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A B S T R A C T

One geminiviral gene encodes the capsid protein (CP), which can appear as several bands after electrophoresis
depending on virus and plant. African cassava mosaic virus-Nigeria CP in Nicotiana benthamiana, however,
yielded one band (~ 30 kDa) in total protein extracts and purified virions, although its expression in yeast
yielded two bands (~ 30, 32 kDa). Mass spectrometry of the complete protein and its tryptic fragments from
virions is consistent with a cleaved start M1, acetylated S2, and partial phosphorylation at T12, S25 and S62.
Mutants for additional potentially modified sites (N223A; C235A) were fully infectious and formed gemini-
particles. Separation in triton acetic acid urea gels confirmed charge changes of the CP between plants and yeast
indicating differential phosphorylation. If the CP gene alone was expressed in plants, multiple bands were ob-
served like in yeast. A high turnover rate indicates that post-translational modifications promote CP decay
probably via the ubiquitin-triggered proteasomal pathway.

1. Introduction

Since the early days of geminivirology (Esau, 1977; Francki et al.,
1979; Goodman et al., 1977; Harrison et al., 1977; Jeske et al., 1977;
Matyis et al., 1975), an enigma remains why the unique twin structure
of the virions has been developed only in the family of Geminiviridae
(Jeske, 2009). Whereas icosahedral structures are widespread among
viruses (Rossmann, 2013), electron cryo-microscopic studies have re-
vealed that geminiviruses, irrespective of the genera, are composed of
two incomplete icosahedra (Böttcher et al., 2004; Hesketh et al., 2018;
Hipp et al., 2017; Zhang et al., 2001). In the atomic models, most of the
pentameric capsomers fit into a T= 1 symmetry of standard icosa-
hedra, except at the waist, where both capsid halves join with a tilt of
20°. Here, other protein-protein or protein-nucleic acid interactions
may be needed for the production of mature geminivirions (Hesketh
et al., 2018; Hipp et al., 2017). Two CP bands were found after SDS gel
electrophoresis, depending on the virus species and the host (Abouzid
and Jeske, 1986; Gorovits et al., 2013a, 2013b) as well as after ectopic
expression in fission yeast (referred to as yeast) (Hipp et al., 2016). The
different migration behavior may be indicative for post-translational
modification of CP, which has been investigated now in plants, in total

protein extracts and mature virions.
African cassava mosaic virus (ACMV) belongs to the Begomovirus

genus of the Geminiviridae (Zerbini et al., 2017), with a bipartite
genome (DNA A and DNA B) of circular single-stranded (ss) DNA. It is
one of the most important pathogens of cassava on the African con-
tinent (Legg et al., 2011; Patil and Fauquet, 2009; Rybicki, 2015). The
structure of the Kenyan strain (ACMV-[K]) has been determined by
electron cryo-microscopy (Böttcher et al., 2004; Hipp et al., 2017).
Here, we analyze the closely related ACMV-[N] from Nigeria, because it
was reported to be insect-transmissible in contrast to ACMV-[K] (Liu
et al., 1999). The geminiviral CPs are multifunctional proteins involved
in encapsidation of the genome into virus particles (Böttcher et al.,
2004; Hesketh et al., 2018; Hipp et al., 2017; Zhang et al., 2001), insect
transmission of the particles (Briddon et al., 1990, 1989; Fischer et al.,
2015; Harrison et al., 1977; Höhnle et al., 2001; Kheyr-Pour et al.,
2000; Liu et al., 1999; Noris et al., 1998), and transport within the plant
(Liu et al., 2001). They interact with each other and host proteins
(Hallan and Gafni, 2001; Malik et al., 2005; Yaakov et al., 2011), and
bind ss and double-stranded (ds) DNA in a sequence-unspecific manner
(Hehnle et al., 2004; Ingham et al., 1995; Liu et al., 1997;
Palanichelvam et al., 1998; Priyadarshini and Savithri, 2009).
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In the early investigations of geminivirus capsids (Abouzid and
Jeske, 1986), two protein bands were observed in denaturing gel
electrophoresis analysis. It was uncertain whether one of these bands
represents a second protein, encoded by DNA B (BV1) of bipartite be-
gomoviruses, the nuclear shuttle protein (NSP), which has developed
probably from gene duplication of AV1 (Kikuno et al., 1984). Both
bands, however, were recognized by a single monoclonal antibody
raised against purified virus particles (Abouzid, unpublished data)
lending further support to the conclusion that they stem from a single
gene of DNA A (AV1). In addition, different bands may appear as the
result of a plant defence mediated by proteases. Studies on a mono-
partite begomovirus, tomato yellow leaf curl virus (TYLCV), have in-
vestigated this aspect in closer detail (Gorovits et al., 2013a, 2013b).
Recently, a double band of the maize streak virus CP has been assigned
to a pentameric assembly of the CP in contrast to a single band, the
lower one of the double band, found in single, icosahedral capsids and
geminate particles (Bennett et al., 2018). It has been speculated that the
shift is due to a post-translational modification of the CP (Bennett et al.,
2018).

First indications for a post-translational modification were found for
Abutilon mosaic virus (AbMV) CP expressed and phosphorylated in
Escherichia coli (Wege and Jeske, 1998). The precise positions of
phosphorylated amino acids in the sequence of the ACMV CP (T12, S25
and S62) were determined by mass spectrometry (MS) (Hipp et al.,
2016) after expression of the CP gene in yeast (yCP). The majority of
yCP migrated more slowly in SDS gels than ACMV CP from purified
particles (pvCP).

Phosphorylation alone may account for the observed differences in
migration, but alternative explanations were not excluded. In a number
of initial and independent MS experiments, a tryptic peptide of the C-
terminus (amino acid 221–249; CPP221–249) was missing for pvCP, but
not for yCP (Fig. 1c and Suppl. Fig. 1). This peptide attracts special
interest, since it is the most conserved sequence among all geminiviral
CPs and even for NSP (Kikuno et al., 1984). Thus, a missing portion as a
result of processing, either to form the gemini-structure or as a result of
proteolytic plant defence, was an alternative option to explain the de-
viant migration of the lower band. However, improved mass spectro-
scopic techniques and mutational studies excluded this thesis. The
following experiments suggest that differential phosphorylation of CP
may be important for some differences in migration behavior. CP
phosphorylation may regulate the stability of CP leading to ubiquiti-
nation and degradation by the proteasome, if expressed in plants in the
absence of replicating geminiviral DNA. This conclusion corresponds to
the recent proposal of Hesketh et al. (2018) about the dependence of
geminiviral CP stability and replicating ssDNA for assembly of virus
particles.

2. Materials and methods

2.1. Construction of plasmids

In order to engineer infectious clones, the mutant plasmids pUC19-
APA9-CPN223A and pUC19-APA9-CPC235A were derived from pUC19-
APA9 (Kittelmann et al., 2009) by site-directed mutagenesis using
primer pairs #1/#2 and #3/#4 (Suppl. Table 1), respectively. After
polymerase chain reaction (PCR) (95 °C for 5min, followed by 20 cycles
of 95 °C for 30 s, 49 °C/47 °C for 1min, and 72 °C for 18min) with Pfu
DNA polymerase (Thermo Fisher Scientific, Darmstadt, Germany), the
parental plasmid was digested with DpnI (New England Biolabs (NEB),
Frankfurt/Main, Germany), and the PCR products were purified (QIA-
quick PCR Purification Kit, Qiagen, Hilden, Germany), phosphorylated
(T4 polynucleotide kinase, NEB) and ligated (T4 DNA ligase, NEB). The
mutant plasmids were transformed into E. coli DH5α, amplified and
recovered by alkaline lysis. The correctness of the constructs was con-
firmed by sequencing (Macrogene Europe, Amsterdam, The Nether-
lands). Compared to the database entry (GenBank accession number

AJ427910), pUC19-APA9 showed a nucleotide substitution from CT to
AG at position 164/165 (nucleotide numbering according to the AV1
sequence) resulting in an amino acid substitution T55M (Hipp et al.,
2016).

To express CP in plants alone, two cloning strategies were followed.
First, a BamHI/EcoRI fragment (Fig. 5a) was excised from rolling circle
amplification (RCA) amplified ACMV-[N] DNA from plants, named
ACMV CP-F. Second, an intron-containing version was established by
overlap-PCR (Fig. 5a; Suppl. Table 2), named ACMV CP-I. Both DNAs
were inserted into the agrobacterial plasmid pMDC7 by Gateway
cloning to permit expression of the respective proteins in vivo under the
control of an estradiol-inducible promoter as described previously
(Curtis and Grossniklaus, 2003; Kleinow et al., 2009). The correctness
of the constructs was verified by complete sequencing of the insert.

2.2. Plant infection

Monomer units of wt DNA A of ACMV Nigeria-Ogo (ACMV-[N],
GenBank accession number AJ427910) or the corresponding mutated
DNAs A (A-CPN223A; A-CPC235A) were released with SphI from plasmids
pUC19-APA9, pUC19-APA9-CPN223A or pUC19-APA9-CPC235A.
Monomers of wt DNA B (accession number AJ427911) were released
with SphI from plasmid pUC19-AP3 (kindly provided by Dr. Rob
Briddon, Faisalabad, Pakistan). N. benthamiana Domin or N. occidentalis
ssp. hesperis plants were inoculated with these DNAs mechanically as
described (Hipp et al., 2014).

2.3. Protein extraction from plant material

The youngest leaves of ACMV infected or mock inoculated N. ben-
thamiana plants were harvested at 7, 14, 21, 28 or 35 days post in-
oculation (dpi), frozen in liquid nitrogen and stored at − 80 °C until
use. Isolation of total proteins was performed according to Von Arnim
et al. (1993) with slight modifications: 30mg of leaves were homo-
genized with a pestle in liquid nitrogen, and proteins were obtained by
addition of 150 µl of extraction buffer (10mM KCl, 5 mM MgCl2,
400mM sucrose, 10mM β-mercaptoethanol, 100mM TrisHCl pH 8.0,
10% glycerol, 1x Roche Complete EDTA-free protease inhibitor cocktail
(Roche, Mannheim, Germany), 1 mM phenylmethylsulfonyl fluoride
(PMSF)) and incubation for 30min at room temperature. Proteins were
separated from plant debris by centrifugation for 10min at 960×g.

Alternatively, leaves were extracted according to Abas and Luschnig
(2010) including complex cocktails of proteinase and phosphatase in-
hibitors, and fractions with enriched larger organelles, microsomes and
soluble proteins were collected after centrifugations at 600×g,
2,000×g, and 21,000×g, respectively.

2.4. Virus particle purification

Virus particles were purified by differential and density gradient
centrifugation as described (Kittelmann and Jeske, 2008) with the
modification of adding protease inhibitors in the homogenization buffer
(10 µg/ml protease inhibitor cocktail for plant cell & tissue extracts,
Sigma-Aldrich, Taufkirchen, Germany).

2.5. Protein gel electrophoresis and Western blotting

The protein samples were separated in 12.5% SDS-polyacrylamide
gels (SDS-PAGE) according to Laemmli (1970) and stained with 0.5%
Coomassie brilliant blue (R250, Serva, Heidelberg, Germany, in 50%
EtOH, 7% acetic acid) or semi-dry blotted (Bjerrum, 1986) onto ni-
trocellulose (Protran Nitrocellulose Transfer Membrane, Whatman
Schleicher & Schuell, Dassel, Germany) (Method 1). CP was detected
using the 1:1000 diluted polyclonal rabbit antiserum AS-0421 (kindly
provided by Dr. S. Winter, DSMZ, Braunschweig, Germany), alkaline
phosphatase conjugated goat anti-rabbit antibodies (Rockland
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Immunochemicals, Inc., Gilbertsville, PA, USA), and nitro-blue tetra-
zolium choride, 5-bromo-4-chloro-3′-indolylphosphate (NBT/BCIP).

Alternatively, the CP was detected using the 1:2500 diluted poly-
clonal antiserum α-ACMV-KNCP #2 raised against the peptide YENH-
TENALLLYM (CP amino acid sequence 221–233) in rabbits (pab pro-
ductions, Hebertshausen, Germany), and secondary antibodies and
substrate as described before.

For more sensitive detection (Method 2), the SDS gel was equili-
brated for 15min in transfer buffer (50mM Tris, 50mM boric acid, 10%
methanol) before semi-dry blotting onto methanol-activated PVDF
membrane was done at 20 V for 30min. The membrane was rinsed with
TBS-T (20mM Tris-HCl pH7.6; 138mM NaCl plus 0.1% Tween-20) for
5min, blocked for 1 h in 5% BSA, Normal Goat Serum (Jackson
ImmunoResearch Europe Ltd, Ely, UK, 1:10,000), TBS-T at room tem-
perature and incubated overnight at 4 °C with antiserum AS-0895
(kindly provided by Dr. S. Winter; diluted 1:10,000 in blocking solu-
tion), which had been purified by cross-absorption to plant proteins
from N. benthamiana plants agroinfiltrated with P19-expression plas-
mids. After several washing steps (1x short, 1× 15min, 4×5min in
TBS-T), the secondary antibody (goat anti-rabbit horse radish perox-
idase, 1:10,000 in blocking solution; Biotrend, Köln, Germany) was
added for 1 h at room temperature, followed by washing steps (1x short,
1× 15min, 3× 5min in TBS-T and 1×15min in TBS). Signal

detection was performed using the substrate of the Luminata Crescendo
Western HRP kit (Merck Millipore, Darmstadt, Germany) and exposure
to X-ray film. For stripping, the membrane was incubated in 62.5 mM
Tris-HCl pH 6.8 plus 2% SDS at 60 °C for 20min and washed in TBS-T
for 2×5min at room temperature. After blocking as before, a mouse
monoclonal antibody against ubiquitinated proteins (Biotrend, Köln,
Germany; clone FK2; 1:20,000 in blocking solution) was applied at 4 °C
overnight and developed as described.

Triton/acetic acid/urea (TAU) polyacrylamide gels were prepared
as described (Ryan and Annunziato, 2001; Shechter et al., 2007) with
some modifications: The samples were incubated with sulfuric acid
(final concentration: 0.2M) overnight at 4 °C and centrifuged for
10min at 12,000×g and 4 °C. Acid extracted proteins were transferred
from the supernatant into a fresh tube and precipitated by adding tri-
chloroacetic acid (TCA, final concentration: 33%) and incubation for
30min at 4 °C. Precipitated proteins were recovered by centrifugation
for 10min at 12,000×g and 4 °C and washed twice with ice-cold
acetone. The final pellet was air-dried and resuspended in TAU sample
buffer (5.8M urea, 5% acetic acid, 16% glycerol, 0.2% methyl green,
4.8% β-mercaptoethanol). Proteins from 100 µl fractions of density
gradient purified virus particles were precipitated with TCA prior to
sulfuric acid treatment.

TAU gels were pre-run in running buffer (5% acetic acid) for 3.5 h at

Fig. 1. CP structure and sequence. ACMV par-
ticles were purified from infected N. ben-
thamiana plants and negatively stained with
2% uranyl acetate for electron microscopy. The
particles show the characteristic twinned par-
ticle structure, bar: 200 nm. (b) The ACMV CP
model (Hipp et al., 2017) is shown in two dif-
ferent orientations. The tryptic peptide (amino
acids 221–249) close to the C-terminus that
was missing in the initial MS analyses is shown
in blue including N223 (orange) and C235
(green). (c) The amino acid sequence of the
ACMV CP is shown in one letter code high-
lighting M55 (yellow background, variation
from the database entry), the C-terminal
“missing” peptide (blue background) and
cleavage sites for trypsin indicated by red lines.
Several possible modification sites within the
blue-highlighted peptide are shown: blue ar-
rows – predicted phosphorylation sites Y221
and Y243 (NetPhos2.0 Server), orange arrow –
potential N-glycosylation site N223, green
arrow – potential S-acylation site C235, red
arrow – predicted O-linked β-N-acet-
ylglucosamine S239 (YingOYang 1.2 Server).
The black line marks the peptide (aa 221–233)
used for generating the peptide antibody.
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350 V and in scavenger solution (2.12M β-mercaptoethylamine, 2.5 M
urea, 4.8% acetic acid) for 3 h at 300 V. After loading the samples, the
electrophoresis was done for 15min at 400 V followed by 16.5 h at
200 V. The gels were then incubated with 20% TCA for 30min and
twice with 50% ethanol for 30min, and either stained with Serva Violet
17 (SERVA Electrophoresis GmbH, Heidelberg, Germany) or Western
blotted (Method 3) onto nitrocellulose described above for 30min at
20 V after pre-equilibration for 15min in transfer buffer (50mM Tris,
50 mM boric acid, 10% methanol) containing 1% SDS and 10min in
transfer buffer without SDS. Membranes were developed as described
for Method 1.

2.6. Mass spectrometry

Initial MS experiments on the CP proteins were performed via ma-
trix-assisted laser desorption/ionization-time-of-flight (MALDI-TOF)
MS, essentially as previously described for peptide map fingerprinting
experiments (Wulfmeyer et al., 2012) and for intact mass experiments
(Khoo et al., 2007).

Wt and mutant CP from purified virus particles were separated by
SDS-PAGE to excise the CP bands after Coomassie staining. For the
improved MS experiments, in gel trypsin-digestion and NanoLC-ESI-
MS/MS was performed by the Core Facility Hohenheim Module Mass
Spectrometry, University of Hohenheim, Stuttgart, Germany.

2.7. Extraction of nucleic acids/RCA-RFLP

Total nucleic acids from plants infected with wt or mutant viral DNA
were prepared at 10 dpi, and viral DNAs were amplified by RCA and
analyzed for restriction fragment length polymorphism (RFLP) with
HpaII on 1.5% agarose gels as described in Hipp et al. (2014).

2.8. Transmission electron microscopy

Samples of purified wt or mutant virus particles were negatively
stained with 2% uranyl acetate on glow-discharged Formvar- and
carbon-coated copper grids. Samples were analyzed with an FEI Tecnai
G2 operated at 200 kV (FEI, Eindhoven, The Netherlands), and images
were recorded with a Tietz TemCam-F416 CMOS camera (TVIPS,
Gauting, Germany).

3. Results

The virus investigated in this study is based on a bacterial clone of
an ACMV strain (ACMV-[N]). It differs from ACMV-[K] in several amino
acid positions which might be relevant for particle formation and
whitefly transmission (Liu et al., 1999). The sequence of the clone
propagated in our laboratory compared to the data base sequence of
ACMV-[N], revealed one further amino acid exchange T55M, which is
frequently found among isolates of ACMV from African fields and may
be part of a natural polymorphism and not a defect. The structure of
ACMV-[N] as revealed by negative staining was indistinguishable from
ACMV-[K] (Fig. 1a). Therefore, it is appropriate to use the CP model
derived for ACMV-[K] (Fig. 1b) to map potential effects of modifica-
tions and processing steps (Fig. 1c) on the structure.

3.1. Only a single CP band was detected in total proteins from plants

Starting from the observation that the ACMV CP occurred in two
electrophoretic forms when expressed in fission yeast, but only in a
single form if the CP was derived from purified particles isolated from
infected plants, we investigated the fate of the CP within plants.

During the course of an infection of N. benthamiana plants, only one
CP band was detectable in total protein extracts (Fig. 2a). The elec-
trophoretic mobility of this pCP was similar to that from virions (pvCP;
Fig. 2b, Suppl. Fig. 2) as well as to the minor and lower band of yCP

(Fig. 2b, Suppl. Fig. 2, and Hipp et al., 2016). The calculated apparent
molecular masses were determined as 29–30 kDa for pCP and the lower
yCP band, whereas 31–32 kDa were determined for the upper yCP band
in different gels (Fig. 2b, Suppl. Fig. 2). The lower band was in the
range of the expected value calculated from the translated sequence
(30.2 kDa for the complete sequence, 30.1 kDa if the initiator M is re-
moved and the resulting N-terminal S is acetylated).

To determine the mass of the CP independent of SDS-PAGE, un-
digested pvCP was analyzed by MS revealing a single peak at
30.109 kDa (Fig. 2c), approximating the expected CP mass without
initiator M1 and with acS2 within the limits of determination (20 Da
larger, or 4 Da larger if an internal M was oxidized).

For trypsin-digested proteins, an initial series of five independent
MALDI-TOF experiments (Suppl. Fig. 1) revealed a major difference
between yCP and pvCP: the fragment comprising amino acids 221–249
was not detectable in diverse plant samples (Fig. 1b, c, peptide high-
lighted blue). This peptide is close to the C-terminus of the protein and
part of the jelly roll motif in the CP model (Fig. 1b, and Hipp et al.,
2017). As expected from the structure, it is highly conserved among
begomoviral sequences.

In order to investigate the presence of this peptide in the CP, an
antibody was raised against the CP peptide 221–233 (Fig. 1c) and used
in Western blot detection (Suppl. Fig. 2). The pCP in total proteins as
well as the yCP were detected specifically by the peptide antibody
suggesting that the failure to detect the peptide via MALDI-TOF MS may
be a technical problem rather than an indication of protein processing.

3.2. CP mutants in the C-terminal peptide

In order to investigate if post-translational modifications prevented
the detection of the C-terminal peptide, two CP alanine mutants (mut
CPs) were generated to impair either a potential glycosylation of N223
or acylation of C235 (Fig. 1c), modification sites that have been pre-
dicted bioinformatically. The respective progeny viruses were in-
fectious in N. benthamiana and N. occidentalis with an infection rate
comparable to the wt virus (Table 1), and plants showed the typical
ACMV symptoms (Suppl. Fig. 3a). Infected plants accumulated viral
DNA (Suppl. Fig. 3b), and retained the respective mutations in the CP
(data not shown). Both mutants were proficient in virus particle as-
sembly and showed the characteristic geminivirus particle structure in
electron microscopy after virus particle purification from infected
plants (Suppl. Fig. 4a-f). The wt and mut CPs from purified virus par-
ticles that migrated with similar mobility and as a single band in SDS-
PAGE and on Western blots (Suppl. Fig. 4g, data not shown), were
further analyzed by mass spectrometry (nanoLC-ESI-MS/MS, Fig. 3). All
three CPs were processed at the N-terminus: the initiator M was cleaved
and S2 acetylated. Furthermore, wt CP as well as both mutants were
found to be phosphorylated partially at T12, S25 and S62 (Fig. 3;
highlighted green), the same positions identified as phosphorylated for
the yCP (Hipp et al., 2016). Interestingly, the missing peptide was de-
tected in all three CP variants (Fig. 3), and no post-translational mod-
ifications were detectable in this area.

3.3. Differential mobility of plant- and yeast-derived CP during charge-
dependent gel electrophoresis

After having excluded that the differences in electrophoretic mo-
bility in SDS-PAGE are caused by proteolytic cleavage of CP as highly
unlikely (Fig. 2b, Suppl. Fig. 2, Fig. 3) and post-translational mod-
ifications in the C-terminal peptide do not seem to play a role, the al-
ternative option of charge differences was examined. TAU-PAGE, a
system that has been used to separate differentially post-translationally
modified histone species (Ryan and Annunziato, 2001; Shechter et al.,
2007) was employed. The technique has the potential to resolve iso-
forms that differ in one phosphate group. Proteins from yeast (yCP) as
well as from plants, CP either from purified virus particles (pvCP) or
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directly from total protein extracts (pCP) of infected plants were acid-
extracted and separated by TAU-PAGE (Fig. 4). Whereas both the pCP
and pvCP showed a similar mobility (Fig. 4, filled triangles), the ma-
jority of yCP showed a lower mobility (Fig. 4, open triangles) and only a
very faint signal was observed with the same mobility behavior as pvCP

(Fig. 4, filled triangle). This finding is consistent with a differential
phosphorylation of yCP and pCP.

3.4. The fate of CP in plants when expressed without replicating ssDNA

In order to examine whether the observed shift of CP bands in SDS-
PAGE is a specific feature of yeast expression or relevant for plants,
several plasmids were constructed to express ACMV-[N] CP under the
control of plant promoters. The best results we could obtain in many
independent experiments are documented in Suppl. Fig. 5, with 2x
cauliflower mosaic virus 35S promoter and tobacco mosaic virus omega
translational enhancer (Kadri et al., 2011) and with or without inserted
intron. They show that even under optimal conditions for the parallel
expression of GFP, CP signals are visible only at the limit of detection.
At the same time, these experiments excluded a harmful effect of CP to
plant cells, since no difference was observed for GFP in the presence or
absence of CP. An alternative explanation is a short life time of the CP if
expressed out of the context of a viral infection.

To test this hypothesis, ACMV-[N] CP constructs were established
that express the target protein under the control of an estradiol-in-
ducible promoter (Curtis and Grossniklaus, 2003; Kleinow et al., 2009),
in order to follow the fate of CP after induction. This approach im-
proved the detection considerably, although at a still low signal

Fig. 2. Time course of pCP. Leaves from N.
benthamiana plants infected with ACMV (+) or
mock-inoculated (-) were harvested at 7, 14,
21, 28 or 35 days post infection (dpi). Total
proteins were isolated and separated by SDS-
PAGE. pCP was detected after Western blotting
with 1:1000 diluted AS-0421. The position of
the pCP is marked by a red arrowhead; the
asterisk indicates the position of a cross-re-
acting plant protein. The positions of the
marker proteins (M) with their molecular
masses are shown on the right. (b) Comparison
of pvCP and yCP. The CP expressed in yeast
(yCP, +, -: repressed, samples harvested 18 h
post induction (hpi)) was compared to plant-
derived CP from partially purified virus parti-
cles (pvCP). yCP can be separated into an
upper (open arrowhead) and a lower band
(filled arrowhead) that has the same mobility
as pvCP (filled arrowhead). The apparent mo-
lecular masses of the CP in the upper (ca.
32 kDa) and lower bands (ca. 30 kDa) were
calculated with reference to the marker pro-
teins (diagram). (c) Purified virus particles
from infected plants were analyzed by MS after
dialysis against 0.1M sodium borate buffer pH
8.0. The m/z of the largest peak is 30,109 Da,
which is approximately the mass expected for
the CP minus initiator M with S2 acetylated
and an internal M oxidation (30,104 Da). The
15,052 Da peak corresponds to the +2 state of
the CP. m/z: mass divided by charge number.

Table 1
Infection rate of plants inoculated with wt or mut CP virus.

Inoculuma N. benthamiana N. occidentalis
ssp. hesperis

Exp. #1 Exp. #2 Exp. #3 Exp. #4 I.r.c Exp. #1 I.r.c

A + B 16/29b 13/29 10/29 10/10 51 6/6 100
A-CPN223A + B 24/29 14/29 15/29 10/10 65 7/7 100
A-CPC235A + B 23/29 9/29 9/29 10/10 53 7/7 100
Mock 0/5 0/5 0/5 0/12 0
B 0/10 0/3 0 0/3 0

a A: monomer of wt ACMV DNA A; A-CPN223A: monomer of ACMV DNA A
with the CP N223A mutation; A-CPC235A: monomer of ACMV DNA A with the
CP C235A mutation; B: monomer of wt ACMV DNA B; mock: water.

b Number of plants showing symptoms/total number of plants inoculated
with the indicated combination.

c I.r.: overall infection rate, numbers given in %.
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intensity (Fig. 5). A similar band pattern like for yCP was visible in
addition to a novel band (apparent molecular mass 38 kDa) that may be
informative and may explain the fate of the CPs as the calculated dif-
ference to unmodified CP is ~8 kDa close to the molecular mass of
ubiquitin (8.5 kDa). Correspondingly, signals in ladder and increasing
signals at the position of high molecular weight proteins (Fig. 5b; hmw)
are consistent with an interpretation of a specific removal of CP by the
ubiquitin proteasome degradation pathway. There is an increase of the
38 kDa band as well as the high molecular weight proteins over time of

CP expression whereas the amount of unmodified CP seems to decrease
after 24 h post estradiol induction (hpei) compared to the 12 hpei time
point (Fig. 5). The multitude of bands and the ladder under best re-
solution is shown in Fig. 6. The evaluation of the migration behavior
revealed a neat stepwise increase of 8.5 kDa for the apparent molecular
masses of the ladder, most prominent for the CP-I construct at 12 hpei
in the 2000×g pellet. Most CP with a molecular mass between 30 and
32 kDa was found in the fraction of enriched nuclei (Fig. 6; 2000×g),
whereas the relative abundance of the 38 kDa protein is higher in the
fraction of soluble proteins and may result from disrupted organelles
and/or the cytoplasmic pool. Incubation of the same blot, after strip-
ping, with a monoclonal antibody raised against ubiquitinated proteins
(Fig. 6; U) confirmed that the 38 kDa band represents ubiquitinated CP
(Fig. 6; CP: Ub) for the 21,000×g pellet of CP-F as well as CP-I. The
most parsimonious current explanation of these results is that out of
context CP is phosphorylated, triggering ubiquitination and degrada-
tion to yield the low steady state levels of CP found here (Figs. 5 and 6)
and in previous experiments (Suppl. Fig. 5).

4. Discussion

The ACMV-[N] CP derived from virus-infected N. benthamiana
plants was analyzed by MS, mutational experiments and gel electro-
phoresis to gain insights into potential processing events that may
regulate the assembly of the characteristic geminivirus particles. In
order to form the intriguing twinned particles from a single CP, one
might envisage a processing of some of the proteins, either those that
establish the contact between the two halves of the particle and form
the waist, or the others that are found in an icosahedral environment
(Böttcher et al., 2004; Hesketh et al., 2018; Hipp et al., 2017;
Kittelmann and Jeske, 2008). However, alternative explanations are
possible: (1) The CP might be flexible enough to accommodate all the
different positions in the virus particle as described recently for Ager-
atum yellow vein virus (AYVV) and the Kenyan strain of ACMV
(Hesketh et al., 2018; Hipp et al., 2017). (2) Post-translational mod-
ifications may be important during maturation of virus particles, as it
has been observed for other viruses like bacteriophage HK97 from
prohead I to prohead II (Gertsman et al., 2009; Huang et al., 2011) or
herpesviruses (Mou et al., 2009; Schmidt et al., 2010; Wisner et al.,
2009). Interestingly, phosphorylation of the geminiviral tomato golden
mosaic virus replication initiator protein impaired binding of the pro-
tein to DNA (Shen et al., 2018). (3) The half-life of the protein may be
controlled by a selective decay, where phosphorylation precedes ubi-
qutination and proteasomal degradation, as described for an RNA plant

Fig. 3. Mass spectrometry of wt and mut CP
from purified virus particles. The amino acid
sequence of the wt CP, CPN223A and CPC235A

are shown with amino acids on yellow back-
ground if unmodified, on green background for
modification by phosphorylation (T12, S25,
S62), and on an orange background for acet-
ylation of S2. Peptides with a white back-
ground have not been identified. Amino acids
changed in CPN223A and CPC235A are high-
lighted in red font.

Fig. 4. Electrophoretic mobility of ACMV CP in TAU gels. Cell extract super-
natants (fraction S) were prepared from yeast cells expressing the CP or vector
control cells (V) harvested at 9 hpi. Virus particles (pvCP) were purified from
ACMV-[N]-infected (N) N. benthamiana plants by density gradient centrifuga-
tion. Samples from N. benthamiana plants (pCP) infected with ACMV-[N] (N) or
mock-inoculated (M) were homogenized, and together with the other samples
prepared for TAU gel electrophoresis by sulfuric acid treatment. Gels were ei-
ther stained with Serva Violet or blotted onto nitrocellulose membranes fol-
lowed by immunodetection of the CP. The different forms of the CP are in-
dicated by open and filled arrowheads. Electric poles of the gel are marked by
(+) and (-).

K. Hipp et al. Virology 529 (2019) 81–90

86



virus (turnip yellow mosaic virus) (Héricourt et al., 2000; Jupin et al.,
2017). This pathway is regulated by a complex network of ubiquiti-
nating and de-ubiquitinating enzymes in plants (Ewan et al., 2011;
Genschik et al., 1998; Lozano-Duran and Bejarano, 2011; McDowell
and Philpott, 2013; Romero-Barrios and Vert, 2018; Sahtoe and Sixma,
2015; Sato et al., 2014; Stes et al., 2014; Walton et al., 2016).

For ACMV-[N] CP during infection, our analyses revealed no hint
for a time-dependent processing, and the mature virion harbored a
predominant protein with the molecular weight of the predicted pri-
mary sequence with cleaved initiator M1 and acetylated S2 (Fig. 2).

Nevertheless, small portions of tryptic fragments were resolved that
were phosphorylated, when extracted from gel-purified pvCP (Fig. 3).
The sites of potential phosphorylation (T12, S25, S62) are located
within the N-terminal region of the CP, which is important for DNA
binding and nuclear localization (Unseld et al., 2004, 2001, and refer-
ences therein). In the atomic models built based on the cryo-EM maps,
the N-terminus of the CP was resolved starting with amino acid 63 for
most subunits and extended up to amino acid 40 for subunits in the
waist (Hesketh et al., 2018; Hipp et al., 2017). Correspondingly, a po-
tential differential phosphorylation within the capsid of amino acids

Fig. 5. Expression of ACMV-[N] CP alone in
plants using Western blot method 2. (a) Two
expression cassettes were constructed based on
the BamHI-EcoRI fragment of ACMV-[N] DNA
A (CP-F) or on overlap PCR (see Suppl. Table 2;
CP-I). ACMV terminator elements for viral (v)
and complementary (c) strand (PolyA), trun-
cated ORFs (Δ), exons (Ex), intron (Int) and
genomic positions (left, right) of the fragments
are indicated. (b) After inserting the expression
cassettes into plasmid vectors for estradiol in-
ducible expression and transformation of
agrobacteria, leaves were agroinoculated and
19 h later induced by estradiol. The time
course between 0 and 24 h post estradiol in-
duction (hpei) is shown for CP-F and CP-I in
comparison with yeast-expressed CP (yCP).
Low-speed pellets (600×g, 2000×g) according
to Abas and Luschnig (2010) were separated
and stained with Serva Violet (upper part).
Western blot was developed with polyclonal
anti-ACMV antiserum (AS-0895, lower part;
exposure times 5 for left or 15min for right
blot). The apparent molecular masses for the
bands are indicated on the right, with the
predicted molecular mass of ACMV-[N] CP
without modifications of 30.2 kDa. hmw: sig-
nals for high molecular weight proteins. * 1:
cross-reacting host proteins; * 2 cross-reacting
proteins upon agroinoculation.
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determined by mass spectrometry was not visible in the reconstruc-
tions. Our initial mass spectrometry of CP derived from purified virus
particles has missed a tryptic peptide within the C-terminus and pre-
vious Western blot analyses gave hints for a further proteolytic pro-
cessing (Unseld et al., 2004). The sequence of the missing peptide is
highly conserved among begomoviruses and comprises part of the core
β-barrel structure in the CP model. Since the CP expressed in fission
yeast showed the missing peptide (Hipp et al., 2016), it was mandatory
to scrutinize whether this observation was due to the purification
protocol rather than a processing in plants. In order to exclude an in-
ternal processing event in the plants that could result from an excision
of a stretch of subsequent amino acids (Eryilmaz et al., 2014; Novikova
et al., 2014), CP samples were probed with a peptide antibody gener-
ated against a part of the missing fragment. The antibody recognized
both the yeast- and plant-derived CP making an internal processing in
this part of the protein unlikely. In addition, we tried to assess specific
positions in this region by mutagenesis. Two modifications that might
impede detection by mass spectrometry are glycosylation of N223 and
acylation of C235. Both alanine mutants behaved like the wt in the
context of a viral infection in N. benthamiana plants with respect to
symptoms, accumulation of viral DNA, and assembly of the character-
istic twinned virus particles. An improved mass spectrometry em-
ploying LC separation of the viral peptides and nanoESI ionization of
the wt CP and both mutants revealed the missing peptide for the first
time, and no modifications were detected therein. However, the CP
variants were processed at the N-terminus with the initiator M cleaved,
as it has been shown for yCP (Hipp et al., 2016), and the same phos-
phorylation sites were identified within the N-terminus: T12, S25 and
S62. These residues are quite conserved among geminivirus sequences
at the exact or close-by position sometimes interchanged with a serine
or threonine, respectively. Compared to the pCP variants, the yCP
showed no acetylation of S2 (Hipp et al., 2016).

The difference in electrophoretic mobility in SDS-PAGE between
pCP and yCP in the upper band is probably due to a differential phos-
phorylation based on the analysis in charge-dependent TAU gels
(Fig. 4), where most of the yCP was migrating considerably more slowly
as it has been shown for differentially modified histones in this gel
system (Ryan and Annunziato, 2001; Shechter et al., 2007).

In contrast to a single band in SDS-PAGE during a viral infection or
from purified virus particles, several bands with similar migration as
yCP were detected after CP expression in planta without the viral in-
fection. Moreover, ubiquitinated forms were identified by size-

determination and specific antibodies (Figs. 5 and 6) indicating that
free ACMV-[N] CP is readily targeted for degradation by the ubiquitin-
proteasomal pathway. These results explain the low steady state level of
the protein during ectopic expression in plants in contrast to yeast and
to viral infection. An involvement of a ubiquitin-dependent degradation
by the proteasome has been discussed for the CP of TYLCV recently
(Gorovits et al., 2016, 2014).

The lack of acetylated S2 and the differential phosphorylation of
yCP may explain why this protein was able to condense and complex
ssDNA, but failed to assemble true gemini-like particles (Hipp et al.,
2016).

In summary, we conclude that one CP form is sufficient to assemble
into the geminate virus particles in the presence of viral DNA in plants
in accordance with a recently proposed model of geminate particle
formation (Hesketh et al., 2018). Improved purification and analytical
protocols excluded a substantial modification of the CP in mature vir-
ions. Using estradiol-inducible constructs and enrichment protocols
with cocktails of proteinase and phosphatase inhibitors, however, en-
abled the demonstration that complex modifications take place in
plants as well, although at a low level of detection. Whether phos-
phorylation plays a role in early maturation, regulation of nuclear im-
port and/or specific decay cannot be decided at this moment and needs
further investigation.
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