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Abstract

Bovine leukemia virus (BLV) is a deltaretrovirus that infects domestic cattle. The structural protein Gag, found in all
retroviruses, is a polyprotein comprising three major functional domains: matrix (MA), capsid (CA), and
nucleocapsid (NC). Previous studies have shown that both mature BLV MA and NC are able to bind to nucleic
acids; however, the viral assembly process andpackaging of viral genomicRNA requires full-lengthGag to produce
infectious particles. Compared to lentiviruses, little is known about the structure of the Gag polyprotein of
deltaretroviruses. In this work, structural models of full-length BLV Gag and Gag lacking the MA domain were
generated based on previous structural data of individual domains, homologymodeling, and flexible fitting to SAXS
data using molecular dynamics. The models were used in molecular dynamic simulations to determine the relative
mobility of the protein backbone. Functional annealing assays revealed the role ofMA in the nucleic acid chaperone
activity of BLV Gag. Our results show that full-length BLV Gag has an elongated rod-shaped structure that is
relatively rigid, with the exception of the linker between the MA and CA domains. Deletion of the MA domain
maintains the elongated structure but alters the rate of BLVGag-facilitated annealing of two complementary nucleic
acids. These data are consistent with a role for the MA domain of retroviral Gag proteins in modulating nucleic acid
binding and chaperone activity.

Importance

BLV is a retrovirus that is found worldwide in domestic cattle. Since BLV infection has serious implications for
agriculture, and given its similarities to human retroviruses such as HTLV-1, the development of an effective
treatment would have numerous benefits. The Gag polyprotein exists in all retroviruses and is a key player in
viral assembly. However, the full-length structure of Gag from any virus has yet to be elucidated at high
resolution. This study provides structural data for BLV Gag and could be a starting point for modeling Gag–
small molecule interactions with the ultimate goal of developing of a new class of pharmaceuticals.

© 2019 Elsevier Ltd. All rights reserved.
Introduction

Retroviridae is a family of viruses that replicate their
single-stranded RNA genome via a double-stranded
DNA intermediate [1]. Retroviruses can be divided into
different genera, including lentiviruses, such as human
immunodeficiency virus type 1 (HIV-1); alpharetro-
viruses, such as Rous sarcoma virus (RSV); betare-
troviruses, including Mason–Pfizer monkey virus;
r Ltd. All rights reserved.
gammaretroviruses, such asMoloneymurine leukemia
virus (MLV); and deltaretroviruses, such as human T-
cell leukemia virus type 1 (HTLV-1). During the
retroviral life cycle, newly produced virions undergo a
process called maturation, wherein the Gag structural
polyprotein is specifically cleaved by a virally encoded
protease. Maturation yields, at minimum, three mature
proteins: matrix (MA), which remains attached to the
inner leaflet of the viral membrane; capsid (CA), which
Journal of Molecular Biology (2019) 431, 1203–1216
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forms the viral capsid core; and nucleocapsid (NC), a
small, generally basic protein that binds to the genomic
RNA (gRNA) and facilitates gRNA dimerization,
packaging, and reverse transcription [2].
Prior to maturation and viral budding, the full-length

Gag protein plays important roles in viral assembly and
genome packaging, topics that have been the focus of
several review papers [3–11]. A common step in the
formation of immature retroviral particles is the oligo-
merization of Gag molecules to form a spherical lattice
at the site of assembly. Retroviruses of different genera
use different pathways to accomplish this. HIV-1 Gag
has been shown to dimerize in the cytoplasm of
infected cells and form higher-order oligomers upon
membrane binding, while HTLV-1Gag ismonomeric in
the cytoplasm and is capable of membrane targeting at
lower concentrations [12–14]. HIV-1 Gag may also
form oligomers in the cytoplasm in a concentration-
dependent manner; the NC region in particular is
important to this process [15]. It has also been
proposed that HIV-1 Gag undergoes a conformational
switch upon contact with gRNA, as well as when the
Gag–RNA complex reaches the plasma membrane
[16,17]. By contrast, betaretroviruses assemble in the
cytoplasm and then traffic to the plasma membrane
prior to budding from the cell [18].
There are currently no existing atomic-resolution

structures of full-length retroviral Gag proteins; the
intrinsic interdomain flexibility of these proteins makes
crystallization challenging, and the size of most Gag
proteins is too large for structure determination by
conventional NMR spectroscopy. Atomic-resolution
structures exist for a number of individual Gag domains
from different retroviruses. Using these structures,
models of HIV-1 Gag were constructed and tested
against data from small-angle neutron scattering
(SANS) experiments [19]. The models that best fit the
SANS data provide strong evidence that HIV-1 Gag is
quite flexible and can adopt a bent conformation in
solution where the N- and C-termini are in close
proximity. Indeed, MA and NC domains can simulta-
neously bind to RNA or to model membranes in a bent
conformation [16]. Solution NMR experiments of HIV-1
Gag andGag-derived fragments indicate that the linker
regions between domains are intrinsically disordered
and dynamic [20,21]. Both ensemble and single-
molecule studies have demonstrated that HIV-1 Gag
undergoes a conformational change to an extended
rod-like structure in the presence of both nucleic acids
and model membranes or inositol hexakisphosphate
(IP6), a soluble analogue of phosphatidylinositol-(4,5)-
bisphosphate (PIP2) that has been shown to mimic
interaction of Gag with the plasma membrane
[16,22,23]. Interestingly, IP6 has also been shown to
bind to the CA domain of HIV-1 Gag, facilitating the
assembly of a hexameric lattice, which is the basis for
formation of the mature viral capsid [24,25]. After Gag
processing by the virally encoded protease, the NC
protein remains bound to the RNA. During reverse
transcription, HIV-1 NC facilitates strand transfer
reactions via its nucleic acid chaperone activity [2].
The chaperone activity of NC is also evident in the
context of the Gag polyprotein, assisting in both RNA
dimerization and tRNA annealing to the primer binding
site [22,26–29]. The presence of theMAdomain lowers
the efficiency of HIV-1 Gag's chaperone activity,
consistent with observations that MA-RNA binding
serves to inhibit non-specific lipid association
[22,30–33]. This effect was not observed for RSV
Gag, likely reflecting a difference in the nucleic acid
binding affinities of HIV-1 and RSV MA [34]. Further-
more, the overexpression of polyphosphoinositide 5-
phosphatase IV was shown to have little effect on
HTLV-1 assembly, suggesting an alternative pathway
for deltaretroviruses [35]. An alternative pathway could
involve interaction with intracellular membranes, or
preference for a different phospholipid as observed for
equine infectious anemia virus (a lentivirus) [36]. One
proposed mechanism for HIV-1 assembly involves an
intermediate where both NC and MA domains of Gag
are simultaneously bound to RNA (gRNA and cellular
tRNA, respectively) [11,37]. At the plasma membrane,
IP-containing lipids are able to displace RNA from the
MA domain, while NC remains bound to gRNA.
A molecular envelope of purified MLV Gag derived

from small-angle X-ray scattering (SAXS) data sug-
gests a much more rigid structure than that of HIV-1
Gag [16,19,38,39]. The extended structure is likely the
result of proline-rich sequences in its MA and p12
domains and a highly charged “electric wire” region in
the CA C-terminal domain [38]. In contrast, experi-
ments with purified RSVGag show that it is flexible and
can exist as an extended form in solution but adopts a
more compact shape when bound to membrane [40].
The difference in solution conformation and flexibility
between retroviral Gag proteins is in accord with the
idea that different retroviral genera follow different
assembly pathways, a concept that has been dis-
cussed in detail [5,7].
Bovine leukemia virus (BLV) has been shown to

have a negative impact on milk productivity of infected
cattle [41,42]. More recently, proviral DNA from BLV
has been discovered in human breast tissue; a
subsequent study found a correlation between the
presence of BLV DNA and human breast cancer,
although the significance of these findings is under
debate [43–50]. BLV has also been suggested as an
animal model for HTLV-1 due to their close phyloge-
netic relationship (both are deltaretroviruses) [51–54].
However, retroviral Gag proteinsmay functionally differ
between viruses in the same genus. For example,
HTLV-1 and BLV NC proteins display very different
levels of nucleic acid chaperone activity, likely a
reflection of BLV NC's closer structural similarity to
that of HIV-1 NC [55,56]. On the other hand, the MA
domains of Gag from BLV and HTLV-2 were both
shown to play a critical role in the packaging of gRNA
[57–59]. In HTLV-1, Gag–Gag interactions are critical
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for viral assembly and budding; interestingly, the key
residues for these interactions reside in the N-terminal
domain of CA [60,61]. This suggests similarity to HIV-1
in that residues of CA also play a role in assembly but,
unlike HIV-1, occur in the absence of membrane
phosphoinositides [24,25,35].
Given the recent findings that possibly link BLV and

breast cancer, and the potential use of BLV as an
animal model for HTLV-1, learning more about the
replication process of BLV is becoming increasingly
important. Furthermore, as drug-resistant HIV-1 iso-
lates continue to emerge, there remains a need for
development of new inhibitors [62]. Most classes of
anti-retroviral drugs focus on the inhibition of virally
encoded enzymes such as reverse transcriptase,
although viral resistance to these compounds is
becoming more common [63]. Small-molecule inhibi-
tors that can effectively disrupt HIV-1 viral particle
assembly by inhibition of the interaction of the MA
domain with phosphatidylinositol-(4,5)-bisphosphate
Fig. 1. Domain structure of BLV Gag (a) and segments use
each segment is listed in Table 1.
(PI(4,5)P2) have been reported [64,65]. The discovery
of new protein-binding inhibitors often begins with
in silico screening, followed by biophysical character-
ization. However, to perform the initial screening, it is
essential for a three-dimensional atomic structure to be
available. Recently, a HIV-1 Gagmodel was construct-
ed using homology modeling and Förster resonance
energy transfer (FRET) data; the model was then used
in molecular dynamic (MD) simulations to gain insights
into viral maturation and drug resistance [66]. For
deltaretroviruses such as BLV and HTLV-1, there have
beennopublished data regarding the detailed structure
of the full-length Gag protein.
In this report, we construct the first molecular model

of full-length BLV Gag using currently available
structures of the BLV MA and CA domains [67,68], a
homology model of BLV NC, and flexible linkers
consisting of the authentic amino acid sequences that
connect the domains (Fig. 1 and Table 1). The model
was compared to a molecular envelope derived from
d to construct the full-length Gag model (b). The origin of



Table 1. Source and composition of the segments used to
build the atomic model of BLV Gag

Segment Residues Source

P1 2–12 Built with Avogadro
MA 13–87 NMR solution structure of BLV

MA [62]
P2 88–120 Built with Avogadro, refined

with MODELER
CANTD 121–235 PDB ID 4PH3 [63]
P3 236–237 Built with Avogadro
CACTD 238–316 PDB ID 4PH1 [63]
P4 317–344 Built with Avogadro, refined

with MODELER
NC 345–390 Built with SWISS-MODEL

homology modeling from RSV
NC, template PDB ID 2IHX [69]

P5 391–393 Built with Avogadro

Fig. 2. Kratky plots for BLV Gag and CA-NC. Plots were
generated from scattering curves using PRIMUS [70].
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SAXS experiments, and MD was used to perform
flexible fitting of the model to the envelope. The results
suggest that BLV Gag adopts an extended structure in
solution and is more similar to MLV Gag and RSVGag
than HIV-1 Gag.
Fig. 3. P(r) distribution of BLV Gag and CA-NC. The P
(r) data were generated using GNOM analysis software
[73].
Results

SAXS analysis

SAXS experiments were performed using full-length
BLV Gag, as well as BLV CA-NC, to investigate their
solution conformation and provide a basis for compar-
ison to other retroviral Gag proteins [19,38,40]. As a
solution-based technique, SAXS is amenable to study
of awide range of protein sizeswithout the requirement
of crystallization. The scattering data can be used to
produce low-resolution envelopes that approximate the
size and shape of a macromolecule. The low squared
momentum transfer data (low s2 region) of the Guinier
plots for both constructs were linear, indicating that the
samples were not aggregated or experiencing inter-
particle interactions or repulsions (Fig. S1). To examine
the overall globularity of the proteins, Kratky plots were
generated from the SAXS data (Fig. 2). A well-folded,
globular protein typically yields a bell-shaped peak at
lower q values, which converges to 0 on the y axis at
higher q values [71]. Molecules that are largely
unfolded yield a Kratky plot that plateaus and does
not decrease or continues to increase at higher q
values. Finally, molecules that are partially unfolded or
extended result in Kratky plots with a broad peak that
decreases but does not fully converge to zero on the y-
axis at higher q values. The latter is the case for both
BLV Gag and CA-NC, suggesting these multi-domain
proteins are extended in solution. These results are
also consistent with analytical size-exclusion chroma-
tography (SEC) of BLVGag which showed anomalous
early elution from the column, consistent with a higher
molecular mass than expected [72]. However, it should
be noted that the concentration of the BLV Gag in the
SEC experiments (~0.25 mg/mL) was considerably
lower than the concentration used for SAXS.
The pairwise distance distribution function, P(r),

calculated by Fourier transform of the scattering data,
is a histogram that represents the distribution of
distances between electrons in a molecule. Examina-
tion of the P(r) curve also provides information on the
overall shape of a protein in solution. Globular proteins
produce a bell-shaped curve with a single peak that
tails off quickly at high r values. Elongated proteins are
often characterized by asymmetric peaks and longer
tail regions at high r values. The P(r) functions
calculated for BLV Gag and CA-NC are consistent
with elongated structures, in agreement with the Kratky
plot (Fig. 3). The resulting radius of gyration (Rg) and



Table 2.Dimensional parameters for BLV Gag and CA-NC

SAXS Calculated

Rg (Å) Dmax (Å) Rg (Å) Dmax (Å)

Gag 47.6 157 43.2 158
CA-NC 35.4 124 31.3 124

SAXS parameters were calculated using the P(r) distribution from
experimental data as described in the Materials and Methods
section. Calculated values were derived from the final fitted
structures of Gag and CA-NC using the program CRYSOL.
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largest intramolecular distance (Dmax), calculated from
the P(r), are shown in Table 2. These parameters were
also calculated with the CRYSOL software [74] using
the final BLV Gag and CA-NC structures as input and
are in good agreement with the experimentally
determined values (Table 2). Using the P(r) as input,
bead models of BLV Gag and CA-NC were calculated
as the average of 23 structural models (Figs. S2–S3)
generatedbyDAMMIF.Asexpected, the averagebead
model of full-length BLV Gag depicts an elongated
structure with a globular-shaped head region, likely
corresponding to theMAdomain (Fig. 4a). Although the
superimposition of CA-NC onto Gag performed using
UCSF Chimera does not result in a perfect overlap,
they are similar enough to identify clearly the N- and C-
termini of Gag (Fig. 4b). The superposition is consistent
with the assignment of MA to the globular domain
(Fig. 4, top).

Molecular modeling and MD

We next generated an atomic model of BLV Gag
from available structures of individual MA and CA
domains, homology modeling of BLV NC, and con-
struction of linker segments as described in the
Materials and Methods. SEC–multi-angle light scatter-
ing results indicated that although there were small
amounts of larger species present, the majority of BLV
Gag exists as amonomer under the conditions used for
SAXS (Fig. S4). Thus, a monomeric form was used for
model construction and MD simulations. The model
was refined by fitting the coordinates to the SAXS-
derived envelope using the MD Flexible Fitting (MDFF)
function of the Nanoscale MD (NAMD) computational
software. Surface models of Gag and CA-NC docked
into the SAXSenvelopes are shown in Fig. 5, with each
domain color coded on the surface model. A depiction
of the docked Gag model (represented as a surface
map generated from the atomic coordinates using
Chimera) within its SAXS-generated envelope shows a
Fig. 4. SAXS-derived molecu-
lar envelopes for BLV Gag (a) and
CA-NC (b). In panel b, the CA-NC
envelope is colored blue and fit to
the Gag envelope using the vol-
ume fit function of UCSF Chimera
[75].



Fig. 5. BLV Gag (a) and CA-
NC (b) structures after undergoing
flexible fitting to molecular enve-
lopes calculated from SAXS data.
Envelopes are transparent gray,
and the models are shown as
surface representations. The Gag
structure is color coded by do-
main: MA (blue), CA (orange), and
NC (purple).
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good fit to the experimental data, with a correlation of
0.9029 (Fig. 6a). There are several regions where the
model extends beyond the limits of the envelope, but
these discrepancies are relatively minor. Likewise, the
CA-NCmodel was docked into its envelope and also is
a good fit with a correlation of 0.9331 (Fig. 6b).
The BLV Gag structural model was used in MD
simulations to predict the flexibility of the linkers
between each domain. The output trajectory was
analyzed using the software package TimeScapes.
The Agility program uses Gaussian weighting in a
sliding window to calculate RMS fluctuations as a



Fig. 6. BLV Gag (a) and CA-NC
(b) represented as density maps
docked to their respective SAXS
envelopes. The density maps
(blue for Gag and purple for CA-
NC) were generated using the Fit
in Map function of Chimera as-
suming a resolution of 15 Å, which
is the resolution of a SAXS enve-
lope generated in SITUS.
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global activity function. The output from the Agility
computation was used in the Turning program, where
the coarse-grained global dynamics were compared to
fast, local hinge motions in the dihedral bonds of
individual residues. The result is shown as a heat map
that depicts flexible areas in red and rigid areas in blue
(Fig. 7). As expected, the globular domains are fairly
rigid, and the highest degree of flexibility is observed in
the unstructured linker between the MA and CA
domains.



Fig. 7. Flexibility of BLV Gag based on 50 ns of MD
simulation. Trajectories were evaluated using the Turning
function of the TimeScapes software package [76,77]. More
flexible regions are red, and less flexible regions are blue.
Flexibility is expressed usingRMS fluctuations correlatedwith
slow, global motion as described in the cited literature.

Fig. 8. Time-based annealing of mini-TAR RNA and
mini-TAR DNA. Gag data were fit to a single-exponential
function, and CA-NC data were fit to a double-exponential
function. Error bars represent the standard error of the
mean of at least three independent experiments.
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FRET-based annealing assays

Annealing assays using the previously described
mini-TAR system with BLV NC were used to measure
the chaperone activity of BLV Gag and CA-NC [55].
Interestingly, the annealing kinetics were markedly
different (Fig. 8). Similar to BLV NC, the CA-NC
annealing data fit to a double-exponential function,
whereas full-length BLV Gag-facilitated annealing was
much slower and was best described by a single-
exponential function (Table S1). In addition, the
annealing rate for BLV Gag was lower than both the
slow and fast components of CA-NC-facilitated anneal-
ing, while Gag facilitated annealing to a greater extent
than CA-NC (as evidenced by the greater change in
intensity).
Discussion

Using a combination of SAXS and computational
methods, we have developed an atomic model of full-
length BLVGag. Analysis of the SAXS data suggests a
molecule that is extended in solution. Flexible fitting of
an independently generated molecular model to the
SAXS envelope resulted in a strong correlation
between the theoretical structures and the experimen-
tal data. The correlations suggest a better fit for CA-NC
than for full-length Gag; this could be explained by the
flexibility of the MA–CA linker in Gag, which is one part
of the model that does not occupy the amount of space
expected compared to the SAXS-generated envelope
(Fig. 6a). This aspect is discussed further below. In
addition, the SAXS-derived parameters Rg and Dmax
were estimated from theGag andCA-NCmodels using
the program CRYSOL [74] and were similar to the
values derived from the experimental scattering curves
(Table 2). CRYSOL is a program that calculates
theoretical SAXS curves from all-atom models; thus,
the agreement between experimental and theoretical
values helps lend validity to the final Gag atomic
structure. The SAXS-derived bead model for CA-NC
also suggests an extended structure that fits well into
the bead model for Gag and allows unambiguous
orientation of the domains. MD simulations to deter-
mine the regions of relative mobility show that except
for the highly flexible linker region betweenMAandCA,
Gagmaintainsa rigid structure. Interestingly, inspection
of the individual bead models (Fig. S2) suggests
greater variability in the position of the MA domain
relative to the rest of the protein, reinforcing the MD
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results. Finally, functional assays using a well-
characterized annealing system show a difference in
annealing kinetics between full-length BLV Gag and
CA-NC, indicating that the presence of the MA domain
modulates the nucleic acid interactions and chaperone
function of BLV Gag, as previously observed for HIV-1
Gag [22].
We next compared the structure and function of BLV

Gag to Gag proteins from other retroviruses. Modeling
of HIV-1 Gag from SANS experiments resulted in
structures where the relative positions of CA and NC
remain relatively constant between models, while the
position of the MA domain was variable [19]. Any
differences in the region between CA and NC could be
attributed to the presence of p2, a short peptide that
links these two domains in HIV-1 Gag but is absent in
BLV Gag. In addition, several of the best-fitting HIV-1
Gag models show that the MA domain is attached to
CA by a long, flexible tether, rather than by a more
structured linker, a result that is in agreement with
solution NMR experiments [20,21]. On the one hand,
BLVGag is similar to HIV-1Gag in that themostmobile
region is the linker between MA and CA. On the other
hand, unlike HIV-1 Gag, which is predicted to exist in a
compact conformation in solution, BLVGag is primarily
elongated. In the case ofMLVGag, SAXSexperiments
have shown that the structure is rigid and rod-shaped
[38], while RSV Gag is flexible and extended. Thus,
since our data support a relatively rigid and extended
conformation for BLVGag, it appears to bemore similar
to MLV and HTLV-1 Gag than HIV-1 or RSV Gag.
There are a number of structural elements in MLV

Gag that likely have an impact on the global structure,
including the presence of p12, the high proline content,
and theexistenceof a stretchof charged residuesat the
C-terminal endof theCAdomain.HIV-1Gag lacksall of
these features;BLVGag, however, hasaslightly higher
proline content than MLV Gag (Table 3). Whereas the
Gag proteins from BLV and MLV have similar proline
content in their MA and CA domains, the NC region of
BLV Gag has a significantly higher percentage of
prolines (26%) compared to the NC domain of MLV
Gag (8%). High proline content is also observed in the
C-terminal portion of Gag from other deltaretroviruses
(HTLV-1 and -2), as well as in the C-terminal p6 region
of HIV-1 Gag (16%). However, HTLV-1 and -2 also
contain a large number of acidic residues in the C-
Table 3. Percent composition of proline residues for full-
length Gag and Gag domains from BLV, HIV-1, MLV,
HTLV-1, HTLV-2, and RSV

Gag MA CA NC

BLV 13.7 17.6 7.9 26.1
HIV-1 6.6 2.3 7.8 1.8
MLV 11.7 17.6 6.5 8.3
HTLV-1 14.9 19.2 8.9 23.5
HTLV-2 14.5 20.6 8.4 20.5
RSV 8.8 6.5 9.6 9.0
terminal region of NC, as does HIV-1 p6. Accordingly,
for HTLV-1 and -2 NC, and HIV-1 NCp15 (consisting of
NC, p2, and p6), nucleic acid chaperone activity as
measured by gel-shift annealing assays was signifi-
cantly lower than that of HIV-1NC [56,58,78]. Thus, the
large number of proline residues in the NC region of
BLV Gag likely contributes to the overall inflexibility of
that domain but has little effect, if any, upon its
interactions with nucleic acids.
The results of our modeling and functional experi-

ments, taken together with previous data, indicate that
the MA and NC domains of BLV Gag are both capable
of binding to nucleic acids and that both domains play a
role in RNA packaging [55,57,79]. RNA–DNA anneal-
ing activity is kinetically slower but goes to a greater
level of completion in the case of full-length Gag
compared to a Gag that lacks the MA domain. This
result was also shown for HIV-1 Gag [22]. Moreover,
both HIV-1 and HTLV-2 MA possess nucleic acid
chaperone activity as individual domains, with HTLV-2
MAdisplayingmore robust annealing activity [58]; thus,
it is reasonable to expect the same for BLV MA,
although this has not yet been tested. Given the
flexibility in the region linkingMA and CA in BLVGag, it
is also likely that BLVGag is capable of binding to RNA
with both domains simultaneously, as previously
proposed for HIV-1 Gag [69,80]. Addition of inositol
phosphates such as IP6 to HIV-1Gag has been shown
to stimulate annealing activity, presumably by binding
to theMAdomain anddisengaging it from theRNA [22].
Regulation of the chaperone function of Gag in this
manner may serve to regulate events in the viral
lifecycle including the timing of tRNA primer annealing
and reverse transcription. Thus, MA–nucleic acid
binding in the context of Gag reduces chaperone
function and may explain why the BLV truncation
mutant displays faster annealing kinetics than full-
lengthGag.This effect is not universally observed for all
retroviruses; in RSV, full-length Gag is just as efficient
at promoting annealing as NC alone [34].
Previous results fromanalytical SEChavesuggested

that BLV Gag exists as a monomer at lower concen-
trations (5 μM), and that it assumes an elongated
shape because it elutes slightly earlier than expected
based on calibration standards [72]. Thus, the model
for BLVGagwas built assuming amonomeric form. It is
possible that higher-order complexes may occur within
the context of an infected cell, as the crystal structure of
mature BLV CA has been shown to be hexameric [68].
However, the Rg and Dmax calculated from the SAXS
data are consistent with a single, monomeric Gag
molecule rather than a dimer or larger complex.
In summary, we have developed a semi-empirical,

experimentally validated molecular model of full-length
BLV Gag. This model will be helpful in future studies
aimed at computationally modeling retroviral assembly
and budding, and for future studies focusing on the
identification of small molecule inhibitors of these
processes.
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Materials and Methods

Protein expression and purification

Full-length BLV Gag was expressed in Rosetta-2
(DE3) pLysS Escherichia coli (EMD Millipore, Billerica,
MA) and purified as described previously [72]. In brief,
cells were lysed by sonication followed by precipitation
of nucleic acids and negatively charged proteins by
addition of polyethyleneimine. Cellular debris and
precipitate were removed by centrifugation. Saturated
ammonium sulfate solution was added (10–20 mL of
supernatant) and the resulting precipitatewas collected
by centrifugation. The precipitate was resuspended in
column buffer [50 mM Hepes (pH 7.4), 300 mM NaCl,
5 mM 2-mercaptoethanol, 10% glycerol, 5 mM imid-
azole] and purified with a Ni2+-agarose column. The
concentration of Gag was measured as described [72]
followed by the addition of 2.2 M equivalents of Zn
(OAc)2. The purified Gag was diluted 1:1 with storage
buffer [50 mM Hepes (pH 7.4), 300 mM NaCl, 80%
glycerol, 5 mM 2-mercaptoethanol] and stored at
−20 °C.
DNA encoding BLV CA-NC (residues 109 to 393 of

BLV Gag) was amplified using PCR with the Gag
expression vector as a template. The primers incor-
porated XhoI and BamHI restriction sites at the 5′ and
3′ ends, respectively. After restriction endonuclease
digestion and ligation into a pET15a expression vector
(EMD Millipore, Billerica, MA) using standard proto-
cols, the clone was confirmed by DNA sequencing
(Eurofins Genomics, Louisville, KY). Expression and
purification of BLV CA-NC was accomplished using
the sameprocedure reported for BLVGag [72], except
that the ammonium sulfate precipitation step was
omitted. The concentration of CA-NC was measured
using UV absorbance at 280 nm and an extinction
coefficient of 51,920 M−1 cm−1.
Prior to SAXS analysis, both proteins were

dialyzed into SAXS buffer [50 mM Hepes (pH 7.0),
5 0 0 mM NaC l , 5% g l y c e r o l , 5 mM 2 -
mercaptoethanol] using Slide-A-Lyzer Mini dialysis
devices (Thermo-Fisher, Waltham, MA). Both Gag
and CA-NC were filtered through a 100-kDa MWCO
centrifugation device to remove any large com-
plexes or aggregates. Three concentrations of each
protein (2.5, 5, and 10 mg/mL) were prepared and
stored on ice until analysis.

SAXS analysis

SAXS data were collected on SIBYLS beamline
12.3.1 at the Advanced Light Source at the Lawrence
Berkeley National Laboratory. For each sample, a set
of 33 frames collected at 0.3-s intervals was recorded,
and exposures that showed evidence of radiation
damagewere not used in further data processing. After
buffer subtraction, the data were imported into the
PRIMUS program of the ATSAS suite [70]. Scattering
profiles free of aggregation and intermolecular repul-
sion were averaged, and averaged profiles from the 5
and 10 mg/mL samples (for both Gag and CA-NC)
were merged. The pair-distribution function P(r) and
maximumparticle size (Dmax)were calculated using the
GNOM program [73]. The radius of gyration (Rg) was
determined from theP(r) distribution. The output fromP
(r) was used to generate 23molecular envelopes using
the program DAMMIF [81], which were averaged with
the program DAMAVER [82].

Gag model construction

The solution NMR structure for the BLV MA domain
[67] and crystal structures for theCAdomain [68] were
used as starting points for the construction of a full-
length BLV Gag model. Since the molecular structure
of BLVNChasnot yet been solved, a homologymodel
was createdwith the SWISS-MODEL server using the
solution structure of RSV NC [Protein Data Bank
(PDB) ID: 2IHX] as a template [83,84]. Missing
segments were constructed using the program Avo-
gadro and the longer segments P2 and P4 were
modeledas random loops using theMODELERplugin
of UCSF Chimera [85–87]. Pictures and details
regarding the sequences used for each segment of
themodel are given in Fig. 1 and Table 1, respectively.
Each segment was connected sequentially in UCSF
Chimera by forming a peptide bond between the N-
terminus of one segment and the C-terminus of the
preceding segment.

Flexible fitting of Gag model to SAXS-derived
envelope

A low-resolution density map of BLV Gag was
generated with the PDB2VOL function of the Situs
package [88] using the DAMAVER output referenced
above. TheGagmolecularmodel underwent rigid-body
docking to the densitymapwith theCOLORES function
of Situs [89], generating several fits. The best fit,
determined by the unnormalized correlation coeffi-
cients of the output files, was used as a starting
structure for flexible fitting.
TheMDFFpackage of theNAMDsoftwarewas used

to perform a flexible fitting of the rigid-docked model to
the density map generated by Situs [90,91]. The
program Visual MD was used to create protein
structure files and PDB structure files containing
MDFF potentials, corresponding to the docked Gag
model and the Gag density map [92]. Protein structure
files are similar to PDB files but contain additional
information about themolecular system, including bond
connectivity and dihedral angles. The parts of BLVGag
with known structures (MA, CANTD, and CACTD) were
maintained as rigid domains; the zinc-binding residues
and zinc atoms of the NC domain were also restrained
to prevent distortion of the zinc finger structures.
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Simulations were performed in the presence of explicit
solvent. The resulting structure was used for the MD
simulations described below. In addition, the structure
was used to simulate SAXS curves using the CRYSOL
program [74].

MD simulations

MD simulations were performed using the AMBER
force field ff14SB within the NAMD environment
[93,94]. The SAXS-fitted Gag model described
above was solvated in a TIP3P water box and
neutralized by the addition of Cl−, followed by a period
of energy minimization (50 ps). The system was
heated from 10 to 300 K over 50 ps, and was held at
300 K over the length of the simulation (50 ns). Unlike
the flexible fitting procedure, the entire protein was
allowed to freelymove. Trajectorieswereprocessed in
Visual MD and analyzed using the Agility and Turning
functions of the TimeScapes Analytics package,
version 1.4.1 [76,77].
Annealing assays

The FRET-based annealing assays were performed
essentially aspreviously described [55].Mini-TARDNA
was fluorescently labeled with AlexaFluor488 (donor
dye) attached by a six-carbon linker to the 5′ end and 4-
[4-(dimethylamino)phenylazo]benzoic acid (DABCYL,
acceptor) on the 3′ end. The doubly labeled DNA
was purchased HPLC-purified from Eurofins USA
(Louisville KY). Mini-TAR RNA was from Integrated
DNA Technologies (Coralville, IA) and was desalted
after synthesis. DNA (0.5 μM) and RNA (13.6 μM)
were separately folded in 0.02 M Hepes (pH 7.5) and
0.1 M NaCl by heating at 80 °C for 2 min, 60 °C for 2
min, followed by the addition of MgCl2 to a final
concentration of 10 mM. The folding mixtures were
then incubated on ice for at least 30 min before use.
The annealing reaction mixture containing 20 mM
Hepes (pH 7.5), 10 mM NaCl, 10 nM folded DNA,
and 0.42 μM BLV Gag or CA-NC protein was allowed
to incubate in the fluorimeter at 30 °C for 15 min. After
the zero-minute fluorescence intensity was recorded,
0.3 μM folded mini-TAR RNA was added to the
annealing mixture to start the reaction. Donor intensity
readings were recorded every minute using an
excitation wavelength of 495 nm and an emission
wavelength of 515 nm. The data were globally fit to a
single- or double-exponential function using DynaFit
[95].
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