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Abstract

Coat proteins (CP) of five cucumovirus isolates, Cucumber mosaic virus (CMV) strains R, M and Trk7, Tomato aspermy virus (TAV) strain P
and Peanut stunt virus (PSV) strain Er, were constructed by homology modelling. The X-ray structure of the Fny-CMV CP subunit B was used as a
template. Models of cucumovirus CPs were built by the MODELLER program. Model refinements were carried out using the Kollman molecular
mechanical force field. Models were analyzed by the PROCHECK programs. Electrostatic potential calculations were applied to all models and
functional site search was performed with the PROSITE software, a web based tool for searching biologically significant sites. Symptom
determinants published up to the present were compared with the PROSITE hits in the light of 3D models and electrostatic information. In all cases,
we analyzed the effect of mutations on the structure, electrostatic potential patterns and function of CPs, respectively. We found that high flexibility
of the BE—aEF loop starting with the residue 129 is required, but it is not sufficient for the symptom appearance. Furthermore, phosphorylation of
the CP is prospective to be important in the host response mechanism. All analyzed mutations were related to the modifications of the predicted

phosphorylation sites. Based on our conclusions we predicted the infectivity of the examined viruses.

© 2005 Elsevier Inc. All rights reserved.

Keywords: Homology modelling; Sequence analysis; Electrostatic potential analysis; Virology; Phosphorylation

1. Introduction

Cucumoviruses infect over 1000 plant species and cause
considerable harm to agriculture worldwide, therefore under-
standing the molecular mechanism of the virus spread is of
utmost importance. Cucumber mosaic virus (CMV), Tomato
aspermy virus (TAV) and Peanut stunt virus (PSV) form the
Cucumovirus genus in the family Bromoviridae. Their genomes
consist of three single-stranded, positive-sense RNA molecules.
The RNA 3 encodes two proteins, the movement protein (MP)
and the coat protein (CP). The main function of the CPs is to
encapsulate the viral RNAs. The virus particle is composed of
180 CPs with a T'=3 truncated icosahedral symmetry [1].
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In addition, the CP plays significant role in the infection
process. The capsid protein is indispensable for cell-to-cell and
long distance movement of the virus within plants, and also
between plants since it contains determinants for aphid
transmission [2]. Besides the movement protein the cucumo-
viruses also require the CP for cell-to-cell movement [3], but the
assembly of the virus particle is not required [4]. If the C-terminal
33 amino acids (aa) were deleted from the MP, the CP was not
necessary for the cell-to-cell movement of CMV [5]. In a
previously published study [6], we showed that these viral
proteins are not reversely exchangeable between R-CMV and P-
TAV. The CP structure of a non-infectious chimeric virus
construct was compared with a CP from an infectious construct
and significant electrostatic potential pattern differences were
shown. With a designed double point mutation the non-infectious
construct became infectious as its electrostatic pattern mimicked
the infectious one. The significance of this phenomenon is fasc-
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inating since direct interaction was not yet proved between the
MP and CP [2]. However, in cucumoviruses the accurate role of
the CP in the cell-to-cell movement is still unknown.

A homology model based study of Potato leafroll virus
(PLRV) [7] was previously reported and now we present five
cucumovirus CPs for which pathological features are well
described. There are only two cucumovirus CPs, for which the
3D structure have been resolved, the Blencowe strain of TAV
and Fny-CMV. The 3D structures of the other cucumovirus CPs
can be modelled without difficulties, because their sequence
similarity is very high. The following model structures were
created: CP of CMYV strains R, M and Trk7, P-TAV and Er-PSV
CP. In the literature, there are also examples showing that the
replacement of one or two residues in the CP can alter the
infectivity of the virus, leading to different symptoms or a non-
infectious virus becomes infectious on a special host plant
[3,6,19,20,21]. These cases are analyzed in this paper and we
discuss the experimental results on the basis of structural and
functional aspects using spatial, electrostatic and hydrophobic
determinants of the compared CPs [8]. Additionally, we make
predictions for the other cucumovirus CPs. Theoretical analysis
suggests that the different phosphorylation states of CPs in the
host plant cell induce alternative biochemical pathways in the
process of the virus infection. On the basis of this study further
experiments can be designed which allow deeper understanding
of the molecular mechanism of virus infection.

2. Methodology

2.1. Sequence alignment, phylogenetic analysis, homology
modelling, model refinement, electrostatic calculations,
structure evaluation of the CPs and PROSITE search

Sequence alignments and similarity values were calculated
using the Gap program [9] of the Wisconsin Package Version
10.0 [10]. All CPs’ (R, M, Trk7-CMV, P-TAV and Er-PSV)
sequence analyses indicated high levels of homology. The
sequences appear in the EMBL/GenBank/DDBF databases
under accession numbers Y18138, AF268599, 1.15336, L15335
and U15730 for the R-CMV CP, M-CMV CP, Trk7-CMV CP,
P-TAV CP and Er-PSV CP, respectively. Phylogenetic analysis
was done by the PHYLYP 3.5 program [11] package, while the
distance matrix was computed using the PROTDIST maximum
likelihood based program with 100 bootstraps. Phylogeny tree
searching was performed by the KITSCH program, coat protein
models were constructed employing the MODELLER 6.1
program [12]. Five models have been generated using the
subunit B of Fny-CMV coat protein (PDB ID code 1F15) as the
template structure [1]. All models contain 190 residues from
residues 29 to 218 corresponding to the B chain of the template
coat protein. The models were refined with energy minimiza-
tion using a molecular mechanics force field (Kollman-All-
Atom with Kollman charges [13]) incorporated in the SYBYL
6.5 software package. At the beginning of the energy
minimization the steepest descent technique was used to
eliminate the steric conflicts between the side-chain atoms until
the root mean square (rms) force was reduced to 50 kcal/

(mol A). Arriving to this threshold, the program automatically
continued the energy minimization performing the Powell
conjugate gradient optimization until the maximum force
became less than 0.05 kcal/(mol A). We applied a distance
dependent dielectric constant (¢ = 4R). The atomic charges for
all atoms were obtained from the Kollman-All-Atom force
field. Electrostatic potential maps were calculated by the
linearized Poisson-Boltzmann method [14] using dielectric
constant values of 80 and 4.0 for the water solvent and protein
core, respectively. The ionic strength was fixed at 0.1 mol/l. All
Lys (+1), Arg (+1), Glu (—1) and Asp (—1) side chains were
considered as ionized (actual charges in parentheses). Atomic
charges were calculated by the GRASP program [15].
Molecular graphics and the electrostatic potential representa-
tions were created by the Swiss PDB Viewer 3.7 [16] using
GRASP surface files with electrostatic property. Evaluation of
the refined models was carried out with PROCHECK [17] and
Swiss PDB Viewer 3.7. Functional site searching was
performed using PROSITE a web based tool for searching
biologically significant sites [18].

3. Results and discussion

3.1. Homology modelling, phylogenetic analysis and
predicted functional sites

The aa sequence alignments of the cucumovirus CPs to the B
subunit of the template Fny-CMV CP are shown in Fig. 1. The
percentage of the aa sequence similarities and identities are
shown in Table 1. Due to the high levels of homology, gap
openings and insertions were not necessary in the modelled
range (residues 29-218) except the sequence of the Er-PSV. In
this case, Glu-29 of the Er-PSV CP corresponds to Asn-31 of
the template and residues 29-216 were modelled. The
reliability of the models is demonstrated in Table 2. The
models begin with residue 29, because in the B subunit of the
template Fny-CMV CP residues 1-28 are disordered and could
not be located by X-ray diffraction [1]. The structure of the CP
is shown in Fig. 2.

The phylogenetic tree of the proteins investigated is presented
in Fig. 3. Evolutionary distances show that CMV M and Fny
strains are from subgroup I, while the R and Trk7-CMYV belong to
subgroup II, Er-PSV is the most distant from CMV.

Eight types of functional sites were found by PROSITE
(Fig. 1): asparagine-glycosylation and amidation sites which

Table 1
Amino acid sequence similarities and identities of investigated CPs*

Protein name Percent similarity” Percent identity®

R-CMV CP 88.5 82.0
M-CMV CP 97.2 96.3
Trk7-CMV CP 86.6 80.6
P-TAV CP 58.1 45.2
ER-PSV CP 60.5 50.0

? Fny-CMV CP sequence was used as reference.
® Gap program was used to calculate sequence alignments. The program uses
the alignment method of Needleman and Wunsch [9].
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Modeled region

(A)

Fny-CMV

R-CMV

M-CMV

Trk7-CMV

P-TAV

Er-pPsv

Fny-CMV 60 G GYTFTST
R-CMV 60 GSESCAPCYTFTSI
M-CMV 60 GS@LO:
Trk7-CMV 60 GSESO

P-TAV 60 K{sR

Er-Psv 60 8 ke

F . G

Fny-CMV 120 [LSVAATSAMEABGASPYLYYQYARSGV 1L YJLSAMEA
R-CMV 120 LSVAATSAMPGHGNSPYLVYQYAAS § I T
M-CMV 120 LSVAAT YLVYQYARSGVOTNNILL CRL
Trk7-CMV 120 LsVAATTAMFGGESPYLYYQYARS yNLsfals
P-TAV 120 LLT FTHCLARVLIYQEVPTGIOPNNATTFRMSNVGART

Er-PAV 120 FTRCGGAAVLTYQHIPTGL ILYNLSSVGTRI!

PTSGVLPV

Fny-CMV 180 M 18
R-CMV 180 M3} PISEMLPT (218
M-CMV 180 M PTSEVLPY (218
Trk7-CMV 180 M} PISMLPT (218
P-TAV 180 TPSASTLPV 18
Er-BSV 180 TPSLPLSES VLR 225

(B)

Fny -CMV 1 MDKSESTSAGR.NRRRRPRRGSRSAPSSADANFRVLSQQLSRLNKTLAAGRPTINHPTFV
R-CMV 1 MDKSGSPNASRTSRRRRPRRGSRSA.SGADAGLRALTQQOMLKLNRTLAIGRPTLNHPTFV
M-CMV 1 MDKSESTSAGR.NRRRRPRRGSRSASSSADANFRVLSQQLSRLNKTLAAGRPTINHPTFV
Trk7-CMV 1 MDKSGSPNASRTSRRRRPRRGSRSA.SGADAGLRALTQOMLELNKTLAIGRPTLNHPTFA
P-TAV 1 MAONGTGGGSRRP.RRGRRNNNNNNSTARDKALLALTQQVNRLANIASSSAPSLQHPTFI
Er-psv 1 MAPKGTGNGSRRP.RRGRRSSPAEDAHAR. .ELRAVTAQLNRLVILTAARVPTLDHPTFV
Fny-CMV 60 GSERCRPGYTFTSITLEPPKIDRGS KKLVSRLQIRVNPLPKFDS
R-CMV 60 GSESCKPGYTFTSITLKPPEIEKGS KKLVSRIQIRINPLPKEDS
M-CMV 60 GSERCRPGYTFTSITLRPPKIDRGS KKLVSRVQIRVNPLPKEDS
Trk7-CMV 60 GSESCKPGYTFTSITLEKPPEIEKGS KKQVSRIQIRINPLPKEDS
P-TAV 60 ASKKCRAGY' P TEKEKSFGORLIIPVPVSEYP CVQVRLNPSPRFNS
Er-PSv 60 SSKQCMKGY | TRPTQTQKGHSFGQRLNLPVPVSEFP) VQLRLNPSPAFDS

Fny-CMV 120 TVWVIVRKVPASSDLSVAAISAMFADGASPVLVYQYAASGVQANNKLLYDLSAMRADIGD
R-CMV 120 TVWVTVRKVPEENLSVAATSAMFGDGNSPVLVYQYAASGVQANNKLLYDLSEMRADIGD
M-CMV 120 TVWVIVRKVLASSDLSVAAISAMFADGASPVLVYQYAASGVQTNNKLLCDLSAMRADIGD
Trk7-CMV 120 TVWVTVRKVEEEENLSVAAT VLVYQYAASGVQANNK LLYNLSEMRADIGD
P-TAV 120 TIWVSLRRLDETTLLTSENVFKLFTDGLAAVLIYQHVPTGIQPNNKITFDMSNVGAEIGD
Er-PAV 120 TVWVTLRKLPPGYSLASENVYKLFTDGGAAVLTYQHIPTGIQRDNKILYNLSSVGTEIGD

LETDELVLHVDIEHQRIPTSGVLPV 218
LEKDEIVLHVDVEHQRIPISRMLPT 218
LETDELVLHVDIEHQRIPTSRVLPV 218
LEKDEIVLHVDVEHQRIPISRMLPT 218
LEADEMVIHIDIEHQRIPSASTLPV 218
LEADEMVIHVDVEHQRIPSLPLSRSRVQVLVRRL 225

Pny-CMV 180 MRKYAVLV
R-CMV 180 MREYAVLV
M-CMV 180 MREYAILV
Trk7-CMV 180 MRKYAVLV
P-TAV 180 MGKYALIV
Bxr-PSV 180 IGDYAIIV

:Protein kinase C (PKC) phosphorylation site
:Casein kinase IT (CK II) phosphorylation site
:cAMP/cGMP dependent protein kinase phosphorylation site
:Amidation site
:ASN-glycosylation site

Bl :ATP/GTP binding site

Fig. 1. Multiple sequence alignment between Fny-CMV CP and R, M, Trk7-CMV, P-TAV and Er-PSV CPs produced by the Gap program. (A) The secondary
structure of CPs is shown by letters, ‘s’ showing B-sheets and h for a-helices. The background of the sequence alignment reflects the amino acid chemical property:
acidic amino acids (aas) are red, basic aas are blue, polar aas are yellow and hydrophobic aas are grey. (B) Background shading indicates important PROSITE hits.

Serins, threonins and tyrosins, which can be phosphorylated, are coloured blue.

are conservative in all CMV CP sequences, cAMP/cGMP
dependent protein kinase phosphorylation sites were found in
two CMV CPs and ATP/GTP binding site was found in the
Trk7-CMV CP. All modelled cucumovirus CPs contain
conservative protein kinase C (PKC) and casein kinase II
(CK II) phosphorylation sites at a few positions. There are two
false hits (data not shown) which are predicted in the middle of
the sequences, these are the N-terminal myristoylation and C-
terminal microbody targeting signal sites. In this work,
phosphorylation as a general biochemical regulation facility
was used to interpret the earlier experimental results. Further
experiments are required to verify other predicted functions.

3.2. Stunting determined by a single amino acid residue at
position 193

R-CMV induces a very strong stunting response in
Nicotiana glutinosa plants, while Trk7-CMV causes green

Table 2
Quality of structures refined by the SYBYL program®

mosaic in the same host plant [19]. R and Trk7-CMV CPs
contain an asparagine (N) and a lysine (K) residue at position
193, respectively. Residue 193 is located at the BH—BI loop
between the H and the I (-sheets, which is on the well
accessible external surface of the assembled virus capsid. Both
point mutations K193S and K193N in the Trk7-CMV CP
induced very strong stunting in N. glutinosa plant [19]. Why
does stunting evolve in case of the above-mentioned two
mutations? Comparison of the Trk7 and R-CMV CP homology
models after a PROSITE functional site search indicates that,
there is a casein kinase II phosphorylation site between
positions 189 and 192. Probably, the charge of the residue at
position 193 influences the kinase bonding on the surface of the
CP (Fig. 4). Unfortunately, on this base it cannot be decided
which CP inhibits phosphorylation. Owing to the positive
charge of K193 and the negatively polarized N193, different
biochemical pathways are activated in the infection process.
This functional site can be also phosphorylated in the

Refined model Ramachandran plot quality (%)

Goodness factors rms deviation (/OX) from template backbone

Allowed Generally allowed Disallowed Covalent Total
Fny-CMV (template) 95.2 1.8 3.0 —0.02 —0.18 -
R-CMV 98.2 0.6 1.2 0.37 —-0.10 0.77
M-CMV 97.6 0.0 2.4 0.38 —0.05 0.86
Trk7-CMV 98.2 0.6 1.2 0.37 —0.08 0.77
P-TAV 98.2 0.6 1.2 0.33 —-0.09 0.83
ER-PSV 98.2 0.6 1.2 0.34 —0.08 0.84

? Ramachandran plot qualities show the amount (%) of residues belonging to the allowed, generally allowed and disallowed region of the plot. Goodness factors
show the quality of the covalent and overall bond/angle distances, these scores should be above —0.50 for reliable models. The rms deviation values indicate the

overall deviation of the 3D structure from the template.
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Fig. 2. Ribbon image of the B subunit of R-CMV CP model with sheets and
helices of interests labelled. Sheet labelling corresponds to TAV labelling of
Lucas et al. [24]. Sheets are coloured green and helices are blue. This figure was
rendered by PyMOL [25].

assembled virus capsid because it is located on the surface and
is well accessible.

In case of the other cucumovirus CPs studied, Ala, Ala, Val
and Thr residues are at position 193 in Fny, M-CMV, P-TAV and
Er-PSV CP, respectively (Fig. 1). Er-PSV would cause stunting
symptoms only if this amino acid were responsible for evolving
this symptom, but because of the high level of the sequential
difference other symptom determinants are also present,
therefore stunting attaining is not probable.

3.3. The role of the residues 129 and 214 in squash
infection

The M strain of CMV does not infect squash plants

systemically, while Fny-CMV causes very strong symptoms in
this plant [20]. In the reference publication, the authors verified

Table 3

P-TAV

Er-PSV

Fig. 3. Phylogenetic tree of the amino acid sequences of the studied cucumo-
virus CPs using PROTDIST and KITSCH programs. The values at the forks
indicate branch lengths determined with the Fitch-Margoliash method. The
scale bar shows the number of substitutions per residue.

that the residues at positions 129 and 214 of CP determine the
evolving symptoms. At this position M and Fny-CMV CP
contain leucine and an arginine, respectively. Furthermore,
proline and glycine are found at positions 129 and 214,
respectively. Altogether six mutations were created and the
following experimental results were obtained (Table 3): in M-
CMV CP, the L129P mutation caused chlorotic lesions 6-9
days post-inoculation (d.p.i.), the R214G mutation led to
stunting and chlorotic lesions 69 d.p.i. and the L129P/R214G
double mutant variant caused severe stunting and mosaic
symptoms 3—4 d.p.i. For variants of Fny-CMV CP: the P129L
mutant abolishes infection, the G214R variant causes stunting
and chlorotic symptoms 6-9 d.p.i. and the P129L/G214R
double mutant also abolished the infection.

Residue 129 is the first unit of the BE—aEF loop (129-136),
which is located between the E 3-sheet and the EF «-helix
(Fig. 7). This amino acid is on the external surface of the
assembled virus particle. Residue 214 is on the C-terminal tail
of the CP which is on the internal surface of the virus capsid
therefore probably participates in the infection process as a
single macromolecule. In this case, it is more complicated to
find a connection between the evolving symptoms and the
structural characteristics.

Mutations L129P and P129L in the M and Fny-CMV CP:
near residue 129 there is a protein kinase C recognition site

Systemic infection of squash by M-CMV, Fny-CMV [20] and their various CP mutants related to structural characteristics

CP variants Systemic symptoms® PKC phosphorylation site Flexibility of the
at the positions 212-214° BE-aEF loop®

M native None Yes Flexible
M-L129P Chll Yes Rigid

M-R214G St.; Chll. No Flexible
M-L129P/R214G Sev. St.; Mos. No Rigid

Fny native Sev. St.; Mos. No Rigid
Fny-P129L None No Flexible
Fny-G214R St.; Chll. Yes Rigid
Fny-P129L/G214R None Yes Flexible

* Sev.: severe; St.: stunting; Mos.: green—yellow mosaic; Chll.: chlorotic lesions.

® Based on PROSITE functional site search and structure analysis.
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R-CMV CP

Trk7-CMV CP

Fig.4. Analysis of the Trk7 and R-CMYV CP structures at position 193. (A and B) van der Waals surface representations of Trk7 and R-CMV CP, respectively. Residue
193 and CK II kinase site are indicated. (C and D) Electrostatic potential surface representation of Trk7 and R-CMV CP from the same view. Red, regions with
potential less than —1.8 KT; white, 0.0; blue, greater than +1.8 kT. (A and B) Rendered by the POV-Ray 3.5 program.

(residues 124-126), but no significant electrostatic potential
differences were recognized between the two CPs (Fig. 5),
though leucine is larger and more hydrophobic, than proline. A
possible interpretation is that the flexibility of the BE—aEF loop
starting at the position 129 depends on the quality of this amino
acid, since leucine allows more flexible loop conformations
than the rigid proline. Thus, we conclude that the loop starting
with a proline residue is allows to develop the infection
function.

Mutations R214G and G214R in the M and Fny-CMV CP
result in the partial charge of the electrostatic potential from
positive to neutral and vice versa, especially if an arginine is
located at the position 214, a PKC phosphorylation site will
develop here (S212-T213-R214). From this, we can draw the
conclusion that the phosphorylation of this site inhibits
infection.

In the case of L129P/R214G double mutation in the M-CMV
CP the BE—«EF loop is rigid and there is no phosphorylation
site present at the position 214, thus both mutations amplifying
their effects cause severe symptoms in the host plant. The
double mutation P129L/G214R in the Fny-CMV CP makes the
BE—aEF loop flexible, so phosphorylation can occur around
position 214. Accordingly both mutations weaken their effects
and entirely abolish the possibility of the infection.

Interestingly, in the R214G mutant of M-CMV and the
P129L mutant of Fny-CMV CPs there are no phosphorylation
sites at positions 212-214 and the BE-aEF loop is flexible
(Table 3). Nevertheless, the mutated M-CMV CP causes

stunting and chlorotic lesions, while the mutant of the Fny-
CMV CP is non-infectious. Consequently, in Fny-CMV
increase of flexibility of the BE—aEF loop results in the loss
of infectivity, while in M-CMYV, where originally the BE—aEF
loop is flexible not allowing phosphorylation, the virus already
becomes infectious.

We can conclude that phosphorylation at sites 212-214 and
the flexible BE—aEF loop amplifying their effects contribute to
inhibition of the infection. Inspection of other modelled
cucumovirus CPs indicates that the sequence of the BE—aEF
loop is remarkably conservative. The R, Trk7-CMV and Er-
PSV CPs also contain proline at position 129, but there is an
aspartate in the P-TAV CP at this site. We can make predictions
for the other cucumoviruses on the basis of the previous
considerations however, the reality is more complicated. Due to
the presence of a proline residue the BE—aEF loop flexibility is
low in case of R, Trk7-CMYV and Er-PSV CP and there is no
PKC phosphorylation site present near position 212, therefore
these viruses will probably infect the squash plant. The BE-
oEF loop is flexible in P-TAV but there is no PKC
phosphorylation site at positions 212-214; therefore, we
cannot decide whether it infects the squash plant or not.

3.4. Positions 129 and 162 are important for maize
infection

Maize shows resistance against M-CMV, while it is infected
by the Fny strain of CMV. Solely the CP is responsible for the
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M-CMYV CP Fny-CMV CP

R214 = PKCsite
212-214

Fig. 5. Analysis of the M and Fny-CMV CP structures at positions 129 and 214. (A and B; E and F) van der Waals surface representations of M and Fny-CMV CP,
respectively. Residues 129, 214 and kinase recognition sites are indicated. (C and D; G and F) Electrostatic potential surface representation of M and Fny-CMV CP.
Red, regions with potential less than —1.8 kT; white, 0.0; blue, greater than +1.8 kT.

evolving symptoms, as it was verified in the reference [21]. [21]: L129P, T162A and C168Y, two double mutations: L.129P/
Changes in the CP of M-CMYV at both positions 129 and 162 are T162A and L129P/C168Y, as well as one triple mutation:
required to overcome the resistance against M-CMYV in maize. L129P/T162A/C168Y. None of the single mutants cause
Three single point mutations in the M-CMC CP were created symptoms and one of the double mutants (L129P/C168Y) is
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Fny-CMV CP

M-CMYV CP

Fig. 6. Analysis of the M and Fny-CMV CP structures at positions 162 and 168. (A and B) van der Waals surface representations of M and Fny-CMV CP, respectively.
Residues 162, 168 and PKC recognition sites are indicated. (C and D) Electrostatic potential surface representation of M and Fny-CMV CP. Red, regions with

potential less than —1.8 kT; white, 0.0; blue, greater than +1.8 kT.

also unable to infect. Only the L129P/T162A double mutant
and the triple mutant proved to be infectious.

Detailed discussion on the role of the P129 mutant is
described above (Fig. SA-D). On the basis of experimental data
similar conclusions can be drawn in this case, too. We found
that the residues 162 and 168 are on the surface of the CP and
they are located on the inner surface of the assembled virus
particle. Significant electrostatic potential differences were not
recognized around these residues (Fig. 6). Unfortunately, a
PROSITE search did not predict any phosphorylation site at the
position 162 or 168. However, T162 and Y168 can be
phosphorylated, so it seems that the phosphorylation state of the
CP influences the cell-to-cell movement of the virus.
Interestingly, in the 3D model the predicted PKC phosphoryla-
tion site (124—126) is located spatially very close to residue
168.

In the L129P mutant, the BE—aEF loop has a low flexibility,
however T162 can and C168 cannot be phosphorylated,
respectively (Table 4). In case of the T162A mutant, no
phosphorylation is possible at positions 162 and 168, while the
BE—aEF loop is flexible due to the presence of the residue
L129. In the C168Y mutant, both the T162 and the Y168
residues can be phosphorylated, but the BE—aEF loop is
flexible. In case of the infectious L129P/T162A double
mutation the BE—aEF loop has a low flexibility and the
A162 and C168 residues cannot be phosphorylated. The BE-
oEF loop also has a low flexibility and the T162 and Y168
residues are capable to bind a phosphate group in the L129P/

C168Y double mutant. Finally, in case of the infectious triple
mutant L129P/T162A/C168Y, the BE—aEF loop is rigid and the
A162 residue cannot be phosphorylated, while the Y168
residue can.

Summarizing these observations the rigidity of the BE-aEF
loop is necessary but not sufficient for developing infection.
Phosphorylation at position 162 abolishes the infection but the
phosphorylation state of position 168 does not influence the
infectivity. Extrapolating this conclusion the following predic-
tions can be made for the other studied CP models: R-CMV
(P129, A162 and Y168) and Trk7-CMV (P129, A162 and
Y168) probably infect maize, while it is unlikely, that P-TAV
(D129, P162 and F168) is infectious.

3.5. Some remarks for the aphid vector transmission

As it has been verified experimentally the BH—BI loop [22]
and the BE—«EF loop [23] have a major role in the aphid vector
transmission of the virus. According to our hypothesis, the 3H-
BI loop has dual function, it works partly as a recognition
epitope in the aphid vector transmission, and partly as a
phosphorylation site (residues 189—192, CK II) participating in
the host response. Nine CP mutants were created (D191A,
D191K, D192A, D192K, L194A, E195A, E195K, D197A and
D197K) from the Fny-CMV CP and discussed in the light of
aphid vector transmission [22]. Eight of the nine mutants were
defective in aphid vector transmission, but all of them were
infectious and showed several symptoms. Different symptoms
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Table 4

Systemic infection of maize by M-CMV, Fny-CMYV and their various CP mutants [21] and its theoretical background

CP variants Systemic Possible phosphorylation at Flexibility of the
symptoms® position” BE-aEF loop®
162 168

M native None Yes No Flexible
M-L129P None Yes No Rigid
M-T162A None No No Flexible
M-C168Y None Yes Yes Flexible
M-L129P/T162A Chls. and Ners. No No Rigid
M-L129P/C168Y None Yes Yes Rigid
M-L129P/T162A/C168Y Chls. and Necrs. No Yes Rigid

Fny native Chls. and Necrs. No Yes Rigid

* The foliar symptoms are varied from chlorotic streaks to necrotic streaks. Chls.: chlorotic streaks; Ners.: necrotic streaks.

° Based on PROSITE functional site search and structure analysis.

are appeared, because probably the recognition sequence of the
phosphorylation site (189-192) was modified in case of
mutations at positions 191 and 192.

4. Conclusions

During virus infection the plant tries to overcome the
external biological attack with its own biochemical tools. In
cases of cucumoviruses and plant viruses, phosphorylation of
virus proteins may also play considerable role in the host
response. In this paper, we discuss the published cytopatho-
logical determinants of the CP on the basis of theoretical
considerations. In all cases, high flexibility of the BE—aEF loop
is required to develop virus resistance (Fig. 7). Such
straightforward conclusions cannot be drawn about the
phosphorylation states. In the cases discussed here, phosphor-
ylation of CP supports, or abolishes infectivity or it is
indifferent. We suggest that in the examined cases, experi-
mental study of phosphorylation states is required to have more
detailed overlook on the molecular mechanism of the viral

BE-aEF loops

Fig. 7. Detailed structure representation of the BE—«EF loop conformations in
Fny and M-CMYV CP. Orange and pink indicate residue 129 in Fny and M-CMV
CP, while green and blue indicate the BE—aEF loop structure in Fny and M-
CMV CP, respectively. This figure was rendered by the POV-Ray 3.5 program.

infection. Furthermore, it can be worth while to identify the
host factors or proteins participating in the response. We believe
that well targeted molecular biological experiments can be
planned on the basis of this work. A few experiments are
already in progress in our laboratory.
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