ISSN 0006-2979, Biochemistry (Moscow), 2023, Vol. 88, Nos. 12-13, pp. 2146-2156 © Pleiades Publishing, Ltd., 2023.
Russian Text © The Author(s), 2023, published in Biokhimiya, 2023, Vol. 88, No. 12, pp. 2541-2552.

Changes in the Structure of Potato Virus A Virions
after Limited in situ Proteolysis According
to Tritium Labeling Data and Computer Simulation

Alexander L. Ksenofontov'**, Ludmila A. Baratova', Pavel 1. Semenyuk!,
Natalia V. Fedorova!, and Gennadii A. Badun?

! Belozersky Institute of Physico-Chemical Biology, Lomonosov Moscow State University, 119992 Moscow, Russia
2Faculty of Chemistry, Lomonosov Moscow State University, 119991 Moscow, Russia

de-mail: ksenofon@belozersky.msu.ru

Received September 26, 2023
Revised November 2, 2023
Accepted November 14, 2023

Abstract—Coat proteins (CP) of the potato virus A virions (PVA) contain partially disordered N-terminal domains, which
are necessary for performing vital functions of the virus. Comparative analysis of the structures of coat proteins (CPs) in
the intact PVA virions and in the virus particles lacking N-terminal 32 amino acids (PVAA32) was carried out in this work
based on the tritium planigraphy data. Using atomic-resolution structure of the potato virus Y potyvirus (PVY) protein,
which is a homolog of the CP PVA, the available CP surfaces in the PVY virion were calculated and the areas of intersub-
unit/interhelix contacts were determined. For this purpose, the approach of Lee and Richards [Lee, B., and Richards,
F. M. (1971) J. Mol. Biol., 55, 379-400] was used. Comparison of incorporation profiles of the tritium label in the intact
and trypsin-degraded PVAA32 revealed position of the AN-peptide shielding the surface domain (a.a. 66-73, 141-146) and
the interhelix zone (a.a. 161-175) of the PVA CP. Presence of the channels/cavities was found in the virion, which turned
out to be partially permeable to tritium atoms. Upon removal of the AN-peptide, decrease in the label incorporation within
the virion (a.a. 184-200) was also observed, indicating possible structural transition leading to the virion compactization.
Based on the obtained data, we can conclude that part of the surface AN-peptide is inserted between the coils of the virion
helix thus increasing the helix pitch and providing greater flexibility of the virion, which is important for intercellular trans-

port of the viruses in the plants.
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INTRODUCTION

Potyviruses comprise an important group of plant
viruses that cause significant economic losses in agricul-
ture. Hence, investigation of their structure and func-
tions is in the spotlight. Flexible filamentous virions of
potyviruses have helical symmetry with average particle
length of 700 nm and diameter 11-14 nm. It was shown
with the help of a number of methods of structural anal-
ysis and modeling that the coat proteins (CP) of potyvi-

Abbreviations: CP, coat proteins; EM, electron microscopy;
PVA, potato virus A; PVAA32, PVA virion lacking 32 amino
acids at N-terminus; PVY, potato virus Y.

* To whom correspondence should be addressed.

ruses are partly disordered, which also complicates their
examination [1, 2]. There is a variety of methods for de-
termination of the structure of viral particles including
physicochemical techniques and methods of electron
microscopy (EM), especially cryogenic EM (cryo-EM).
Despite the complexity of investigation of flexible par-
ticles, combination of investigation of the properties of
mutant viruses, as well as progress in the area of com-
putational techniques and image processing [1, 3-5] re-
sulted in better understanding of the structure of poty-
viruses and of the role of the fragments of their CP in
the virus life cycle.

The first model of the CP of the typical represen-
tative of potyviruses, potato virus A (PVA) was suggest-
ed in 2001 [3]. Viral particles were bombarded with the
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thermally activated tritium atoms and intramolecular
distribution of the label in the CP amino acids was de-
termined in order to evaluate their steric accessibility
in situ. The model of spatial arrangement of the PVA CP
polypeptide chain inside the virion was suggested based
of the experimental data obtained during bombardment
with tritium together with predictions of the secondary
structure elements and principles of folding of helices
and structural elements in the proteins. The model pre-
dicts existence of three domains of the tertiary structure:
(i) accessible from outside N-terminal domain consist-
ing of 8-aa unstructured N-terminus and two [3-strands,
(ii) C-terminal domain including two helices and three
[-strands that form two-layer structure termed abCd
block, and (iii) central domain containing a four-helix
bundle similar the one found in the CP of the tobacco
mosaic virus. For many years it was the only model used
for describing three-dimensional structure of the CP
of potyviruses.

Use of cryogenic electron microscopy (cryo-EM) is
an important milestone in the development of our no-
tion on the structure of potyviruses. Three-dimensional
structure of the virions of several potyviruses was de-
termined with the help of this technology — watermel-
on mosaic virus (WMYV) [6], potato virus Y (PVY) [4],
turnip mosaic virus (TuMV) [7]. These high-resolution
structures confirmed existence of conserved three-do-
main architecture common for non-related potyvirus-
es, which is different from the hypothetical structure of
the PVA [3]. The obtained atomic structures of WMV,
PVY, and TuMYV have identical left-handed helical ar-
rangement of CP subunits in the virion, which consist-
ed of a central core with seven a-helices and one or two
[-hairpins, as well as N- and C-terminal domains with-
out pronounced secondary structure. The structures of
flexible disordered N-terminal peptides exposed to the
solvent were not resolved likely due to its disordered na-
ture and high mobility, hence, first 59, 43, or 65 ami-
no acid residues are absent in the atomic structures of
WMV, PVY, and TuMYV, respectively. In all three poty-
viruses the surface-localized electropositive N-terminal
domains interacted with electronegative grooves of the
neighboring CP molecules establishing side contacts
and mediating polymerization of the particles similar to
potexviruses [8, 9]. It is likely that flexibility and dis-
order of the N-terminal domains in combination with
contacts with the neighboring subunits enable additional
flexibility of the virions [4, 6] required, e.g., for facilita-
tion of intercellular transfer [10].

It is important to mention that in the course of iso-
lation and storage of potyvirus preparations very often
natural in situ proteolysis with trypsin-like proteases
from the cellular juice occurs resulting in the deletion
of 30-50 N-terminal residues (AN-peptides) [11, 12].
In the process such viral particles remain infective. Bi-
ological significance of this phenomenon is presumably
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associated with the necessity of the release of infective
particles from the aphids stilettos for further transfer to
plants [13, 14].

The main goal of this study was determination of
exact location of AN-peptides on the surface of PVA vi-
rions and elucidation of the effect of their deletion on
the possible changes of the virion structure. Due to flex-
ibility and partial disorder of the CP in PVA the method
of tritium planigraphy was found to be suitable for this
investigation [15]. This approach is based on non-selec-
tive replacement of hydrogen in hydrocarbon fragments
of the molecules with its radioactive isotope, tritium.
Tritium is used as a nanoprobe with an effective radi-
us of 0.09 nm for determination of amino acid residues
localized on the virion surface, as well as in the cavi-
ties accessible to tritium [16-18]. The method is based
on chemical reactions with participation of hot tritium
atoms; reaction conditions have been selected that re-
sult in incorporation of the probe as a result of a single
collision, which characterize steric accessibility of C-H
bonds in the virion composition. The data on steric ac-
cessibility of the system components obtained with the
help of this method characterize the structure of the
whole object. The method of tritium planigraphy [15]
has been successfully used for examination of spatial or-
ganization of proteins and their complexes, as well as of
highly organized biological objects such as ribosome [19],
plant and animal viruses [3, 20-22]. Bombardment of the
tested object with a beam of tritium atoms followed by
the analysis of intramolecular distribution of the probe
allows determination of the accessible fragments — ami-
no acid residues comprising its surface, which is close-
ly associated with the tertiary structure. In this study
the structure of trypsinized virions of the potato virus
A with deleted 32 aa at the N-terminus (PVAA32) was
characterized in detail based on the analysis of the results
of bombardment of the surface with tritium atoms and
precise localization of the AN-peptides on the surface
of PVA virions was determined.

MATERIALS AND METHODS

Preparation of samples of intact and partially de-
graded PVA virions. The isolate B11 of PVA was puri-
fied as described previously [3]. To prepare samples
of degraded virions (PVAA32) preparation of an intact
virus were treated with trypsin at the enzyme/substrate
ratio 1: 500 (w/w) followed by 15-min incubation at
room temperature, the reaction was stopped by adding
phenylmethylsulfonyl fluoride to concentration 1 mM.
Purification of the preparation was carried out by pre-
cipitation of virions in ultracentrifuge (L-2, Beckman,
USA) at 105,000g (100 min, 5°C). Concentration of PVA
preparations was determined using absorption coeffi-
cient E%%y . = 2.3. Absorption spectra in UV range
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240-340 nm were recorded with a Hitachi UV-2600
spectrophotometer (Hitachi, Japan) in cuvettes with
optical path length 0.1-1.0 cm. True absorption spec-
tra (E) of the light-scattering suspensions were calculated
using extrapolation method [23]. In all experiments only
PVA preparations with normal ratio Eaie/Eas (~1.25)
were used, which indicated absence of defective viral par-
ticles. Purity of samples was controlled with the help of
sodium dodecyl-sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) according to Laemmli [24] using a
15% polyacrylamide gel (PAAG) in a Mini-PROTEAN 3
Cell (Bio-Rad, USA). The results of transmission elec-
tron microscopy (TEM) indicated absence of any de-
fective virions in the initial and trypsin-treated prepa-
rations [5].

Incorporation of tritium. An aliquot (1 ml) of a
virus suspension with concentration of 1-2 mg/ml in
0.05 M borate buffer (pH 8.0) was sprayed on the walls
of a reaction vessel cooled with liquid nitrogen, air was
removed from the vessel under vacuum, and the vessel
was filled with molecular tritium to pressure of 0.5 Pa.
Heating of a spiral-shaped tungsten wire located along
the central axis of the vessel to 2000 K resulted in dis-
sociation of molecular tritium into atoms, and the
formed tritium atoms bombarded suspension of virions
cooled with liquid nitrogen. The wire was light up for
15 s followed by removal of residual tritium. The proce-
dure of tritium introduction-removal was repeated two
more times. Following introduction of the label, the
virus suspension was defrosted and concentrated with
centrifugation (105,000g, 5°C, 100 min). To remove the
exchangeable label, virus preparations were subjected to
1-2 cycles of virion precipitation at 105,000g. Proteins
from the purified virus preparation were isolated using
a standard method of extraction with lithium chloride [25].
Purity of preparation was evaluated with PAGE [24].

Enzymatic hydrolysis of proteins. The obtained
protein preparations were subjected to tryptic hydroly-
sis. Trypsin solution (TPCK-trypsin, Sigma, USA) was
added to protein solutions at a ratio enzyme/substrate
1:50 (w/w), and hydrolysis was carried out at 37°C
for 4 h; reaction was stopped by adding phenylmethyl-
sulfonyl fluoride to concentration 1 mM.

Analytical techniques. Mixture of peptides obtained
as a result of hydrolysis was separated with the help of
Beckman high-performance liquid chromatography
system on a reversed-phase column Ultrasphere ODS,
5 um, 250 X 4.6 mm, (Beckman, USA). All separations
were performed using linear gradients of acetonitrile in
water containing 0.1% trifluoroacetic acid (0 to 60%
in 60 min and 60 to 80% in 10 min) with flow rate
1 ml/min. Detection was carried out based on absorp-
tion at wavelengths 215 and 280 nm. Fractions corre-
sponding to individual peptides were collected for further
analysis. Peptides were subjected to acid hydrolysis as
described previously [26].
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Acidic hydrolysates were analyzed with an Amino
Acid Analyzer L8800 (Hitachi) equipped with a cat-
ion-exchange column using ninhydrin derivatization
with modifications [27]. Simultaneous measurements
of radioactivity were carried out with a Radiomatic
150TR Flow Scintillation Analyzer (Packard Co., USA).
Obtained data (optical density of an eluate at 570 and
440 nm and radioactivity) were processed using Multi-
Chrom for Windows software (Ampersand Ltd., Russia).
Next molar radioactivity of each amino acid residue was
calculated [28].

Calculation of accessible surface of the virion was
carried out using the GROMACS 5,1 software pack-
age [29]. Only part of the surface occupied with hydro-
gen atoms linked to carbon atoms (CH-surface) was
considered; part of the surface occupied by other atoms
was ignored. Radius of the probe was 0.09 nm. To de-
termine regions of intermolecular contacts, surface of
an individual subunit was calculated using the same ap-
proach followed by evaluation of the fraction of the sur-
face shielded as a result of assembly of the viral particle.
RasMol program (http://www.rasmol.org/) was used
for visualization of protein structures.

RESULTS

Investigation of PVA and PVAA32 virus particles
with tritium planigraphy. In our earlier studies we ob-
served that storage of intact preparations of PVA results
in cleavage of CP molecules in situ by proteases from the
cellular juice at positions 32 and 42 [11]. Limited trypsi-
nolysis of the intact virus preparations (at enzyme/sub-
strate ratio 1 : 500, 15 min) also resulted in the cleavage
of 32 N-terminal residues of the virion CP, which was
confirmed with the results of mass spectrometry and
SDS-PAGE [11]; according to the TEM data the virions
maintained their integrity [5]. In this study we conduct-
ed comparative structural analysis of two types of prepa-
rations: intact PVA virions and partially degraded with
trypsin virions PVAA32 (see Materials and Methods).
Distribution of the tritium probe along the polypeptide
chain after labeling of intact PVA and PVAA32 with tri-
tium is shown in Fig. 1. The results of our investigation
of the intact PVA with the help of tritium planigraphy
have been published previously [3]. To determine dis-
tribution of the label along the polypeptide chain of the
intact PVA CP and its truncated variant all peptides ob-
tained by trypsin-mediated hydrolysis except three short
peptides T6, T7, T21, and part of T11 were isolated and
analyzed (Fig. 1).

The levels of specific radioactivity of the residues were
corrected considering corresponding coefficients [30] to
make them proportional to accessible surfaces. Construc-
tion of a histogram in percent of total specific radioac-
tivity (Asp, %) or values specific radioactivity normalized

BIOCHEMISTRY (Moscow) Vol. 88 Nos. 12-13 2023



STRUCTURE OF POTATO VIRUS A VIRIONS

2149

i B PVA 0O PVAA32
= 2
2
-
o _
T ©
o 2
B =
S <
) IH
(8]
8
> . o ] R ]
NE88F53R8TSRS
5 12l B PVA O PVAA32
=
0
© 3
Q o 0.84
S =
S ,
QO & 1
._.< |
S 0.4 !
o i
o .
’

0.0 o - S ¢ 0 NN ® = o= DM e NN ® =
wown n 6 v v Ko~ @ = N -G i e IR NNt F LT T TINDN DD O O
- = = e e -I- - - T - I— - A QA QaaQ r I NI s A aaaaa T Q rf
T11 T12 T13 T14 T15 l16 T17 1]18 T19 T20 L21 le T23 T24

Fig. 1. Distribution of tritium label over amino acid residues of proteins in PVA and PVAA32 virions with consideration reactivity of tritium atoms
in reactions with different amino acids. Ai/As3-36 — specific radioactivity of the residue (Ai) normalized to the sum of specific radioactivities of the
surface residues 33-36. Numbering of amino acid residues is shown in abscissa axis. Sites of cleavage by trypsin marked with arrows. Data for cys-
teine and tryptophan are not shown as they are destroyed with acid hydrolysis. Positions of missing peptides are shown with dashed lines. Graph

is presented in two parts (upper and lower) for better visualization.

to one or several (33-36 aa) surface residues in the vicinity
of the proteolysis site gave similar results. As can be seen
in Fig. 1, distribution of the tritium label in the intact
PVA virions and in the PVAA32 is significantly different.

In the PVAA32 CP the levels of specific radioac-
tivity of the residues 66-73, 141-146, 161-175, 233-247
increased in comparison with the intact PVA, and of the
residues 122-138, 184-191, 195-200 — decreased (Fig. 1).
In order to understand in what regions of the CP tertia-
ry structure these changes occur, we used the available
3D structure of PVY CP, which is a close homolog of
PVA CP. Primary structures of CPs from PVA and PVY
exhibit significant similarity: 64% of identical and 91%
of similar residues (of 237 CP residues) [5]. Sequence
of the N-terminal domain in the PVA CP is longer by
2 residues than in the PVY CP. Three-dimensional struc-
ture of the PVY CP (PDB ID: 6HXX, residues 44-267)
obtained using cryo-EM with resolution 0.34 nm includ-
ed three domains: N-terminal domain (I), residues 44-77;
central domain (II), residues 78-225; and C-terminal
domain (I1I), residues 226-267 (Fig. 2). The domain I
protrudes from the central domain, and, according to
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the structure derived from the cryo-EM data, surrounds
the domain II of two neighboring CP. Atomic coordi-
nates of the residues 1-43 were not determined presum-
ably due to partial disorder and mobility of this region.
High level of similarity between the primary structures
of CP from PVA and PVY allowed using the PVY CP
structure (PDB: 6HXX) for modeling the structure of
coat protein in PVA.

We calculated incorporation of the tritium label
(in % of total radioactivity) into the elements of second-
ary structure of the protein [4] for the virions PVA and
PVAA32; the results are presented in the table.

Total calculated radioactivity of the element (A) in
the virus particles PVAA32 and PVA, as well as relative
change of radioactivity Apvaas/Apva are presented in the
table. It can be seen that removal of the N-terminal CP
fragment in the PVAA32 results in the increase of ac-
cessibility of the helices al (68-74 aa), a5 (157-163 aa),
a6 (165-180 aa), and of the f4-strand (141-146 aa).
At the same time, tritium accessibility to the fragment
a3-14-3 (119-138 aa) and of the helices a7 (184-191 aa)
and a8 (195-200 aa) decreases. Relative change of the
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Fig. 2. Relative change of radioactivity in the secondary structure elements of the proteins in PVA occurring due to removal of the AN-peptides.
Regions with ratio Arvaasz/Arva > 1.8 are shown in red, <0.5 — in green. a) Fragment consisting of four subunits; b) fragment consisting of one
subunit (helices are shown as ribbons); C, C-end of CP; ¢, d) four subunits are shown (skeleton of the structure) from outside and from inside of

the virion, respectively; RNA is marked with blue (d).

virion radioactivity in the elements of secondary struc-
ture of the protein due to removal of the AN-peptide
is demonstrated using the 3D structure model of PVY
(PDB: 6HXX) with two colors for better visualization
(Fig. 2). Structural fragments with increased accessibil-
ity to tritium are shown with red color; fragments with
decreased accessibility to tritium with green color.

The fact that increases of the label incorporation
due to deletion of AN-peptides is observed on the viri-
on surface (Fig. 2¢) attracted out attention. Up to 34%
and 25% of total radioactivity was incorporated into the
surface domain I (33-79 aa) of the PVAA32 and PVA,
respectively. This indicates shielding of the domain I by

the AN-peptide. The AN-peptide in the intact PVA ex-
hibited the highest level of labelling in the CP, contained
22% of the total amount of the label, and comprised
12% of the CP length. The tritium label only insignifi-
cantly was incorporated into the inner layers of the virion
(Fig. 2d), which implied penetration of tritium atoms
through inter-subunit contacts and/or any other chan-
nels in the virion. Removal of the AN-peptide resulted
in the decrease of the level of labeling of the inner part
of the virion (Fig. 2d), which suggested structural rear-
rangements resulting in compaction of the virion.
Calculation of accessible surface of CP in the virion
and in free state. To determine inter-subunit and interhe-
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Distribution of tritium label over the elements of CP secondary structure in the virions PVA and PVAA32, and
accessible area of the CH-surface calculated with the help of GROMACS 5.1 program using PVY model (PDB: 6HXX)

Element Total radioactivity Relative Accessible area of o finalz::?;?iob?e area
of secondary N(?s. Number of the element, A%, % | change, S® | CH-surface, S¢, nm? of CH-surface, S
structure of residues | of residues
PVAA32 PVA Apvann/Arva | PVY CP PVY (Scerpvy — Sevy)/Sce pvy
11 33-59 33 18.7 24,8 0.8 9.2 5.2 043
B1,2 60-65 6 33 4.1 0,8 2.7 1.9 0.28
al 68-74 7 6.1 2.0 3.0 33 2.2 0.31
12 75-87 13 4.2 5.1 0.8 4.6 2.5 0.45
a3* 119-124 5 0.8 2.4 0.3 0.8 0.5 0.42
14 125-132 8 2.0 4.3 0.5 2.0 1.1 0.41
p3 133-138 6 1.7 3.9 0.4 2.0 1.0 0.51
p4 141-146 6 6.8 3.4 2.0 2.0 1.4 0.30
a4 147-154 8 6.2 9.4 0.7 1.9 1.5 0.23
as 157-163 7 3.0 1.4 2.2 0.9 0.6 0.34
ab 165-180 16 16.8 8.9 19 4.9 2.3 0.52
a’ 184-191 8 1.8 3.3 0.5 2.3 1.1 0.50
a8 195-200 6 1.6 53 0.3 1.0 0.8 0.20
15 201-211 11 2.6 2.3 1.1 1.7 1.3 0.27
a9 212-228 17 3.5 4.4 0.8 7.5 3.3 0.56
C- 229-267 39 15.7 11.5 1.4 20.4 9.6 0.53

Notes. * Total radioactivity of the element was evaluated by summing up radioactivity of all amino acid residues in its composition.
® Values Apvaasz/Apva > 1.8 and (Sceevy — Spvy)/Sceevy > 0.43 are underlined and shown in bold.

¢ Total accessible area of CH-surface of the element (see below) was calculated with the help of GROMACS 5.1 program by summing up accessible

surface of all amino acids in the element composition.

* Data for the helix @2 and part of helix @3 are absent.

lix elements of CP and, in addition, to evaluate the ob-
tained experimental data, calculations of the accessible
surface of amino acid residues of CP in the virion and
in the free CP were carried out for the PVY model based
on the data of cryo-EM structure (PDB: 6HXX). Calcu-
lations were performed with the help of GROMACS 5.1
program [29] that uses algorithms based on the approach
suggested by Lee and Richards [31]. Molecular surface is
defined as its part accessible to solvent molecules repre-
sented by spheres. Atomic sizes are determined by their
Van der Waals radiuses. One free CP protein subunit and
a virion fragment consisting of 70 CP (8 turns) were used
for calculations. To compare experimental data on triti-
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um labeling of the PVA virion with the results of calcu-
lations a sphere with 0.09-nm radius was used to model
tritium atom as suggested previously [17]. Accessible sur-
face was determined only for the carbon atoms linked to
at least one hydrogen atom (CH-surface).

The results of calculations of the accessible CH-sur-
face are presented in Fig. 3 for CP in a free state, Scppvy,
and in the composition of virion, Spvy.

Total accessible area of the CH-surface in the
free protein is 81.6 nm?, and in the protein in virion —
44.9 nm?. Hence, in the virion 45% (36.7 nm?) of the CP
surface form contacts between the subunits (not consid-
ering 43 N-terminal residues).
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Fig. 3. Calculations of accessible CH-surface for CP in a free state, Sce vy (gray bars), and in the composition of virion, Sevy (black bars), in nm?.
Inset: Fraction of the surface of residues of hydrocarbon fragments, (Scervy — Spvy)/Sce pvy, shielded in the virion composition (right axis) relative
to the regions of inter-subunit and interhelix contacts of CP in the virion composition.

Relative change of the accessible CH-surface area
in the elements of the free protein and in the protein in
virion was demonstrated using 3D-model of the PVY
CP (Fig. 4, table). Fragments of the surface domain I
and central domain II with increased area of CH-sur-
face (Fig. 4, a-c) are shown in red color. Increase of ac-
cessibility inside the virion in the C-domain is shown in
yellow (Fig. 4d). The calculated total areas of CH-sur-
face in the secondary structure elements, S, for the
free protein and protein in virion are presented in the
table, as well as the fraction of inaccessible CH-surface
of the virion (Sce pvy — Sevy)/Sce pvy. In can be seen in
the table that the accessible CH-surface of the loops
/1 and /2, belonging to the surface domain I, of the 33-
strand, and of the helices a6 and a7 is almost 2-fold
larger in the free protein in comparison with the protein
in virion, which confirms their location at the site of
CP contact with the next turn of the helix.

Significant accessible CH-surface of the a9 helix
and of C-terminus located at the core of virion (table)
is noticeable, which confirms availability of channels/
cavities in the virion that facilitate partial penetration of
tritium atoms (Fig. 1).

Hence, increase of the level of incorporation of the
tritium label in the case of removal of the AN-peptide
in the PVA at the elements a/ and 34 indicates shield-
ing of the surface domain I and part of the central do-
main II by the AN-peptide; and labeling of the a6 he-
lix indicates partial shielding of interhelix region of the
surface in the neighboring subunits and localization of

the AN-peptide above these sites of the CP structure.
Decrease of the level of label incorporation inside the
virion with deleted AN-peptide (Fig. 2d) suggests pos-
sible structural rearrangement resulting in the virion
compaction.

DISCUSSION

It has been discovered previously that the N-ter-
minal domains of the CP of potyviruses are located at
the surface of virions [3, 4, 12] and contain a significant
portion of unordered regions [1, 2]. N-terminal pep-
tides of the potyviruses are most immunodominant and
generate virus-specific antibodies [32]. In the course of
their life cycle potyviruses interact with numerous pro-
teins and membrane components of the plant cell, and
availability of a significant fraction of unordered se-
quences in the CP could be one of the factors explaining
their high biological efficiency [33]. AN-domain in-
cludes a large number (~70%) of hydrophilic (9 T/S/N/
Q/G) and charged (13 E/D/K/R) amino acid residues
and a relatively low number of hydrophobic/aliphatic
residues (10 I/L/V/A), which defines the protein pro-
pensity to structural rearrangements, and could be the
reason for abnormal CD spectrum and electrophoret-
ic mobility [1]. It was found out that the AN-domains
of the PVA CP participate in the assembly of virus-like
particles (VLP), and part of their unstructured segments
acquires 3-structure [34, 35].

BIOCHEMISTRY (Moscow) Vol. 88 Nos. 12-13 2023
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Fig. 4. Relative change of accessible area of CH-surface in the elements of secondary structure in the free protein and in the fragment of vi-
rion consisting of 70 CP molecules. Sites with (Scervy — Spvy)/Sce pvy > 0.43 are shown in red/yellow. a) Fragment consisting of 4 subunits
is shown, b) fragment consisting of one subunit is shown; C, C-end of CP; ¢, d) 4 subunits outside and inside the virion are shown, respectively;

RNA is shown in blue color (a, d).

It has been shown in our study that the AN-peptide
(1-32 aa) shields the residues 66-73, 141-146, as well as
residues 161-175 that are in composition of the interhe-
lix region of the PVA CP. Decrease of the level of in-
corporated label inside the virion with deleted AN-pep-
tide (Fig. 2d) indicates formation of a more compact
helix-shaped viral particle. The observed changes in
labeling of the CP fragments after trypsinolysis cannot
be caused by elimination of defective virions. This state-
ment is corroborated by the facts of insignificant changes
of virus concentration and maintenance of the Eaxs/Easo
ratio (~1.25) for the virus preparations after trypsinoly-
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sis (see Material and Methods). The previously obtained
results of analysis of the CD spectra demonstrated that
removal of the AN-peptide did not cause any changes
in the secondary structure of the CP in the virion com-
position. However, the data of synchrotron small angle
X-ray scattering (SAXS) and other methods demonstrat-
ed changes of the quaternary structure of the PVA virion
after removal of the AN-peptide [5] accompanied by the
decrease of the pitch of the protein coat helix, decrease
of flexibility, and increase of stability of the particles,
which is confirmed by our data. It is known that the spi-
ral shape of the virion structure is in part explained by
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the helical shape of the RNA molecule inside the virion,
because assembly of the PVY CP in the absence of RNA
results in formation of non-helix VLP with stacked-disc
architecture [4]. Moreover, CP of poly- and potexvi-
ruses [7] interact with RNA at conserved positions (for
PVA these include S127, R159, D203). Calculations for
the PVY virion (Fig. 3) demonstrated low accessibility
of the CH-surface of these residues (0.02-0.09 nm?) for
the spherical probe with tritium radius; we also observed
low radioactivity of these residues both in the intact PVA
and in the PVAA32 (Fig. 1), which provides additional
justification for the use of PVY model in our study.

Tritium label was insignificantly incorporated into
the inner layers of the virion (Fig. 2d), which suggest-
ed migration of reactive tritium atoms through the in-
ter-subunit contacts or channels in the virion filled with
aqueous solution. The possibility of such migration has
been discussed previously [16, 17]. Tritium atoms can
penetrate between the hydrocarbon chains of lipids in
liposomes [36] or of purple membranes with bacterior-
hodopsin [37] without significant loss of their energy.

A series of biochemical and biophysical studies of
icosahedral viruses showed that their capsids are assem-
bled via dynamic self-assembly and are subjected to the
controlled conformational transitions changing their
surface structures for performing different biological
functions [38]. Some helix-shaped viruses demonstrate
structural heterogeneity. In particular, ‘wide’ and ‘nar-
row’ particles with 22.2 and 21.2 subunits per turn were
observed among the virions of the barley stripe mosaic
virus [39]. A number of studies showed presence of sev-
eral functional and structural states among the virions
of the potato virus X [28, 40, 41]. Analysis of the viri-
ons of the TuMV with cryo-EM showed that the virions
can extend or shrink with amplitude of approximately
0.22 nm; particles with helix pitch in the range 3.42-
3.61 nm were also observed [7]. Removal of the N-ter-
minal peptide from the PVA CP resulted in the decrease
of the helix pitch of the virion.

CONCLUSIONS

It was shown in this study that the N-terminal pep-
tide (AN-peptide) at the surface of the PVA virion shields
the surface domain I, part of the central domain II, and
interhelix region at the surface of neighboring subunits.
Removal of the AN-peptide caused decrease in acces-
sibility of the inner region of the virion and resulted in
formation of more compact helix-shaped virus particle.
We assume that part of the surface AN-peptide is locat-
ed between the turns of the virion helix. This increases
pitch of the helix and ensures higher flexibility of the
virion, which is important for the virus functioning.
Understanding of the structural features of flexible phy-
toviruses and of the role of N-terminal domains in their
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coat proteins is necessary for construction and further
application of virus particles and virus-like nanoparti-
cles as a platform for presentation of epitopes and vac-
cine development [42].
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