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a b s t r a c t

Nucleocapsid proteins (NCs) direct the rearrangement of nucleic acids to form the most
thermodynamically stable structure, and facilitate many steps throughout the life cycle of retroviruses.
NCs bind strongly to nucleic acids (NAs) and promote NA aggregation by virtue of their cationic nature;
they also destabilize the NA duplex via highly structured zinc-binding motifs. Thus, they are considered
to be NA chaperones. While most retroviral NCs are structurally similar, differences are observed both
within and between retroviral genera. In this work, we compare the NA binding and chaperone activity
of bovine leukemia virus (BLV) NC to that of two other retroviral NCs: human immunodeficiency virus
type 1 (HIV-1) NC, which is structurally similar to BLV NC but from a different retrovirus genus, and
human T-cell leukemia virus type 1 (HTLV-1) NC, which possesses several key structural differences from
BLV NC but is from the same genus. Our data show that BLV and HIV-1 NCs bind to NAs with stronger
affinity in relation to HTLV-1 NC, and that they also accelerate the annealing of complementary stem-
loop structures to a greater extent. Analysis of kinetic parameters derived from the annealing data
suggests that while all three NCs stimulate annealing by a two-step mechanism as previously reported,
the relative contributions of each step to the overall annealing equilibrium are conserved between BLV
and HIV-1 NCs but are different for HTLV-1 NC. It is concluded that while BLV and HTLV-1 belong to the
same genus of retroviruses, processes that rely on NC may not be directly comparable.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

In retroviruses, the nucleocapsid protein (NC) plays an
important role in the viral life cycle as a nucleic acid (NA) chaperone
[1]. A nucleic acid chaperone can be defined as a protein that
facilitates the rearrangement of nucleic acids into their most
thermodynamically stable state. Retroviral NCs are able to perform
this task via several discrete mechanisms: NA aggregation, duplex
destabilization, and fast NA binding kinetics. During replication,
there are a number of processes that require NC's chaperone
activity including reverse transcription, integration, and genome
dimerization (for recent reviews see Refs. [2,3]). For example, the
minus-strand transfer step of reverse transcription requires the
transformation of two stable stem-loop structures into a DNA-RNA
duplex, maximizing the number of base pairing interactions. Many
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retroviral NCs share structural homology; they are typically small,
basic proteins with 1e2 zinc fingers that each contain a Zn2þ-
binding motif where three Cys residues and a His residue coordi-
nate a zinc atom. Human immunodeficiency virus type 1 (HIV-1)
NC is considered to be the prototypical retroviral NC; it is a 55-
residue polypeptide with two Zn fingers and a calculated isoelec-
tric point of 9.86 (Fig. 1). The highly basic nature of HIV-1 NC stems
primarily from its a-helical N-terminal domain, and is the driving
force behind NC's strong NA aggregation activity [4-7]. The Zn
fingers each contain one or two aromatic residues that can interact
with nucleobases via stacking interactions, and have been shown to
promote duplex destabilization [8-14]. However, prominent
structural differences exist between NCs of different retroviruses,
and often produce differences in function. For example, the NC from
human T-cell leukemia virus type 1 (HTLV-1) possesses an acidic C-
terminal domain (CTD); as a result, the overall charge of this NC at
physiological pH is virtually neutral (calculated pI¼ 7.23).
Functionally, HTLV-1 NC is a poor NA chaperone compared to HIV-1
NC; the in vitro annealing of an RNA hairpin to a complimentary
DNA hairpin is much slower, likely a reflection of HTLV-1 NC's weak
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Fig. 1. Primary structure of HIV-1, HTLV-1, and BLV NCs. Acidic residues are in red, basic residues are in blue, and zinc-binding residues have been circled. Isoelectric points were
calculated based upon amino acid sequence.
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NA aggregation and slow dissociation kinetics [15,16]. Interestingly,
HTLV-1 NC facilitates NA duplex destabilization at least as well as
HIV-1 NC, lending further support to the hypothesis that destabi-
lization activity is controlled primarily by the Zn finger structures
[17]. The CTD of HTLV-1 NC was conclusively shown to be respon-
sible for its diminished NA chaperone activity, as deletion of the
CTD improved HTLV-1 NC's NA binding and aggregation activity
and resulted in a faster NA dissociation rate [16].

HIV-1 and HTLV-1 belong to different retroviral genera (lenti-
virus and deltaretrovirus, respectively) so it is reasonable to expect
a degree of variability in structure and function between homolo-
gous proteins of each virus. Accordingly, retroviral NCs fromwithin
the same genus are often similar to one another in this regard. The
NC protein from feline immunodeficiency virus (FIV), a lentivirus
closely related to HIV-1, promotes efficient annealing and strong NA
aggregation due in large part to its highly basic character
(pI¼ 10.56) [18]. A notable exception is found in the deltare-
troviruses; although bovine leukemia virus (BLV) is closely related
to HTLV-1, its NC is structurally much more similar to HIV-1 NC in
that it is basic (pI¼ 9.58) and it lacks the acidic CTD found in HTLV-
1 NC (Fig. 1). A previous study compared the binding affinities of
HIV-1, HTLV-1, SIV, and BLV NCs, and found that BLV NC bound
more strongly to homopolymeric deoxyribonucleotides than HTLV-
1 NC but more weakly than SIV or HIV-1 NCs [19]. BLV NC also has a
smaller occluded binding site size (~4 nucleotides) compared to
that of HTLV-1 NC (~8 nucleotides), and exhibits a different base
preference [19,20].

The understanding of BLV replication and pathogenesis is
important for several reasons. As a member of the deltaretrovirus
genus, BLV has been proposed as an animal model to develop
treatments for HTLV-1 infection in humans [21-24]. Thus,
comparative study of these two viruses is needed to determine the
applicability of results from BLV experiments to HTLV-1, and vice
versa. BLV is also an agriculturally significant pathogen that is
prevalent in dairy herds throughout the United States; it infects and
causes illness in domestic cattle, and results in diminished milk
production [25,26]. Finally, recent evidence suggests that BLV exists
in human breast tissue, and may be able to replicate [27,28]. It is
unknown how human infection by BLV occurs or if it is patholog-
ically relevant, but better understanding of the molecular mecha-
nisms underlying BLV infection could potentially be of value to
public health in the future.

In this study, we compare the NA chaperone activity of BLV NC to
HIV-1 NC and HTLV-1 NC with a F€orster resonance energy transfer
(FRET)-based annealing assay, and show that BLV NC is a much
more efficient NA chaperone than the NC from the closely related
HTLV-1. Results from NA binding assays are also presented, and
show that BLV NC binds efficiently to both a single-stranded DNA
(ssDNA) oligonucleotide and a short RNA hairpin derived from the
putative BLV packaging signal.

2. Materials and methods

2.1. NA and protein preparation

PCR primers andmini-TAR RNAwere purchased from Integrated
DNA Technologies (IDT; Coralville, IA) and used without further
purification. DNA20 (5’ e CTTCTTTGGGAGTGAATTAG e 30) and SL1
RNA (5’ - UAUGGGAAAUUCCCCCUCCUAUe 30) were also purchased
from IDT but were labeled with AlexaFluor488 at the 50 end, and
were purified by nuclease-free HPLC before being shipped. The
dual-labeled mini-TAR DNA used for FRET experiments was pur-
chased from Eurofins MWG Operon (Huntsville, AL) and HPLC-
purified prior to shipping. This FRET oligomer was labeled with
AlexaFluor488 followed by a 6-carbon linker at the 50 end, and
DABCYL at the 3’ end.

HIV-1 and HTLV-1 NCswere gifts fromDr. Robert Gorelick (SAIC-
Frederick, Inc.). The gene encoding BLV NC was PCR-amplified from
a BLV proviral plasmid (a gift from Dr. Kathleen Boris-Lawrie,
Department of Veterinary Biosciences, The Ohio State University)
and ligated into pET32a (EMD Millipore, Billerica, MA) using stan-
dard molecular biology protocols. BLV NC was expressed as a



Table 1
Equilibrium dissociation constants for retroviral NC binding to fluorescently labeled
oligonucleotides. Values represent a global fit of data from at least three indepen-
dent trials to Eq. (2).

NC NA Kd (nM)

BLV DNA20 41.05 ± 9.03
SL1 151.62 ± 30.27

HIV-1 DNA20 25.97 ± 3.78
SL1 53.54 ± 10.58

HTLV-1 DNA20 428.02 ± 125.05
SL1 9528.07 ± 4666.5
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thioredoxin fusion protein; culture growth and protein expression
were performed essentially as described previously [29]. Trx-BLV
NC was purified from frozen cell pellets using Ni2þ-affinity chro-
matography. To obtain authentic BLV NC, the fusion protein was
treated with TEV protease to cleave the Trx tag, and mature BLV NC
was purified using reverse-phase HPLC. Full details of BLV NC
cloning and purification are provided in the Supplementary
Materials.

2.2. Fluorescence anisotropy (FA) assays

Equilibrium binding of NC proteins to a 20-mer ssDNA (DNA20)
and a 22-nucleotide hairpin RNA derived from the BLV packaging
signal [30] was measured using FA. Varying concentrations of NC
protein were combined with 20 nM of fluorescently-labeled NA in
FA buffer (20 mM HEPES, 50 mM NaCl, 5 mM b-mercaptoethanol,
0.1 mM tris(2-carboxyethyl) phosphine hydrochloride, 1 mM
Zn(OAc)2, pH 7.5 in diethylpyrocarbonate (DEPC) e treated water).
The samples were incubated at room temperature in the dark for
30 min before measuring fluorescence intensities using a Varian
Cary Eclipse Fluorescence Spectrophotometer equipped with a
manual polarizer accessory. Samples were excited with vertically
polarized light at 490 nm, and emission of light parallel (IVV) and
perpendicular (IVH) to the excitation axes was measured at 515 nm.
The fluorescence anisotropy (A) for each sample was calculated by:

A ¼ ðIVV � IVHÞ=ðIVVþ2IVHÞ (1)

and is a measure of the difference in intensity of light parallel
versus perpendicular divided by the total intensity. The apparent
dissociation constant (Kd) was determined by fitting A as a function
of protein concentration (C) to the following equation:

AðCÞ ¼ ½AF þQ$ðABR � AFÞ�=½Q$ðR � 1Þ þ 1� (2)

where

Q ¼ �
Dþ Pþ Kd �

�ðDþ Pþ KdÞ2 � 4DP
�1=2��

2D

is the fraction of oligonucleotides bound, D is the oligonucleotide
strand concentration, AB and AF are the anisotropy values of the
fully bound and free oligonucleotides, respectively. R is the ratio of
the fluorescence intensity of saturated bound oligonucleotide
relative to free oligonucleotide, which accounts for changes in
fluorescence intensity upon NC binding assuming a 1:1 oligo-
mereprotein interaction [15]. Non-linear curve fitting was per-
formed using Microcal Origin software, where data from at least
three independent trials were globally fit using the Lev-
enbergeMarquardt algorithm.

2.3. FRET-based annealing assays

The mini-TAR nucleic acids were folded into hairpin structures
in 15 mL volumes consisting of 20 mM HEPES pH 7.5, 100 mM NaCl,
and 15 mM mini-TAR RNA or 0.5 mM dual-labeled mini-TAR DNA,
prepared in DEPC H2O. Each sample was incubated at 80 �C for
2 min followed by 60 �C for 2 min, then MgCl2 was added to final
concentration of 10 mM and the sample was stored on ice for at
least 30 min. The annealing reactions were prepared as 100 mL
volumes in DEPC H2O and contained 20 mM HEPES pH 7.5, 20 mM
NaCl, 300 nM mini-TAR RNA, 10 nM dual-labeled mini-TAR DNA,
and 420 nM NC. All components except for NC were combined in a
quartz fluorescence cell and allowed to incubate at 30 �C for 15min.
Data collection was performed using the same excitation and
emission wavelengths as described above using a temperature-
controlled multicell holder accessory set to 30 �C. Intensity read-
ings were taken every minute; NC was added to the cell immedi-
ately after the first reading was taken and mixed thoroughly by
pipetting. The volume of NC added was as small as possible (<1 mL)
to minimize dilution effects upon intensity. To derive kinetic pa-
rameters for the annealing reactions, intensity data (I) as a function
of time (t) were fit to a double-exponential function:

IðtÞ ¼ I0 þ
�
Ie
�
1� fe�kt

f � ð1� fÞe�kt
s

��
(3)

where I0 is the initial intensity, Ie is the equilibrium intensity, f is the
fraction of annealing that occurs due to the fast component of the
annealing reaction, kf is the rate constant for the fast component,
and ks is the rate constant for the slow component.

3. Results

3.1. Equilibrium binding experiments

To compare binding affinities of BLV NC, HIV-1 NC, and HTLV-1
NC to biologically relevant NAs, we used FA assays with purified
NC and two different fluorescently-labeled NA constructs: DNA20
and SL1 RNA. DNA20 is a construct that has been used previously in
several binding studies involving Gag-derived proteins [15,16,29],
so while it is not a biologically important sequence in BLV, use of
this sequence allows for direct comparison to previously published
results. SL1 RNA is a hairpin that is derived directly from a sequence
of the BLV genome that has been implicated in packaging of
genomic RNA into virions [30]; since the NC domain of Gag is
suspected to play a major role in genome encapsidation, this RNA
construct is clearly significant to the viral life cycle [31]. Apparent
dissociation constants support previous results [19] showing that
HIV-1 NC binds with the strongest affinity to NA and HTLV-1 NC the
weakest, with BLV NC in the middle (Table 1). For all three NCs,
stronger binding occurred to the ssDNA construct over the RNA
hairpin. Interestingly, BLV NC did not seem to bind specifically to its
SL1 sequence, as the binding affinity is shown to decrease more
than threefold compared to the ssDNA. In contrast, HIV-1 NC's af-
finity for SL1 decreased twofold compared to DNA20.

3.2. FRET-based annealing assays

Overall chaperone activity of the three NC proteins was
measured using a FRET-based assay (Fig. 2). When the mini-TAR
DNA exists as a hairpin, the fluorophore on the 50 end is in close
proximity to the quencher on the 3’ end. As annealing occurs, the
DNA is transformed from a hairpin to an extended duplex and
fluorescence intensity increases. In this manner, annealing can be
measured in real time. Annealing kinetics were best described by a
double-exponential function, suggesting a two-step process. These
assays were performed at NC concentrations low enough that ag-
gregation would be prevented. Although saturating concentrations



Fig. 2. Reaction scheme of the FRET-based annealing assay used in this study. When mini-TAR DNA exists in a hairpin conformation, the nearby DABCYL quenches the fluorescence
signal produced by the AlexaFluor488 (AF488) fluorophore. As annealing of mini-TAR DNA to mini-TAR RNA proceeds, the signal intensity increases, indicating conversion from the
hairpin conformation to an extended duplex.

D.F. Qualley et al. / Biochemical and Biophysical Research Communications 458 (2015) 687e692690
of NC are ideal for measuring annealing kinetics [32], this was not
possible using our assay since higher [NC] produced a quick rise in
fluorescence intensity as the extended duplex was formed followed
by a gradual drop as intermolecular quenching occurred (data not
shown). Therefore, instead of using the minimum concentration of
each NC required to produce saturation, we used the same con-
centration for each NC, which still allows direct comparison.

By examining the annealing curves, a striking difference is noted
between BLV and HTLV-1 NCs, both deltaretroviruses, as BLV NC
accelerates annealing to a much greater extent than HTLV-1 NC
(Fig. 3). In contrast, annealing promoted by BLV NC proceeds along
Fig. 3. NC-facilitated annealing of mini-TAR RNA and DNA. Annealing was performed
at 30 �C in the presence of 10 nM dual-labeled mini-TAR DNA, 300 nM mini-TAR RNA,
and 420 nM NC. Lines represent fits of the data points to Eq. (3). The inset shows
annealing with HTLV-1 NC on a longer time scale.
the same course as observed for HIV-1 NC, diverging after about
7minwhen the annealing reaction is near equilibrium. Upon fitting
the fluorescence intensities as a function of time to Eq. (3), wewere
able to derive several parameters that describe the kinetics of the
annealing process (Table 2). The fraction of annealing due to the fast
component (f) is similar between HIV-1 and BLV NCs, while this
value is much lower for HTLV-1 NC. For the rate constants kf and ks,
the largest values were for HIV-1 NC and the smallest for HTLV-1
NC, with one exception. In the case of kf, HTLV-1 NC had the
largest rate constant of the three.
4. Discussion

Our FA results show that BLV NC binds to NA with an affinity
between that of HIV-1 NC and HTLV-1 NC. The most directly rele-
vant study tested BLV NC binding to homooctameric oligonucleo-
tides (dG8, dC8, dT8, dA8) and reported a range of binding affinities
between 7 nM (dG8) to 833 nM (dA8) [19]. The calculated Kds from
our binding experiments to other NAs fall within this range. In the
cited study, BLV NC binding affinities were much closer to those
measured for HTLV-1 NC rather than HIV-1 NC, whereas the
apparent dissociation constants from our experiments show that
BLV NC is closer to HIV-1 NC. It is noteworthy that binding was
stronger to the ssDNA than to the RNA hairpin SL1 (predicted to
contain 6 base pairs and loop of 9 nucleotides [29]). A strong
preference for binding to single-stranded over double-stranded
NAs often suggests strong helix destabilization activity [33]. Since
the sequences used for our two constructs differ from one another,
Table 2
Kinetic parameters of the mini-TAR annealing reactions. Values were obtained by
fitting the data in Fig. 2 to Eq. (3).

NC Ieq f kf (min�1) ks (min�1)

BLV 99.5 ± 1.1 0.69 ± 0.006 0.526 ± 0.017 0.035 ± 0.003
HIV-1 81.8 ± 0.95 0.742 ± 0.010 0.756 ± 0.031 0.061 ± 0.007
HTLV-1 107.2 ± 1.0 0.202 ± 0.008 1.550 ± 0.216 0.017 ± 0.001
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it was not possible to calculate the free energy of destabilization as
was done previously for HIV-1 NC and HTLV-1 NC [15]. Nonetheless,
comparing the relative magnitudes of the Kds can give an estimate
of destabilization produced by each NC. Our data show a ~4-fold
decrease in affinity for the double-stranded SL1 for BLV NC,
compared to a ~2-fold and a ~22-fold decrease for HIV-1 and HTLV-
1 NCs, respectively. This comparison is in line with data showing
that HTLV-1 NC is an efficient duplex destabilizer, even more so
than HIV-1 NC [16,17].

Next, we examined the ability of each NC to promote the
annealing of two complimentary stem-loops. The mini-TAR DNA
and RNA are derived from the transactivation response element
(TAR) region of the HIV-1 genome, and their annealing into an
extended duplex comprises the minus-strand transfer step of
reverse transcription [32]. Since the analogous sequence in BLV (if
one exists) has not been identified, the mini-TAR system was
selected for this assay, where the annealing pathway in the pres-
ence and absence of HIV-1 NC has been elucidated in detail [34].
Our assay is insensitive to the formation of a kissing loop complex,
and several different annealing pathways initiated at the stem ends
are possible, so it is impossible to differentiate between specific
mechanisms from our data. However, the values of f and ks are
strongly correlated with the ability of NC to bind to and aggregate
NAs, and in this regard, BLV NC is much more similar to HIV-1 NC. It
is also worthwhile to mention that fast dissociation kinetics are
important for efficient chaperone activity; while its dissociation
rate has not been directly measured, the data presented here
supports the hypothesis that BLV NC quickly binds to and dissoci-
ates from NAs, akin to HIV-1 NC.

Taken together, our results show that despite the close phylo-
genetic relationship between BLV and HTLV-1, their NC proteins are
structurally and functionally different. The significance of these
differences to the viral replication process is unknown, but illus-
trates that proteins from retroviruses representing separate genera
may operate in a manner more similar to each other than to anal-
ogous proteins from retroviruses within the same genus. Future
work to identify the sequences relevant for minus-strand transfer
in BLV and HTLV-1 will enable measurement of chaperone activity
within those more specific contexts.
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