1 chimeric NC.

dependence of this interaction is expected to be close to these
calculated trends.

Anionic CTD Domain Inhibits Chaperone Activity of HTLV-1
NTD in Trans and HIV-1 NC in Cis—Single time point gel-shift
assays were used to characterize mini-TAR RNA/DNA anneal-
ing by AC29 HTLV-1 NC in the presence of increasing concen-
trations of CTD-FL. As expected, the presence of CTD-FL had
no effect on AC29 HTLV-1 NC-facilitated annealing under
high salt (100 mm) conditions (Fig. 6A4), where binding between
NTD and CTD domains was not detected by FA (see Fig. 5A4).
However, in low salt (10 mm), titration with the CTD-FL
reduced annealing by AC29 HTLV-1 NC to 85% of the level
achieved in the absence of CTD.

To further examine the inhibitory capability of the HTLV-1
NC CTD, a chimeric NC was constructed wherein the CTD of
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FIGURE 7. Percent of mini-TAR RNA aggregated from a solution of 15 nm
32p_labeled mini-TARRNA and 45 nm mini-TARDNA at 37 °Cas afunction
of WT and mutant HTLV-1 NC concentration.

HTLV-1 NC was appended to the C terminus of WT HIV-1 NC
(Fig. 1D). The annealing activity of the chimera was compared
with that of WT HIV-1 and WT HTLV-1 NC. The chimeric
NC showed chaperone activity that was greater than that of
HTLV-1 NC but was impaired relative to HIV-1 NC (Fig. 6B).
Curve fitting to a single exponential function yielded annealing
rate constants of 1.74 and 0.20 min~ ' for WT HIV-1 NC and
chimeric HIV-1/HTLV-1 NC, respectively. Thus, addition of
theacidic CTD of HTLV-1 NC to HIV-1 NC in cis resulted in an
~9-fold decrease in chaperone activity.

NA Aggregating Ability of WT and Mutant HTLV-1 NC Cor-
relates with the Charge of the CTD—A sedimentation assay was
used to evaluate the NA aggregating ability of WT and mutant
HTLV-1 NC constructs. A plot of the percent mini-TAR RNA
aggregated under conditions similar to those used in annealing
experiments is shown in Fig. 7 as a function of protein concen-
tration. The NA aggregating ability of these proteins follows a
similar trend as their NA chaperone activity (compare Figs. 3
and 7) and is correlated with the anionic character of their
CTDs. Indeed, whereas the AC29 variant is a very effective
aggregating agent, WT, LLD, and D69A HTLV-1 NC fail to
aggregate RNA even at saturating concentrations of 5 um. The
EED mutant, with three negative charges removed, displays an
intermediate level of aggregating ability.

Nucleic Acid Binding and Duplex Destabilizing Activities of
HTLV-1NC Are Only Weakly Affected by CTD Mutations—FA
was used to determine the apparent dissociation constants (K ;)
for WT and mutant HTLV-1 NC binding to a 20-nt ssDNA and
a 20-bp DNA/RNA duplex. These data are summarized in
Table 1, along with previous data obtained for other retroviral
NCs (28). Notably, HTLV-1 NC binds ssDNA 3-fold more
weakly than HIV-1 NC, and the affinity for the DNA/RNA
duplex is ~8-fold lower. The measured K, values are in good
agreement with the results of a recent fluorescence quenching
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TABLE 1

Duplex destabilization free energies and apparent equilibrium
dissociation constants for binding of WT and mutant HTLV-1 NC and
other retroviral NCs to ss and ds NA

K% and K% values are dissociation constants measured using FA for binding to an
ssDNA 20-mer and a 20-bp RNA/DNA hybrid duplex, respectively. The free energy
of protein-induced destabilization per base pair (AG) was estimated from measured
K% and K% values using Equation 1 and assuming that each protein binds to 4 bp
(n = 4). RSV is Rous sarcoma virus, and MLV is murine leukemia virus.

NC K K3 AG

nm nm kcal/mol/bp
HTLV-1WT 431 = 87 1840 = 400 —(0.2 = 0.05)
HTLV-1 AC29 276 £ 16 4366 = 777 —(0.4 +0.1)
HTLV-1 EED 380 £ 15 4213 * 1353 —(0.3 +0.1)
HTLV-1LLD 252 £ 19 6059 *+ 1453 —(0.5 * 0.05)
HTLV-1 D69A 291 * 30 4596 * 1863 —(0.4 = 0.05)
HIV-1* 123 £9 233 £11 —(0.1 = 0.02)
RSV* 200 £ 49 660 * 47 —(0.2 = 0.05)
MLV* 334 * 34 1092 * 28 —(0.2 = 0.05)

“Values were taken from Ref. 28.

binding study, which reported the following values for WT
HTLV-1 NC: K = 500 * 300 nM (binding to poly(dT)) and
K% = 3000 *+ 2000 nm (binding to ds calf thymus DNA) (56).
The latter studies were conducted in much lower salt (1 mm
sodium phosphate buffer instead of 50 mm NaCl used here),
and the agreement in K, values is consistent with the weak salt
dependence of HTLV-1 NC binding to NA (56).

Removal of the CTD or mutation of the acidic residues has
only a very minor effect on ssDNA binding, whereas binding to
a DNA/RNA hybrid duplex is reduced ~2-3-fold (Table 1).
Thus, the preference for ss over ds NA binding is increased
upon CTD deletion or mutation.

WT and Mutant HTLV-1 NC Are Good NA Duplex De-
stabilizers—The relative ss and ds binding affinities reported in
Table 1 suggest that the AC29 variant should display even bet-
ter NA destabilization activity than WT HTLV-1 NC. The val-
ues of K and K7 together with the binding site size of a single
NC protein can be used to estimate the protein-induced free
energy of destabilization per bp, AG, using Equation 1 (see
“Experimental Procedures”). Values for AG are summarized in
Table 1 and suggest that HTLV-1 NCs are equally effective or
better duplex destabilizers than the other retroviral NC pro-
teins tested.

To confirm the predictions based on the DNA binding stud-
ies, we directly tested the duplex destabilizing ability of WT and
mutant HTLV-1 NC using a time-resolved FRET-based
approach (42). TAR DNA hairpins were labeled with a fluoro-
phore and quencher pair (Fig. 84), and fluorescence lifetimes
were measured in the absence of NC and as a function of NC
protein concentration. Under all conditions, the fluorescence
decay is best described by a triple exponential, indicating at
least three conformational states designated as T1 (open), T2
(semi-open), and T3 (closed hairpin) (Fig. 8B). A plot of the
relative free energy of the open (T1) state as a function of NC
protein concentration is shown in Fig. 8C. Increasing NC con-
centration leads to lower (i.e. more favorable) free energy,
reflecting the duplex destabilizing ability of these proteins.
Interestingly, the robust destabilization of TAR DNA observed
upon HIV-1 NC titration saturates at ~1 um NC. In contrast,
titration with WT HTLV-1 NC does not saturate even at the
highest protein concentration tested (3.2 uMm), consistent with
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Ty

one function observed for the
mutant proteins. However, rapid
nucleic acid binding kinetics is
another important component of
chaperone function that has previ-
ously been used to explain differ-
ences in overall chaperone function
of retroviral NCs (28). Protein-nu-
cleic acid binding kinetics can be
measured using SM DNA stretching

T

by optical tweezers (30, 57-60).
Here, this technique was used to
probe the NA interaction kinetics of
WT and mutant HTLV-1 NCs.

Fig. 9A shows a stretching and
relaxation cycle for bacteriophage

C

1

A-DNA in the absence of protein
(black) and in the presence of a
saturating concentration of WT
HTLV-1 NC (red). In the absence of
1 protein, at extensions much less
- than the B-form contour length of
dsDNA (0.34 nm/bp), very little
- force is required to stretch the
] DNA. As the contour length is
] approached, the force increases dra-
matically, reflecting the elasticity of
the double helix. The plateau

Relative free energy of T state, kcal/mol

observed as DNA is stretched from
0.34to 0.6 nm/bp at a constant force
of about 60 piconewtons represents
| a change from dsDNA to ssDNA
E or a force-induced melting transi-
7 tion (49, 61— 63). In the absence of
protein, the transition is highly
cooperative, and as the DNA is

. 1I5 a 2 25
NC, uM

FIGURE 8. A, sequence and secondary structure of the fluorescently labeled TAR DNA hairpin. B, schematic
illustration of the three conformational states of the TAR DNA hairpin monitored by time-resolved FRET. C, rel-
ative free energy of the T1 state of the TAR DNA hairpin calculated according to Equation 3, as a function of

HIV-1 NC (thick line) and WT or mutant HTLV-1 NC concentration.

the lower NA binding affinity of this protein (see Table 1). How-
ever, at high HTLV-1 NC concentrations (3.2 um), more effec-
tive opening of the TAR DNA hairpin is achieved than in the
presence of saturating amounts of HIV-1 NC, in agreement
with the conclusion that HTLV-1 NC possesses stronger
duplex destabilizing activity (see Table 1) (29). Interestingly,
the HTLV-1 NC CTD mutants seem to destabilize TAR DNA
even more effectively than the WT protein. This conclusion is
consistent with the data in Table 1 and appears to be due to
their greater preference for ssDNA over dsDNA.

SM DNA Stretching Studies Reveal Slow Kinetics of WT
HTLV-1 NC/ssDNA Dissociation—The differences in nucleic
acid binding properties and destabilization activity of WT and
mutant HTLV-1 NC are consistent with the improved chaper-
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T relaxed back to lower extensions,
3 3.5 the force-extension curve is almost
completely reversible, showing little
hysteresis. In contrast, in the pres-
ence of WT HTLV-1 NC (Fig. 94),
the DNA relaxation force is signifi-
cantly lower than forces observed
during extension, resulting in large
hysteresis. In other words, upon relaxation, the two strands do
not re-anneal but rather relax as ssDNA bound by HTLV-1 NC,
indicating that the protein does not dissociate from ssDNA on
the time scale of the relaxation cycle, which is a few minutes.
The stretching part of the DNA cycle is nonequilibrium and
therefore depends on the rate of DNA pulling, with slower rates
corresponding to lower forces, as was observed previously for
the T4 and T7 single-stranded DNA-binding proteins (59,
64— 66). The relaxation curves obtained with WT HTLV-1 NC
are in sharp contrast to those obtained with HIV-1 NC, which
display pulling rate independence and very little hysteresis due
to rapid protein/NA dissociation and association (28, 49, 51).
To test the hypothesis that the large hysteresis (because of
slow HTLV-1 NC dissociation from ssDNA) was caused by the
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FIGURE 9. A, DNA stretching (solid line) and relaxation (dotted line) in the
absence (black) and presence (red) of WT HTLV-1 NC (700 nm). B, DNA stretch-

ing (solid line) and relaxation (dotted line) in the absence (black) and presence
(red) of AC29 HTLV-1 NC (200 nm).

anionic CTD, we also performed DNA stretching in the pres-
ence of the AC29 variant. Fig. 9B shows a representative DNA
stretching and relaxation cycle in the presence of saturating
AC29. At low force, jumps were observed on the stretching
curve, during which the force increases at extensions below the
B-form contour length of 0.34 nm but then drops suddenly.
These jumps represent self-aggregation of the single DNA mol-
ecule induced by the protein. This result is consistent with the
observation that in contrast to WT HTLV-1 NC, the CTD dele-
tion mutant does aggregate NA (see Fig. 7). This type of aggre-
gation has been observed in the presence of several NA chap-
erone proteins, including HIV-1 NC (30, 38, 47, 67, 68), the
retrotransposon chaperone LINE-1 ORFlp (69, 70), and other
retroviral NCs (28). In the presence of AC29, the ssDNA
stretching curve above the strand separation transition (i.e.
above 60 piconewtons) shifted to shorter contour lengths,
which indicates that protein-bound ssDNA is shorter than
ssDNA in the absence of protein. The hysteresis observed upon
relaxation in the presence of the AC29 variant is much smaller
than that observed in the presence of WT HTLV-1 NC. This
indicates that the protein was able to dissociate from the
ssDNA, and the DNA was able to almost completely re-anneal
on the time scale of the relaxation cycle.

As discussed above, the different levels of hysteresis observed
upon DNA relaxation after force-induced melting reflect differ-
ences in the DNA re-annealing time. This difference in DNA
re-annealing time, in turn, reflects the difference in the protein
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FIGURE 10. Time-dependent relaxation data showing protein dissocia-
tion and subsequent DNA re-annealing for WT (700 nm, blue line) and
AC29 HTLV-1 NC (200 nwm, red line). The black solid and dotted lines show
single exponential fits of the AC29 and WT data, respectively. The inset shows
the data points and fit obtained for AC29 on a shorter time scale.

dissociation time from ssDNA. To more directly monitor the
DNA re-annealing time in the presence of WT and AC29
HTLV-1 NC, the DNA was stretched in the presence of each
protein completely through the melting plateau until reaching
the ssDNA stretching region, located at about 0.6 nm/bp. Dur-
ing the process of stretching, DNA base pairs are opened, and
ssDNA is exposed for protein binding (71). Next, the DNA was
relaxed to a position halfway through the transition at an exten-
sion of 0.46 nm/bp. At this point, the DNA extension was held
constant, and the force was measured as a function of time. As
shown in Fig. 10, the force increased exponentially with time
until saturation, reflecting the dissociation of the protein from
ssDNA and the subsequent re-annealing of the two protein-free
complementary DNA strands. A single exponential fit of the
force relaxation curves yields the DNA re-annealing time con-
stant, T, which differs by a factor of ~10 between the two
proteins (44.8 = 6.6 s for WT and 5.3 = 2 s for AC29). As will be
discussed in detail elsewhere, the relaxation time, T';, depends
on the stretched DNA length and is related to the off time of the
protein, 7. (the inverse of the off rate), as follows: 7', ~ 7,4C/
K ,° where 7, is the protein dissociation time constant at con-
centration C. The equilibrium dissociation constants for these
two proteins differed by about a factor of 2 (see Table 1), and we
used about three times more WT protein. Therefore, AC29
HTLV-1 NC dissociates about 10 times faster than WT
HTLV-1 NC. These results are consistent with the hypothesis
that the electrostatic interaction of the anionic CTD of HTLV-1
NC with the cationic NTD of a neighboring protein bound to
ssDNA is responsible for the slow dissociation of WT HTLV-1
NC.

%1]. Rouzina and M. Williams, unpublished results.
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FIGURE 11. Schematic model of HTLV-1 NC binding to NA based on the
data presented in this study. In the unbound state, the anionic CTD inter-
acts with the cationic NTD thereby precluding the latter from effective bind-
ing to NA. The requirement for intramolecular NTD/CTD dissociation makes
the rate of HTLV-1 NC/NA association slow. In the bound state, the NTD asso-
ciates with NA, whereas CTD associates with a neighboring NTD, leading to
HTLV-1 NC binding cooperativity and slow NA dissociation (see Fig. 9).
Assuming thatthe NTD/CTD interactions are of similar strength in both states,
both on and off rates of the protein are decreased by a similar factor upon CTD
deletion. This results in similar K values for WT and AC29 HTLV NC proteins
(see Table 1). High salt concentration is expected to screen the electrostatic
NTD/CTD interactions, resulting in more similar chaperone behavior of the
WT and AC29 proteins, as observed in mini-TAR annealing experiments (see
Fig. 4).

DISCUSSION

HTLV-1 NC displays extremely poor overall chaperone
activity in vitro, despite the fact that it is an effective duplex
destabilizer (see also Table 1 and Fig. 8) (28, 29). The highly
basic nature of most retroviral NCs is a major factor that con-
tributes to their high NA binding affinity. By contrast, the over-
all pI of HTLV-1 NC is ~7 due to a negatively charged CTD
extension. In accord with its less basic character, the NA bind-
ing affinity of HTLV-1 NC is lower than that of other retroviral
NC proteins studied to date (Table 1). Interestingly, although
deletion of the CTD or mutations that remove acidic residues
within this domain improve overall chaperone function, these
same changes were found to have very little effect on NA bind-
ing affinity (Table 1). Binding to ssDNA is only slightly
increased, whereas dsDNA binding affinity is moderately
decreased. The net result is that these variants are even better
NA-destabilizing agents than WT HTLV-1 NC.

Intramolecular electrostatic interactions between the an-
ionic CTD and cationic NTD of HTLV-1 NC control the bind-
ing of this protein to NA by reducing its on rate, as presented
schematically in Fig. 11. A previous tryptophan fluorescence
quenching study also suggested an intramolecular interaction
between the zinc finger domains of HTLV-1 NC and its CTD
(56). This interaction is eliminated in the presence of high salt
and is absent in an HTLV-1 NC (11-51) construct, which lacks
the CTD and 10 residues at the N terminus. These data are in
good agreement with our direct measurement of the intermo-
lecular AC29/CTD interaction by FA, which was also shown to
be highly sensitive to salt (Fig. 5). We estimated that in the
presence of physiological salt concentrations, the NTD/CTD
interaction free energy is still significant (between 2 and 8 kcal/
mol at 100 mm NaCl), and we hypothesize that this interaction
contributes to the poor chaperone properties of HTLV-1 NC.
Consistent with this hypothesis, addition of the CTD to the
NTD domain in trans reduces the chaperone function of the
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latter at 10 mm NaCl (Fig. 6A4), and an HIV-1 NC/HTLV-1 CTD
chimera shows significant reductions in chaperone activity rel-
ative to WT HIV-1 NC (Fig. 6B). Interestingly, the annealing
rate with chimeric NC is not reduced to the level of WT
HTLV-1 NC, indicating that other structural features of
HTLV-1 NC may also contribute to its poor chaperone activity.

Upon binding to NA, intermolecular electrostatic interac-
tions between NA-bound protein neighbors may lead to the
apparent salt-dependent binding cooperativity previously
observed by Morcock et al. (56). The head-to-tail arrangement
shown in Fig. 11 is the simplest model consistent with the avail-
able data, but other arrangements can also be envisioned. In
contrast, N- and C-terminally truncated HTLV-1 NC (11-51)
was shown to bind NA with negligible cooperativity (56). Mul-
timerization on NA inhibits the aggregation ability of HTLV-1
NC WT (Fig. 7) and reduces its NA dissociation kinetics (Figs. 9
and 10), leading to poor overall chaperone function (Figs. 3 and
4) (28). CTD deletion makes NA dissociation (k_g) ~10-fold
faster (Figs. 9 and 10) but does not significantly affect its K (see
Table 1). Taken together, these results imply that the NA asso-
ciation (k,,) of HTLV-1 NC also becomes faster upon reduction
(or screening) of the negative charges of the CTD. This sup-
ports the notion that the intramolecular electrostatic interac-
tion between the anionic CTD and cationic NTD slows down
the NA association rate of this protein. Upon CTD removal (or
charge screening by higher salt), both protein association and
dissociation from NA are similarly facilitated, such that the K3}
value of the protein remains essentially unaffected.

How does HTLV-1 function with such a weak NA chaperone
protein? Regulation of chaperone activity for this NC may be
controlled by interaction with other proteins such as reverse
transcriptase in vivo. In addition, it is possible that other viral
proteins such as matrix perform at least a subset of functions in
HTLV-1 and other deltaretroviruses that are typically carried out
by NC, such as NA binding and viral RNA selection. For example,
matrix has been shown to play a role in viral RNA packaging in
another deltaretrovirus, bovine leukemia virus (72).

Interestingly, mature HIV-1 NCp7 is derived from a precur-
sor protein known as NCp15, which has a basic domain known
as p1 followed by an acidic extension (p6) at its C terminus (see
Fig. 1C). In addition, the high content of proline residues in all
CTDs is also conserved (compare Fig. 1, A, Band C). Similar to
WT HTLV-1 NC, HIV-1 NCpl5 dissociates slowly from
ssDNA (68) and polymerizes on ssDNA without facilitating
aggregation (73, 74). Furthermore, failure to cleave p6 from
NCp15 results in greatly reduced viral infectivity, likely because
of defects in the integration step of the life cycle (75). In contrast
to HIV-1 NCp7, which facilitates reverse transcription, NCp15
expressed by a mutant HIV-1 was shown to inhibit DNA
polymerization by reverse transcriptase (75). Just as truncation
of the CTD of HTLV NC greatly improves its NA aggregating
and chaperone properties (Figs. 3, 7, 9, and 10), the natural
proteolysis of HIV-1 NC from NCp15 to NCp9 and then NCp7
leads to progressive improvement of the NA aggregating (73,
74) and chaperone properties (68)” of this protein. Whereas the

7 C. Jones, R. Gorelick, I. Rouzina, and K. Musier-Forsyth, unpublished data.
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acidic CTD is part of the mature form of HTLV-1 NC, HIV-1
NCpl5 is an intermediate and is not present in significant
amounts in the mature virus (76). Work to elucidate the biolog-
ical significance of this difference in NC processing in these two
human retroviruses is currently underway.

A question remains as to why HTLV-1 maintains a CTD that
is unfavorable to effective chaperone function. Retroviral NCs
perform a variety of essential functions throughout the viral life
cycle, and there are many differences between HIV-1 and
HTLV-1 that may explain why the CTD is retained in one case
but not in the other (77-81). In addition, the viruses appear to
have evolved different mechanisms to resist cellular restriction
factors such as human APOBEC3G. Extensive research in the
last several years (for reviews see Refs. 82—84) has shown that
the cellular cytidine deaminases of the APOBEC family are co-
packaged into retroviruses via an RNA-mediated interaction
with viral Gag proteins. In the case of HIV-1, the viral Vif pro-
tein binds APOBEC3G specifically, and targets it for degrada-
tion. In contrast, HTLV-1 does not appear to express an acces-
sory protein that interferes with APOBEC3G activity (34).
Although APOBEC3G can be found in HTLV-1 particles (85,
86), it has been proposed that the virus reduces the amount of
APOBEC3G packaged into virions via a mechanism that is
mediated by the CTD of NC (34). Interestingly, the mutants
studied here that improve chaperone activity and NA dissocia-
tion kinetics of HTLV-1 NC also allowed for higher levels of
APOBEC3G packaging and increased viral restriction (34). A
possible model to explain NC CTD-dependent APOBEC3G
exclusion involves the cooperative polymerization of HTLV-1
NC on ssRNA, effectively preventing APOBEC3G binding. It is
possible that the slow kinetics of the WT HTLV-1 NC/RNA
interaction predicted by the results presented here interfere
with efficient APOBEC3G binding to this RNA, thereby leading
to its exclusion from virions. Further studies to test this hypoth-
esis are underway.
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