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Phosphorylation of the Brome Mosaic Virus Capsid Regulates the
Timing of Viral Infection
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ABSTRACT

The four brome mosaic virus (BMV) RNAs (RNA1 to RNA4) are encapsidated in three distinct virions that have different disas-
sembly rates in infection. The mechanism for the differential release of BMV RNAs from virions is unknown, since 180 copies of
the same coat protein (CP) encapsidate each of the BMV genomic RNAs. Using mass spectrometry, we found that the BMV CP
contains a complex pattern of posttranslational modifications. Treatment with phosphatase was found to not significantly affect
the stability of the virions containing RNA1 but significantly impacted the stability of the virions that encapsidated BMV RNA2
and RNA3/4. Cryo-electron microscopy reconstruction revealed dramatic structural changes in the capsid and the encapsidated
RNA. A phosphomimetic mutation in the flexible N-terminal arm of the CP increased BMV RNA replication and virion produc-
tion. The degree of phosphorylation modulated the interaction of CP with the encapsidated RNA and the release of three of the
BMYV RNAs. UV cross-linking and immunoprecipitation methods coupled to high-throughput sequencing experiments showed
that phosphorylation of the BMV CP can impact binding to RNAs in the virions, including sequences that contain regulatory
motifs for BMV RNA gene expression and replication. Phosphatase-treated virions affected the timing of CP expression and viral
RNA replication in plants. The degree of phosphorylation decreased when the plant hosts were grown at an elevated tempera-
ture. These results show that phosphorylation of the capsid modulates BMV infection.

IMPORTANCE

How icosahedral viruses regulate the release of viral RNA into the host is not well understood. The selective release of viral RNA
can regulate the timing of replication and gene expression. Brome mosaic virus (BMV) is an RNA virus, and its three genomic
RNAs are encapsidated in separate virions. Through proteomic, structural, and biochemical analyses, this work shows that post-
translational modifications, specifically, phosphorylation, on the capsid protein regulate the capsid-RNA interaction and the
stability of the virions and affect viral gene expression. Mutational analysis confirmed that changes in modification affected vi-
rion stability and the timing of viral infection. The mechanism for modification of the virion has striking parallels to the mecha-
nism of regulation of chromatin packaging by nucleosomes.

he timing of viral genome release into the infected host cell is

critically important to the outcome of infection, as it initiates
the race between viral processes and the cellular immune re-
sponses against the virus. Even small changes in the timing of viral
genome release can result in decreased fitness of the virus (1, 2).
The regulation of the release of the viral RNAs is poorly under-
stood, especially for icosahedral viruses.

Brome mosaic virus (BMV) is a plant-infecting RNA virus that
has served as a model system to study the regulation of RNA virus
infection (3). A particularly intriguing feature of BMV is that its
tripartite positive-strand RNA genome is encapsidated in three
distinct virions. All three virions are required for successful infec-
tion. Upon entry into cells, RNA1 and RNA2 direct the translation
of the viral replication-associated proteins, while RNA3 encodes
the movement protein required for cell-to-cell spread and the coat
protein (CP). The CP is translated from subgenomic RNA4. In a
typical infection, RN'A4 is coencapsidated with RNA3 ina 1:1 ratio
(4), although the host species can influence the encapsidation of
the viral RNAs (5).

The BMV CP has multiple regulatory activities during infec-
tion (6, 7). Each BMV capsid contains 180 subunits of the CP
arranged in a T=3 symmetry. A CP subunit has structural features
similar to those of a histone protein. Both have an intrinsically
disordered N-terminal arm rich in positively charged residues fol-
lowed by sequences that fold into a globular domain (7). The
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N-terminal arm contributes to the differential encapsidation of
BMYV RNA, has the ability to translocate from the internal cavity to
the outside of the virion, and is preferentially cleaved during pro-
teolysis (8, 9). Virions formed by CPs that lack the first 8 residues
were found to encapsidate RNA2 well but were labile for the en-
capsidation of RNA1 (8).

The BMV virions can be separated by their density into two
populations, one enriched for virions containing RNALI, called B1
virions, and the other enriched for virions that encapsidate RNA2
and RNA3/4, called B2.3/4 virions (9). The Bl virions release
RNAI more rapidly than the B2.3/4 virions, likely to enable the
more rapid expression of the protein needed to form the viral
replication factory (9, 10). The B2.3/4 virions are much more sta-
ble than the B1 virions, and the capsid appears to interact more
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stably with the encapsidated RNAs in B2.3/4 virions (8, 9), raising
the question of whether the release of RNA2, RNA3, and RNA4
requires an additional layer of control.

The stability of histone protein binding to DNA is regulated by
posttranslational modifications (PTMs) of the N-terminal tail of
histone proteins (11, 12). We hypothesize that PTMs, specifically,
phosphorylation, regulate the differential BMV RNA release.
Herein, we show that the BMV virions contain distinct patterns of
PTMs. Furthermore, phosphorylation of the BMV virions at the
N-terminal arm of the B2.3/4 virions impacts their stability and
the timing of viral replication. Changes in PTMs were also affected
by the growth conditions of the plant hosts.

MATERIALS AND METHODS

Plant growth. Wheat plants were grown with a 16-h light and 8-h dark
cycle under 3,000-Ix fluorescent lights. Growth chambers were main-
tained at 25°C for growth at the typical temperature and at 32°C for
growth at an elevated temperature.

Virion purification. Wheat plants were 7 days old when they were
infected. Plants were infected by the rubbing leaves with the standard
inoculum concentration of BMV (0.05 mg/ml) amended with carborun-
dum. Infected leaves were harvested at 7 days postinfection. Infected
leaves were homogenized in a virus buffer (VB) containing 250 mM so-
dium acetate and 10 mM MgCl, (pH 5.2). Insoluble plant debris was
removed by centrifugation at 5,000 X g. Impurities were removed from
the lysate by phase separation with 10% (wt/vol) chloroform. The super-
natant containing the virions was layered on a 10% (wt/vol) sucrose cush-
ion, and the virus was pelleted by centrifugation for 3 h at 28,000 rpm with
a Beckman SW32 rotor. The pellet was resuspended overnight in VB and
applied to a 45% CsCl gradient using a Beckman TLA110 rotor. The white
band containing the virus was collected and dialyzed with three changes of
VB. The virions were dissolved in a VB solution with 45% CsCl and cen-
trifuged at 50,000 rpm for 24 h. The virions formed two distinct bands that
were collected and reapplied to 45% CsCl for another round of centrifu-
gation at 50,000 rpm for 20 to 24 h. Separated bands were collected and
dialyzed against VB.

Analysis of posttranslational modifications. For intact protein anal-
ysis, a Waters Synapt G2 high-definition mass spectrometer (MS; Milford,
MA) with an ion mobility cell was used. For each sample, 5 pl of a
1-mg/ml solution of separated virions was loaded into the mass spectrom-
eter. The resulting multiply charged spectra were deconvoluted using the
MaxEnt tool of the MassLynx software package, which uses a maximum-
entropy approach (13).

For MS and tandem MS analyses of peptides, a Thermo Scientific
Orbitrap XL MS with nano-electrospray ionization was used. Virions
were digested with trypsin (Trypsin Gold; Promega) ata 1:20 (wt/wt) ratio
for 3 h, and 10 picomoles was analyzed on the mass spectrometer. Data
files containing both the MS and tandem MS spectra were converted to
MASCOT generic format (MGF) and analyzed using the MASCOT pro-
gram (14). Parent ion spectra were matched within 100 ppm, and tandem
MS spectra were matched within 0.5 Da. Relative ion abundance was
determined using the ProtQuant Suite from the National Center for Gly-
comics and Glycoproteomics Institute (15). Virions purified from plants
grown at different temperatures were processed identically but were ana-
lyzed on a Thermo Scientific LTQ Velos MS, and the parent ion spectra
were matched within 0.3 Da.

Phosphatase treatment of the BMV CP. Dephosphorylation of the
BMYV CP was performed in NEBuffer 2 buffer (New England BioLabs),
composed of 10 mM Tris-HCI (pH 7.9), 50 mM NaCl, 10 mM MgCl,, and
1 mM dithiothreitol. Virions were mixed with 10 units of calf intestinal
phosphatase (CIP; New England BioLabs) at 30°C for 60 min. As a con-
trol, aliquots of the separated virions were exposed to the same conditions
described above without enzyme. To stop the reaction, samples were acid-
ified with 1 pl of 10% trifluoroacetic acid.
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Phosphopeptide enrichment. Enrichment used Pierce TiO, phos-
phopeptide enrichment spin tips (Thermo Scientific) and followed the
protocol provided by the manufacturer. In short, BMV virions were di-
gested with trypsin and applied to the tips. The resin within the tip was
first washed with an acetonitrile buffer, followed by washing with a lactic
acid buffer. Phosphorylated peptides were eluted from the column twice.
The first elution was with an ammonium hydroxide buffer, and the sec-
ond elution was with a pyrrolidine buffer. Each eluted sample was split in
half, with one half being acidified with trifluoroacetic acid immediately
and the other half being acidified after 30 min. C, 4 spin columns (Thermo
Scientific) were used to purify and concentrate the peptides for MS anal-
ysis. MS/MS data were obtained using an LTQ Orbitrap XL MS (Thermo
Scientific) and analyzed using either Xcalibur (Thermo Scientific) or
MaxQuant (16) software.

DSF. Differential scanning fluorimetry (DSF) was performed in a real-
time PCR machine (Stratagene) in 96-well plates. Each 25-pl reaction
mixture contained 4 g of separated virion and SYPRO orange at a 2.5X
concentration from a stock solution (Molecular Probes). The tempera-
ture ramp ascended at a rate of 1°C/min from 25 to 95°C, and the tem-
perature that had the fastest change in fluorescence intensity was inter-
preted as the apparent melting temperature of the capsid.

In vitro phosphorylation of the BMV CP. Phosphorylation of the
BMYV CP by protein kinase Ca was performed in a kinase buffer contain-
ing 20 mM HEPES (pH 7.4), 100 wM CaCl,, 10 mM MgCl,, 100 .M ATP,
100 pg/pl phosphatidylserine, 0.03% Triton X-100, and purified BMV
virions at a concentration of 1 pug/pl. The mixture was incubated at 30°C
for 30 min. As a control, aliquots of the separated particles were exposed to
the same conditions without the kinase.

Protease digestion. Proteolysis of the separated virions was per-
formed in a buffer optimal for proteinase K activity (50 mM Tris-HCI [pH
7.5], 75 mM NacCl, 6.25 mM EDTA, 1% SDS). Proteinase K was added to
a 50-pl solution containing 25 g CP and incubated at 37°C. Aliquots
were removed at the time points indicated below and added to Laemmli
sample buffer to stop the reaction. Samples were stored on ice until SDS-
PAGE. The resulting gel was stained with silver, and the proteins were
quantified using ImageQuant software.

Cryo-EM and 3D image reconstruction of BMV virions. Sample
preparation and cryo-electron microscopy (cryo-EM) were performed
following well-established procedures as described previously (17).
Briefly, 4 pl of purified BMV virions at 0.5 mg/ml was vitrified using an
FEI Vitrobot apparatus. Frozen-hydrated cryo-EM specimens were trans-
ferred to a 300-kV JEOL 3200FS microscope using a Gatan 626DH cryo-
holder, and the grids were kept at liquid nitrogen temperature (—176°C)
during the subsequent data collection. Digital micrographs were recorded
under low-dose conditions (20 e~ /A?) at multiple defocus levels using a
Gatan Ultrascan 4000 charge-coupled-device camera at a nominal mag-
nification of X80,000, which yields a pixel size of 1.5 A at the specimen
level.

The e2boxer.py program (of the EMAN2 software package) was used
to semimanually extract individual virions from the digital micrographs
(18). Defocus values were determined with the CTFFIND3 program (19).
Images of 13,080 mock-treated B1 virions, 9,807 CIP-treated B1 virions,
32,214 mock-treated B2.3/4 virions, and 19,834 CIP-treated B2.3/4 parti-
cles were subjected to structural refinement utilizing icosahedral symme-
try. The initial model for each virion type was built de novo to reduce the
possible artifact of model bias and was used as the reference model to
search and refine the origins and orientations in the AUTO3DEM pro-
gram (20, 21). The only corrections made were for the phase-contrast
during the data processing. The final reconstructions were computed
from 10,464 virions for mock-treated B1, 7,846 virions for CIP-treated B1,
19,332 virions for mock-treated B2.3/4, and 13,882 virions for CIP-
treated B2.3/4. At the final refinement step, the data set was randomly
divided into two parts to compute two three-dimensional (3D) recon-
structions, and the resolution between these two maps was estimated
by Fourier shell correlation using a 0.5 threshold as the criterion. The
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FIG 1 Mass measurements of BMV CP. (A) Genetic map showing locations of BMV CP residues predicted to be phosphorylated, acetylated (Ac), and
methylated. Residues predicted to be phosphorylated (S,T) are above the bar, and residues predicted to be acetylated or methylated (K) are below the bar. The
location of the CP residues that form the globular region is shaded in gray. (B and C) MS was performed on the B1 (B) and B2.3/4 (C) virions to examine BMV
PTMs (solid black line). Peak A corresponds to the BMV CP with the first methionine cleaved and an N-terminal acetyl group. Peak B corresponds to the
putatively phosphorylated CP. CIP was used to confirm the presence of CP phosphorylation (dashed line). The abundance of the modified CP was calculated by
integrating the areas encompassed by the peaks. The abundance of peak A was normalized to 100% to allow comparison to the other forms.

3D reconstructions were rendered and visualized using the RobEM
(http://cryoem.ucsd.edu/programs.shtm) and Chimera (22) pro-
grams. The atomic model of BMV (Protein Data Bank [PDB] accession
number 1JS9) was used to fit the maps into the cryo-EM density maps
using the fit-in-map function in Chimera.

UV cross-linking and immunoprecipitation methods coupled to
high-throughput sequencing (CLIP-seq). Virions were irradiated at 400
pJ/cm?® by 254-nm UV light three times. Ultracentrifugation was used to
pellet the virion. The pelleted virion was incubated in RNA fragmentation
buffer (100 mM Tris-HCI [pH 7.5], 10 mM ZnCl,) at 70°C for 15 min. To
quench the reaction, 20 mM EDTA was used. Anti-CP serum and protein
A/G magnetic beads (Pierce) were used to immunoprecipitate the CP and
CP-RNA complexes. The material captured by the beads was digested
with 2 pg/ml proteinase K at 37°C for 2 h, resulting in the release of
fragmented RNA. The RNA was then purified using phenol-chloroform
extraction and ethanol precipitation.

To prepare the library for Illumina MiSeq sequencing, the purified
RNA was treated with T4 polynucleotide kinase (New England BioLabs)
to remove the 3’ phosphate and add a 5" phosphate. The RNA was then
prepared using an Illumina TruSeq small RNA preparation kit. The cDNA
was amplified and purified by elution from a 1.8% agarose Tris-acetate-
EDTA gel. The libraries from the CIP- and mock-treated virus samples,
each of which contained a distinct barcode, were combined at equimolar
ratios and sequenced using the MiSeq personal sequencer.

The MiSeq reads were cleaned by trimming the adaptor sequences and
eliminating base reads with a quality score below 20 using the FASTX
toolkits. Cleaned reads were aligned to the reference genome using Bowtie
2 software with default local alignment settings (23). The SAMtools pro-
gram was used to obtain the total coverage of each nucleotide in the
reference RNA (24). As an adjustment for the difference in sequencing
depth, the actual coverage was divided by the average coverage, resulting
in the normalized coverage.

RNase digestion. RNase A was added to a 0.1-ml sample containing
0.02 mg of CP in a 20 mM Tris buffer, and the mixture was incubated at
37°C. Aliquots were removed at the times indicated below and added to
phenol-chloroform to stop the reaction. The aqueous phase containing
RNA was isolated following centrifugation, adjusted to 0.3 M ammonium
acetate, and precipitated using ethanol. The RNA concentration was de-
termined by spectrometry, and the RNA was treated with glyoxal, electro-
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phoresed on a 1.2% agarose gel, and quantified using ImageQuant soft-
ware.

Analysis of capsid accumulation. Samples were harvested from wheat
seedlings grown in pots 4 in. in diameter. The samples were cut into
fragments, and 150 mg was homogenized with pestles that fit 1.5-ml mi-
crocentrifuge tubes. Plant debris was removed by centrifugation at
10,000 X g for 10 min. The supernatant was separated by SDS-PAGE and
subjected to Western blotting with a rabbit anti-CP antibody serum.

Real-time RT-PCR analysis. Total RNAs were extracted from 150 mg
of wheat leaves using the TRIzol reagent (Life Technologies). The lysate
was extracted with a 50% volume of chloroform, followed by adjustment
of the mixture to 0.3 M ammonium acetate and precipitation of the RNAs
with isopropanol. RNA concentrations were determined by spectrometry
and confirmed by denaturing agarose gel electrophoresis.

Minus-strand BMV RNA1 [(—)RNA1] and RNA2 [(—)RNA2] were
quantified using reverse transcription (RT) and real-time PCR. One mi-
crogram of total RNA was used for RT with the reverse primer for nucle-
otides (nt) 100 to 120 of RNAI, the reverse primer for nt 371 to 392 of
RNA2, and SuperScript II reverse transcriptase, as defined by the manu-
facturer (Invitrogen). PCR was performed for 32 cycles with forward and
reverse primers for nt 100 to 232 of RNA1 and nt 371 to 499 of RNA2.

Construction of BMV CP mutant. BMV RNA3 expressing the mutant
CP was made by PCR-mediated site-directed mutagenesis with the proper
primers, which are available upon request. The sequence of the cDNA was
confirmed to contain only the intended mutation. RNAIL, RNA2, and
mutant RNA3 in vitro transcripts were made using an AmpliCap-Max
high-yield message maker kit (Cellscript). The RNA concentration was
determined by spectrometry and confirmed using agarose gel electropho-
resis. Week-old wheat plants were inoculated with 4 pg of each transcript
in 25 pl of water per the protocol of Allison et al. (25).

Accession number(s). The cryo-EM density maps have been depos-
ited in EMDataBank (http://www.emdatabank.org/). The accession num-
bers for B1 Mock, B1 +CIP, B2.3/4 Mock, and B2.3/4 +CIP are EMD-
8262, EMD-8263, EMD-8264, and EMD-8265, respectively.

RESULTS

The BMV CP contains posttranslational modifications. Bioin-
formatic analyses predict that the BMV CP can be acetylated,
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FIG 2 BMV capsid modification analysis. (A) Modifications of the BMV capsid observed using MS/MS. Numbers show the relative abundance of the modified
peptides compared to that of the unmodified peptide in the same sample. Phos., phosphorylation; N-term, N terminus. (B) MS/MS spectra showing methylation
of K41 with the b and y ions labeled. (C) MS/MS spectra of acetylated K64 with the b and y ions labeled. (D) MS/MS spectra of phosphorylated T62 with the b
and y ions, as well as those observed with neutral loss, labeled. (E) MS spectra of the partially digested N-terminal 10 residues, confirming phosphorylation of this
region. Ace, acetyl. (F) Abundance of phosphorylated residues compared to that of the unmodified peptides after phosphopeptide enrichment.

methylated, and phosphorylated (Fig. 1A) (26-28). MS was used
to examine the presence of PTMs. The majority of the CP subunits
from the B1 and B2.3/4 virions had a mass of 20,295 Da (Fig. 1B
and C, peak A). This mass corresponds to a BMV CP that lacks the
N-terminal methionine and an acetylated N terminus, a common
modification in eukaryotic proteins (29-31). Minor amounts of
CPs with lower masses, likely corresponding to CPs with single
amino acid substitutions, were also observed. Additionally, ap-
proximately 25% of the CPs existed in forms with masses that
indicated PTMs. The CPs from B1 and B2.3/4 virions had similar
forms of the putatively modified CP, although the abundances of
several forms were different between the two (Fig. 1B and C).

One form of the CP (peak B) was 80 Da heavier than the un-
modified CP, a mass increase indicative of a singly phosphorylated
amino acid. Peak B was 8% of the CPs from the B1 virions and 7%
of those from the B2.3/4 virions (Fig. 1B and C, solid black lines),
corresponding to 14 and 13 of the 180 CP subunits per virion,
respectively. Treatment of the B1 and B2.3/4 virions with calf in-
testinal phosphatase (CIP) prior to MS analysis reduced the abun-
dance of peak B to 3% and 1.9%, respectively (Fig. 1B and C,
dashed line), confirming that the CPs were phosphorylated.

The BMV capsid contains complex PTMs. To identify the lo-
cations of PTMs within the BMV CP, the B1 and B2.3/4 virions
were digested with trypsin and analyzed using tandem MS. Acet-
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ylation, methylation, and phosphorylation were observed in the
BMYV CP. Furthermore, the locations of the PTMs in the CPs of
the B1 and the B2.3/4 virions were distinguishable (Fig. 2A). B1
virions also had a higher relative degree of methylation and acet-
ylation than did the B2.3/4 virions. We note that the protease
cleavage efficiencies and the ionization of peptides can vary; there-
fore, the abundances are not intended to be absolute abundances.

The majority of the PTMs were located within residues 2 to 46
of the CP, the N-terminal arm of the BMV CP (Fig. 2A). Examples
of several unambiguous modifications are shown (Fig. 2B to D).
Phosphorylations were abundant in residues 2 to 8 of the CP (Fig.
2E), but the specific residue was difficult to assign due to the pres-
ence of multiple serines and threonines in this sequence (STSGT
GK). The peptide contains heterogeneous phosphorylation, but
the ions identified from this region were singly charged (Fig. 2A).
In addition, methylation of arginines within peptides 16 to 26
could be in arginines 19, 20, and 22.

Phosphopeptides of the BMV virions were enriched using tita-
nium oxide resin to improve assignment of the phosphorylated
residues in the lower-abundance peptides (32). Half of the phos-
phopeptide-enriched digests was eluted and immediately acidified
to preserve the phosphorylation on the peptide, while the second
half was left in the basic elution buffer to hydrolyze the phosphates
(32). Residues 2 to 8 were confirmed to contain abundant phos-

jviasm.org 7751


http://jvi.asm.org

Hoover et al.

A B Cc
B1 B1 B1
= ~ 648 1
5 2 \?100 q
i & 148 1 &
o x o
3 @ -352 1 o
g c ‘%, 50
o 8 -852 1 e
4 —e— Mock 2 —e— Mock N 2 —e— Mock
S 293 1 —e—+CIP g 1352 1 e—+PKC 5 —e—+CIP
L 393 . . : r . , L 1852 . . . . . , 0 : : . v
55 60 65 70 75 80 85 55 60 65 70 75 80 85 0 5 ) 10 i 20 30
Temperature (°C) Temperature (°C) Time (min.)
B2.3/4 B2.3/4
_ _ grs B2.3/4
c c 100 ¢
e = 478 - 9
14 x <
[0] Q
2 2 522 A . £ 50
3 3 et g
2 S 1022 S
o [ 1529 —e— Mock = —e— Mock
2 . —e—+ERC 2 —e—+CIP
= L 2022 ———— 0 . i . .
55 60 65 70 75 80 85 0 5 10 20 30
Temperature (°C) Temperature (°C) Time (min.)

FIG 3 Phosphorylation of the BMV capsid affects virion stability. (A) DSF profile of B1 and B2.3/4 virions mock treated and CIP treated. -R'(T), rate of change
of fluorescence. (B) Protein kinase C treatment alters the DSF profiles of BMV virions. Bl and B2.3/4 virions were mock treated or treated with protein kinase
C. (C) Resistance to protease, measured by determination of the amount of intact CP, of B1 and B2.3/4 virions mock treated and CIP treated. The vertical bars

show the range for 1 standard deviation.

phorylated amino acids at heterogeneous positions. The peptides
that had a low abundance of phosphorylation could then be more
confidently assigned to residues in the globular domain of the CP
(Fig. 2F).

Phosphorylation affects BMV virion stability. Phosphoryla-
tion can alter protein conformation and stability (33, 34). There-
fore, we assessed whether phosphorylation of the CP affects the
thermostability of the BMV virions using differential scanning
fluorimetry (DSF) (8, 35). The denaturation profile of the B1 vi-
rions exhibited a minor transition with an apparent melting tem-
perature (Tm,,,,) of 68°C and a major one of 76°C (Fig. 3A, top).
CIP-treated B1 virions reduced the abundance of the minor tran-
sition and increased the abundance of the major one. The B2.3/4
virions also had a profile with two transitions. The one with a
Tm,,,, of 66°C was more abundant than the one with a Tm,,,, of
76°C compared to their abundance in the Bl particles (Fig. 3A,
bottom). CIP treatment of the B2.3/4 particles increased the abun-
dance of the transition with a higher Tm,,, and shifted the Tm,,,,,
to ca. 77°C (Fig. 3A, bottom). The 1°C shift was reproducible in
five independent samples and was considered significant (35).
These results suggest that phosphorylation decreased the stability
of the B2.3/4 virions. In contrast, the stability of the B1 virions was
less affected by phosphorylation.

Informatics analysis predicts that protein kinase C (PKC) can
phosphorylate the BMV virion in the N-terminal arm (36). Bl
virions treated with PKC showed only a minor change in their
denaturation profile (Fig. 3B, top). In contrast, the denaturation
profile of B2.3/4 virions treated with PKC was dramatically
changed, with denaturation occurring at lower temperatures (Fig.
3B, bottom). These results confirm that phosphorylation more
significantly impacts the stability of the B2.3/4 virions than that of
the B1 virions.

To probe further how CP phosphorylation can affect the sta-
bility of the BMV virion, we examined the sensitivity of the B1 and
B2.3/4 virions to digestion by protease. The amount of the full-

7752 jviasm.org

Journal of Virology

length CP in SDS-polyacrylamide gels was quantified to assess the
rate of digestion. Approximately half of the CP in the B1 virion
was digested by 14.5 min (time to 50% digestion [T,]) regardless
of CIP treatment (Fig. 3C, top). However, the B2.3/4 virions be-
came resistant to proteolysis after CIP treatment, increasing the
Ts, from 17.5 to 28 min (Fig. 3C, bottom). Altogether, these re-
sults suggest that phosphorylation of the B2.3/4 virions signifi-
cantly impacts the stability of the virions.

Phosphorylation changes the conformation and organiza-
tion of the BMV virions. Cryo-electron microscopy (cryo-EM)
was used to assess the virion structure as a function of capsid
phosphorylation (Fig. 4). The morphologies of mock- and CIP-
treated BMV virions were indistinguishable when they were ob-
served in the cryo-EM micrographs, and the diameters of the vi-
rions were unchanged (Fig. 4A to C). The averaged images from
over 9,800 virions showed that both the Bl and the B2.3/4 virions
contained two concentric rings: a thin outer ring corresponding to
the capsid shell and a thick inner ring corresponding to a combi-
nation of the capsid and the encapsidated RNA (Fig. 4A and B,
insets). The one-dimensional density profile of the rotationally
averaged images showed that the density of the internal shell was
only marginally greater than that of the capsid shell in the Bl
virions (Fig. 4C). In contrast, the density of the internal shell in
B2.3/4 virions was substantially greater than that of the capsid
shell (Fig. 4C). Thus, the amount of RNA and its organization are
different between B1 and B2.3/4 virions.

Icosahedrally averaged 3D reconstructions were performed for
B1 and B2.3/4 virions mock or CIP treated (Fig. 4D to G and 5A).
All particles were resolved to a ca. 10-A resolution to facilitate
comparison. The 3D reconstructions of the BMV virions clearly
resolved the densities corresponding to the outer capsid and the
inner shell of RNA (Fig. 4D and E). The morphologies of the outer
protein shells were very similar to those of previously published
X-ray and cryo-EM structures (8, 37), where the capsids con-
formed to a T=3 surface lattice with a pentameric capsomer pro-
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trusion located at each 5-fold axis and a hexameric capsomer lo-
cated at the 3-fold axis (Fig. 5B). The diameters of the mock- and
CIP-treated Bl and B2.3/4 virions were virtually identical (Fig.
4C); however, the encapsidated RNAs within the B2.3/4 virions
were rearranged upon CIP treatment (Fig. 4C, bottom, arrow-
heads).

The previously published atomic model of BMV (PDB acces-
sion number 1JS9) was treated as a rigid body to fit into the
cryo-EM density maps of B1 Mock, B1 +CIP, B2.3/4 Mock, and
B2.3/4 +CIP (Fig. 5B) using the “Fit in Map” function in Chi-
mera. The results showed that the overall capsid structures agreed
strikingly well (Fig. 5B), with the exception of the CIP-treated
B2.3/4 virions, where the bases of the pentameric and hexameric
capsomers were tilted away from their centers (Fig. 4G). In mock-
and CIP-treated B1 virions, the density of the internal shell was
localized under each CP and formed a dodecahedron organization
(Fig. 5C). Interestingly, at the 5-fold axis, a strong and continuous
ordered density was projected from the inner surface of the pen-
tameric capsomer and a protrusion pointed toward the center of
the virion (Fig. 4F and H and 5A). To our knowledge, this struc-
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tural feature is unique in B1 virions (Fig. 4F and H) and was
observed for the first time in a bromovirus. However, at the cur-
rent resolutions, we are unable to distinguish the entire internal
density between the flexible N-terminal arm and the encapsidated
RNA. Because the 3D structures of mock- and CIP-treated Bl
virions are similar (Fig. 4F and H), we conclude that CIP treat-
ment caused only a minor change in the B1 virion structure.

In striking contrast, the inner shells of B2.3/4 virions showed
structural features distinct from those of the B1 virions (Fig. 4G
andI). The internal density in B2.3/4 virions was thicker and more
amorphous than the internal density in Bl particles (Fig. 5C).
Unlike the B1 particles, no density protruding from the capsid was
observed under the 5-fold axis (Fig. 4G, left). Difference map anal-
ysis revealed the conformational rearrangement of the internal
density within B2.3/4 virions upon CIP treatment (Fig. 5C). In the
mock-treated B2.3/4 particles, the highest internal density (con-
toured at 7o, 7 standard deviations above the mean density), pre-
sumably the encapsidated RNA, was located under each capsomer
and connected through the 2-fold region (Fig. 5C). The internal
density in CIP-treated B2.3/4 particles showed a significantly
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stronger density at the 3-fold axis than the mock-treated virions,
even when it was rendered at a higher contour level (Fig. 5C).
These high-density RNA segments seemed to move away from the
2-fold axes and formed a ring-like structure under each pentam-
eric capsomer (Fig. 5C). Furthermore, portions of the internal
density, possibly contributed by both the N-terminal arm and
RNA, clearly interacted more closely with the inner capsid surface
at the centers of the pentameric and hexameric capsomers (Fig.
4G, right, arrowheads, and I). In the BMV crystal structure, the
N-terminal arm under the 5-fold axis in subunit A was largely
disordered (37). Similar structural features were also observed in
the cryo-EM density maps (38). Therefore, the density observed
under the 5-fold axis suggests that the N-terminal arm in CIP-
treated B2.3/4 virions gained substantial structural order. Impor-
tantly, B2.3/4 adopts a strikingly different conformation upon CIP
treatment.

Phosphorylation of the BMV capsid affects capsid-RNA in-
teraction. Cryo-EM analysis of the BMV virions suggests that
phosphorylation affects capsid-RNA interactions. We used a
modified CLIP-seq assay to examine the RNA sequences that con-
tact the BMV capsid as a function of CIP treatment (5, 39). The
nucleotides in the BMV RNA bound to the capsid were enumer-
ated by determination of the number of sequence reads that con-
tained the nucleotide. Phosphorylation of the capsid affected RNA
contact with the capsid (Fig. 6A to C; Table 1). Interestingly, the
sequences affected by phosphorylation by more than 10% in-
cluded known regulatory elements in the BMV genomic RNA
(Fig. 6D) (40-42). In RNA1, the B box, which regulates transla-
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tion, was less bound to the CP in the CIP-treated virions (Fig. 6D).
In RNA2 and RNA3/4, the core promoter for BMV minus-strand
RNA synthesis (43, 44) had decreased binding to the CP in the
CIP-treated virions (Fig. 6D). Several CP contacts in the regula-
tory intercistronic region of BMV RNA3 were also altered by CIP
treatment (Fig. 6D).

To determine the consequences of the changes in CP-RNA
interactions, virion RNA was digested with RNase A. The RNAs
encapsidated in the Bl virions had similar sensitivities to
RNase A digestion. However, the RNAs in the B2.3/4 virions
were significantly less sensitive to RNase A after treatment with
phosphatase (Fig. 6E). Altogether, these results suggest that
phosphorylation of the B2.3/4 virions significantly impacts the
stability of the virions and the interactions between the capsid
and the encapsidated RNA.

Phosphorylation of the BMV CP affects the timing of BMV
gene expression. Changes in the stability of the virions and the CP
interaction with RNA motifs suggest that phosphorylation im-
pacts the release of the encapsidated BMV RNAs during infection.
To assess the consequence of phosphorylation on BMV infection,
mock- or CIP-treated BMV virions were inoculated into wheat
seedlings. The amount of inoculum was kept low so that input CP
could not be detected by Western blotting at 24 h postinoculation
(data not shown). At 72 h, the total amount of CP accumulated
from the plants on which the CIP-treated inoculum was used was
reproducibly lower than that from the plants on which the mock-
treated inoculum was used (Fig. 7A). The difference in the level of
CP accumulation seen was reduced at 102 h postinoculation, sug-
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gesting that the BMV infection recovers from the CIP treatment
during infection (Fig. 7A).

The level of BMV RNA replication was assessed as a function of
virion phosphorylation. The minus-strand BMV RNA1 and
RNA2 synthesized during BMV replication were quantified using
quantitative RT-PCR. RNA1 has been demonstrated to preferen-
tially accumulate to higher levels earlier in infection than RNA2
(9). We observed this in the mock-treated virions (Fig. 7B, solid
lines). The amounts of RNA1 and RNA2 then increased with time.
With the CIP-treated inoculum, however, the kinetics of both
minus-strand RNA1 and RNA2 accumulation were altered (Fig.
7B, dashed lines). Together these results suggest that phosphory-
lation affects the timing of BMV gene expression and replication.

Phosphomimetic in the N-terminal arm of the CP affected
BMYV infection. The N-terminal 8 residues of the BMV CP con-
tain several serine and threonine residues that could be phosphor-
ylated (Fig. 2A). The threonine at the 6th residue (T6) of the BMV
CP was predicted to be a preferred residue for phosphorylation.
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We mutated T6 to glutamate to generate a CP with a phosphomi-
metic at this position. Wheat seedlings were inoculated with wild-
type (WT) RNA1 and RNA2 transcripts, along with RNA3 con-
taining the T6E substitution. CP from virions purified from
infected plants contained the expected substitution (Fig. 8A). In-
terestingly, the CP with T6E also had an unusually high level of
phosphorylation compared to WT BMYV. This increase in CP
phosphorylation observed in the CP with T6E was not observed in
the CP with an alanine substitution at T6, T6A (Fig. 8B). The
purified T6E virions were more readily dissociated in the ther-
modenaturation assay than the WT virions (Fig. 8C), and CIP
treatment of CP with T6E, which should remove the additional
phosphates in the CP, increased the stability of the virion with CP
with T6E (Fig. 8D), consistent with phosphorylation of the CP
reducing the stability of the virion.

Wheat seedlings were inoculated with the WT or T6E mutant
virion to assess the effects on the timing of viral infection. At 72 h,
the total CP accumulation from the plants inoculated with the
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TABLE 1 RNA sequences that had a coverage that increased
or decreased by at least 20% following CIP treatment, as
observed by CLIP-seq”

>20%
RNA _ Peak nt Sequence Change
1 451 CACAGTTGTTGTCCTGTGTTG +
1 687 ACGTGGTACCGTTATGTTCGA +
1 760 TGGCAACGTGACGGGTCAGGC | -
1 895 ACCTATCTGTIGGAGCGCGAA +
1 1431 CCTACTACGTCTGGATTCTTA +
1 1701 CGTTAAACCGGTGACTGATGT -
1 1845 TCGTCACCTATGGGACATTTC +
1 2116 TGCGATATTTCCATGGTTGAT +
1 2442 TTCGTTCAAGICTCGTGACGC +
1 2619 CAAAGTTTCTAGAAGTCTCAC -
1 2908 TCCTTTGAGTATTGCTTTAAC +
1 3024 GAACGTTGTGGTCTAACTCAA -
1 3066 AACCGATAGTCGTGGTTGACA +
2 3 GTAAACCACGGAACGAGGTTC | -
2 479 CGAGGATACTAGTGATGGTTA +
2 653 TCAGACTACTAATACTGATTA -
2 959 TTTTCAACCAAAAATGAATAT -
2 1139 TGAAGACTGTCTGAGAGCTTC +
2 1410 CTGGCCCTGAAATCCAGGTTC +
2 1513 GCAAATTTGATAAATCTCAGG -
2 1715 TCTTGTCACTATGGCTATGAT +
2 1871 GGACCCTAGTGTGCCCTACGT +
2 2135 GGTTAGAGCTGCTCTTGCGGC | +
2 2857 GTAAATCTCTAAAAGAGACCA -
3 2 GTAAAATACCAACTAATTCTC +
3 376 GATTCATGAACGTTCCACGCA +
3 546 TTGATGCTTTGACGCCTAGC +
3 645 GTGGTGGGGACAACAGGTTCC | -
3 847 TCGGAAGACCGTTACAATCTG +
3/4 1203 TATTATTAAAAAAAAAAAAAA -
3/4 1713 GATTTATCTGTATGCATCTGA +
3/4 1947 GATAGTCGTGGTTGACACGCA +
3/4 2111 GTAAATCTCTAAAAGAGACCA +

¢ In each sequence, the nucleotide with the greatest percent change is
underlined and adjusted to be in the middle of the sequence, unless it is
the residue at one terminus of the sequence (gray sequences). + and —,
the abundance of the sequence was, respectively, increased or decreased
by at least 20% relative to that for the mock-treated control.

T6E mutant was reproducibly 2-fold higher than that from the
plants treated with WT virions (Fig. 8E). The difference in CP
accumulation seen was reduced at 102 h postinoculation. Notably,
despite the increased CP abundance in the T6E mutant virions at
early time points, a decrease in minus-strand RNA production
was observed at early time points after inoculation (Fig. 8F, dashed
lines). Higher levels of CP expression can suppress BMV RNA
replication (45). Indeed, constitutive expression of the CP is the
basis for several transgenic plants that are resistant to viral infec-
tion (46). Finally, we examined if the T6E mutation affected RNA
encapsidation. Interestingly, the T6E mutant virions encapsidated
less RNA1 and more RNA2 compared with amounts encapsidated
by the WT virions. These results confirm that dysregulated phos-
phorylation of the BMV capsid can negatively affect the timing of
gene expression and replication and affects the ratios of encapsi-
dated RNA1 and RNA2.

Environmental conditions affect BMV virion posttransla-
tional modification and infection. Host kinases and phosphata-
ses are responsible for the degree of phosphorylation of the BMV
capsids, as the BMV proteins are not known to have kinase or
phosphatase activities. Given that the level of CP phosphorylation
impacts the timing and the outcome of infection, it is highly likely
that cellular kinases and/or phosphatases significantly impact the
success of viral infection. Indeed, the host species was shown to
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affect virion accumulation and the ratios of the encapsidated
RNAs (5, 47). The growth temperature of plants affects kinase
activity (48-50). Therefore, we compared the PTMs on BMV vi-
rions purified from wheat grown at 25°C to those on virions pu-
rified from wheat grown at 32°C. Virions produced under the two
conditions are denoted with a subscript indicating the tempera-
ture of plant growth. The BMV virions were separated using den-
sity gradients to enrich for the B1 or the B2.3/4 virions. Liquid
chromatography-MS analysis revealed that the additional masses
that match putative PTMs were altered in abundance as a function
of the plant growth temperature (Fig. 9A). Furthermore, both
B1,5 and B2.3/4,; virions reproducibly exhibited higher levels of
the phosphorylated CP than B1;, and B2.3/45, virions (Fig. 9A).
The higher temperature for plant growth thus decreased the phos-
phorylation of the BMV virions.

The stabilities of the virions purified from plants grown at the
two temperatures were examined using DSF (Fig. 9B). Both the
B1,5 and the Bl5, virions exhibited two denaturation transitions
that varied slightly (Fig. 9B, top). In contrast, the B2.3/4 virions
produced at the two temperatures had dramatically different ther-
modenaturation profiles (Fig. 9B, bottom). CIP treatment of the
B2.3/45, virions resulted in a denaturation profile similar to that of
B2.3/4,5 (data not shown).

We examined whether BMV RNA replication by virions pro-
duced from plants grown at the two temperatures was affected.
Wheat seedlings grown at 25°C or 32°C were inoculated with ei-
ther BMV, 5 or BMV,. Plants grown at 25°C that were inoculated
with BMV,; had significantly higher levels of (—)RNAI than
(—)RNA2 (Fig. 9C, left). Plants grown at 25°C and inoculated
with BMV, had levels of the two RNAs that were more compara-
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FIG 7 Phosphorylation affects BMV replication and virion production. (A)
BMV CP accumulation in wheat seedlings inoculated for 72 and 102 h with
mock- or CIP-treated BMV virions. Each sample was from a separately inoc-
ulated pot of wheat seedlings. Total wheat seedlings were harvested and pro-
cessed for analysis of BMV CP accumulation by Western blotting. The CP was
detected with a polyclonal antiserum that recognizes the BMV CP. BMV was
undetectable at 24 and 48 h postinoculation, indicating that the signal is from
CP accumulation during infection. LC, loading control. Numbers under the
blots indicate quantified CP compared to LC. (B) (—)RNAl (R1) and
(—)RNA2 (R2) accumulation at 16, 18, and 20 h postinoculation in plants
infected with mock-treated or CIP-treated BMV. The range for 1 standard
deviation is shown at each time point.
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ble (Fig. 9C, right). Plants grown at 32°C and infected with BMV,5
showed low levels of both (—)RNA1 and (—)RNA2 (Fig. 9D, left).
Interestingly, when plants grown at 32°C were infected with
BMV,,, high levels of (—)RNA1 but much reduced levels of
(—)RNA2 were produced (Fig. 9D, right). Together, these results
suggest that the changes in PTMs due to the host growth temper-
ature affected BMV replication. These results indicate that the
epigenetic effects of host enzymes that impact PTMs could signif-
icantly alter the level of viral infection.

DISCUSSION

BMV encapsidates its three genomic RNAs in separate particles
that have distinct physiochemical properties that impact the tim-
ing of BMV gene expression and replication (9). The particles can
be physically separated by their density into two populations, one
highly enriched for RNA1 (Bl) and another enriched for
RNA2.3/4 (B2.3/4). The two populations of virions contain nu-
merous discernible properties (9). The B1 particles release their
RNA more easily than do the B2.3/4 particles. The mechanism
regulating the release of the RNAs encapsidated by the B2.3/4
particles is not known. In this work, we demonstrate that the CPs
from the BMV capsid contain a large array of PTMs, especially in
the highly flexible N-terminal arm that is known to bind RNA
within the virion. The PTMs include phosphorylation sites that
differ between the B1 and B2.3/4 virions (Fig. 1 and 2). The phos-
phorylation state of CPs within the virions regulates the position
of the N-terminal arm of the CP and its interaction with the en-
capsidated RNAs. The consequences of the different PTMs impact
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the stability of the BMV virions, the release of the viral RNAs, and
the timing of BMV gene expression and replication. Phosphory-
lation also affected CP binding to several regulatory RNA ele-
ments in the virions (Fig. 6D), which could alter the interaction
with cellular and viral enzymes that are involved with the synthesis
of BMV proteins and RNAs.

Phosphorylation of the N-terminal arm of the BMV CP could
affect thelocalization of the N-terminal arm inside and outside the
virion. In the hypophosphorylated state, the positively charged
N-terminal arms of the CPs are more stably associated with the
encapsidated RNAs. With phosphorylation, electrostatic repul-
sion would decrease the interaction energy of the N-terminal
arms, supporting their display on the outside of the virions, and
this finding is supported by preferential cleavage of the N-termi-
nal arm during proteolysis (9). The exposed arms could then re-
cruit additional cellular PTM enzymes. This proposed model ex-
plains both the differences in the densities of the Bl and B2.3/4
virions and also the increased amount of PTMs in the phospho-
mimetic T6E mutant virion (Fig. 8). Localization of the N-termi-
nal arm could impact the degree of phosphorylation in the CP,
perhaps affecting the number of CP subunits that are phosphory-
lated. Importantly, this change could regulate the timing of viral
gene expression and RNA synthesis. We have evidence that the CP
could interact differently with the regulatory RNA motifs within
the BMV genome (Fig. 6D). The BMV CP has been shown to
directly contact these RNA motifs to differentially regulate BMV
RNA synthesis and protein synthesis (40-42). However, we can-
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not rule out the possibility of indirect effects of modified CP in-
teracting with cellular enzymes that also impact BMV gene expres-
sion. Recently, it has also been determined that for icosahedral
RNA viruses, the CP can bind to a series of low-affinity RNA-
binding sites to determine the encapsidation of the viral RNA (51,
52). The selective binding of the CP to the RNA motifs has the
potential to regulate the orderly release of the RNA and possibly
present the viral RNA in a conformation that can influence viral
gene expression. The PTM of the CP likely contributes to the
regulatory events by influencing CP binding of the RNAs.

We note that in vitro reassembly of the virions to form virus-
like particles does not recreate the combination of modifications
found in the native BMV virions; thus, a large number of require-
ments for capsid-RNA interactions would be missed. The combi-
nations of PTMs likely contribute to our previous observation that
the BMV CP-RNA interaction does not strictly obey rules for
charge complementarity (8).

Many other viruses have capsid proteins with positively
charged and highly flexible sequences that translocate from within
the virion to the external surface of the virion (7, 53). It is possible
that these sequences are acted on by host proteins to regulate the
disassembly of the virions and enable viral gene expression and
replication. Phosphorylation has been shown to affect CP-RNA
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interactions in potyviruses (54, 55). The Beet black scorch virus CP
was found to be phosphorylated by the protein kinase A, and
mutations to prevent phosphorylation affect accumulation of the
viral RNAs in plants due to decreased virion stability (56). For
rubella virus, phosphorylation of the capsid has consequences on
viral replication, gene expression, and RNA encapsidation (57,
58). In hepatitis B virus, modifications of the RNA-binding domain
that mimic phosphorylation alter the RNA conformation (17).

For BMYV, it is particularly interesting that phosphorylation
had more dramatic effects in reducing the stability of the B2.3/4
particles and altered the interaction between the capsid and the
RNA (Fig. 3 to 8). Phosphorylation of the B2.3/4 virions could
promote the timely release of RNA2, RNA3, and RNA4 from the
virions. How subsets of virions recruit host enzymes to modify
the capsid remains to be determined, given that the virions
have the same CP that encapsidates the RNAs. It is tempting to
speculate that the BMV RNAs may promote the specific recogni-
tion of subsets of virions.

The regulation of BMV virions by PTMs has striking similari-
ties to the regulation of the chromatin structure by nucleosomes
(11, 12). The BMV CP and histones both possess a basic, flexible
N-terminal arm that interacts with nucleic acid. PTM of the arms
can regulate the interaction with nucleic acids to impact gene ex-
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pression. Since the BMV capsids have the N-terminal arms di-
rected inward, they can be considered inverted nucleosomes that
both protect and compact the viral genome as well as respond to
environmental conditions to regulate the release of the nucleic
acid.

A large proportion of the genomes of eukaryotic cells is dedi-
cated to regulating changes in the phosphorylation state of pro-
teins, with human and Arabidopsis cells having approximately 500
and 1,000 kinase genes, respectively (59, 60). The effects of PTMs
on BMV infection that we observed and our observation that the
plant growth temperature can affect PTMs, virion thermostabil-
ity, and viral replication rates (Fig. 9) suggest that kinases and
phosphatases have an active role in modulating the success of viral
infection at the level of virion disassembly. Virion modifications
by cellular proteins could contribute to the host range and the
outcome of viral infection.
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