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Abstract

Viruses of the sobemovirus genus are plant viruses, most of which generate very important agricultural and
financial losses. Among them, the rice yellow mottle virus (RYMV) is one of the most damaging pathogens
devastating rice fields in Africa. RYMV infectivity and propagation rely on its protein P1, identified as a key
movement and potential long-distance RNA silencing suppressor. Here we describe P10s complete 3D
structure and dynamics obtained by an integrative approach combining X-Ray crystallography and NMR
spectroscopy.We show that P1 is organized in two semi-independent and topologically unrelated domains,
each harboring an original zinc finger. The two domains exhibit different affinities for zinc and sensitivities to
oxidoreduction conditions, making the C-terminal P1 region a potential labile sensor of the plant redox sta-
tus. An additional level of regulation resides on the capacity of P1 to oligomerize through its N-terminal
domain. Coupling P1 structure information with site-directed mutagenesis and plant functional assays,
we identified key residues in each zinc domain essential for infectivity and spread in rice tissues. Alto-
gether, our results provide the first complete structure of a sobemoviral P1 movement protein and highlight
structural and dynamical properties that may serve RYMV functions to infect and invade its host plant.

� 2022 Elsevier Ltd. All rights reserved.
Introduction

Like other viruses, plant viruses have to rapidly
establish complex interactions with host cellular
td. All rights reserved.
machinery to guarantee successful infection. RNA
viruses usually present smaller genomes
compared to DNA viruses, their genomes being
under pressure for genome compression due to
high mutation rate during replication.1–2 Keeping a
small size genome ensures the formation of smaller
virions, requiring a minimal number of coat proteins
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(CP), thus maximizing virus production.3 Different
mechanisms have evolved tomultiply viral functions
while maintaining genome size. In particular,
viruses tend to use one protein for different
functions.
After replication in prime infected area, plant

viruses rapidly spread in surrounding cells until
they reach vascular tissues to establish systemic
infection. Viral progeny moves intra-cellularly and
cell-to-cell through plasmodesmata by high-
jacking cellular machinery with viral encoded
movement protein (MP).4–6 Each virus shows MP’s
sequence singularity and mode of action.7–9 To ini-
tiate systemic infection, viruses have also to over-
come sophisticated defense mechanisms set up
by host plants, among which RNA interference
(RNAi) is the principal one.10 To counteract this
major defense mechanism, phytoviruses have
evolved towards the production of proteins capable
to act as viral suppressors of RNA silencing (VSR)
to prevent RNAi-triggered immunity.10–11 Like
MPs, VSR proteins do not show sequence or
molecular organization similarities. Only six com-
plete VSR structures were solved so far.12–18

The rice yellow mottle virus (RYMV) is a positive
single strand RNA sobemovirus that spreads in
rice cultures from East to West Africa since the
sixties as fast as most animal viruses,19–20 generat-
ing crop losses ranging from 20 up to 100%.
Although considered to be the major biotic con-
straint to rice cultivation in Africa,21 no effective
means of combating this virus have been discov-
ered to date. The most emblematic multifunctional
protein in RYMV is P1, a small cysteine-rich protein
of 18 kDa encoded by ORF1 of the genome first
identified as the RYMV movement protein essential
for viral spread,22–23 but also suspected to promote
viral replication.22 It has also been described as a
potential VSR in plant reporter systems,23–27 but
this finding sparks controversy. Due to its multifunc-
tional role, P1 is the ideal candidate for the develop-
ment of strategies against RYMV.
Despite crucial roles of P1 in early steps of viral

infection, little is known concerning its structure
and mode of action. We previously showed that
P1 binds two Zn atoms in its reduced state, one
atom being predicted to form a zinc finger with two
highly conserved pairs of cysteine residues
organized in CXXC motifs,28 a common feature in
all P1 proteins of sobemovirus genus.29 Mutating
two cysteines in this putative zinc ]finger completely
abolishes both silencing suppression and cell-to cell
movement functions of P1.23 Whether the second
zinc atom participates in an additional zinc finger
whatever its function is unpredictable and the over-
all P1 architecture remains fully obscure.
In this paper, we provide a comprehensive view of

the structure–activity relationship for RYMV P1 by
an integrative approach combining biochemistry,
mass spectrometry, X-ray crystallography, NMR,
and plant infection assays. We show that P1
2

presents a unique architecture organized around
two different domains, each harboring a zinc
finger unrelated to the other. In particular, the C-
terminal domain which appears as essential for
full virus infectivity, contains a HCHC box rarely
encountered in nature and presenting a unique
zinc coordination. P1 domain organization allows
for homo-dimerization through its N-terminal
domain and we show the crucial role for infectivity
of the aromatic residues involved. We also could
identify one motif in each domain required for
virus accumulation, namely a helix and a stretch
of aromatic and basic residues in the N- and Ct-
terminal regions respectively.
Results

P1 possesses two zinc finger domains with
different affinities for zinc

In a previous work, we showed that P1 binds two
zinc atoms with distinct affinities in a reduced
environment,28 but we were unable to unambiguous
identify zinc ligands because of the high number of
rigorously conserved cysteines (7 Cys residues)
and histidines (6 His residues) (Figure 1(A) and Fig-
ure S1). Here we designed a series of recombinant
P1 regions (Figure 1(A) and Supplementary
Results, Figures S2 to S4, and Tables S1 and S2)
and evaluated their capacity to bind zinc using a
4-(2-Pyridylazo) resorcinol (PAR) labeling assays
and native ESI-MS (Figure 1(B and C) and Fig-
ure S5). Zinc detected by the PAR probe co-
localized with all P1 regions assayed in an SDS-
PAGE and mass spectrometry yielded the corre-
sponding number of zinc atoms bound. Resizing
P1_1-100 and P1_50-157 proteins into shorter frag-
ments identified [50–100] and [102–157] as inde-
pendent regions each binding a zinc atom,
subsequently referred to as ZnF1 and ZnF2,
respectively.
To determine the zinc affinity of both zinc fingers,

we subjected them to EDTA treatments, in
conjunction with full P1 (Table S3). Addition of
400 and 50 molar equivalents (eq) of EDTA
provoked the release of one zinc atom for full P1
and ZnF2 respectively, which could be reloaded
after exposure to 100 mM and 60 mM ZnOAc,
respectively (Table S3 and Figure S6(A and C)).
By contrast, all attempts to provoke the release of
the second zinc atom from P1 and the release of
the unique zinc atom of P1_1-100 using higher
EDTA concentrations were unsuccessful
(Table S3 and Figure S6(B)). Hence, ZnF2
appears as the zinc finger with the weaker affinity
for zinc in P1. In order to determine ZnF1 zinc
affinity constant, we subjected P1_1-100 to N,N,N,
N-Tetrakis(2-pyridylmethyl)-ethylenediamine)
(TPEN), a heavy metal chelator with a Ka constant
stronger than that of EDTA (1016 M�1 versus 1014

M�1).31–32 We were thus able to estimate a zinc



Figure 1. The RYMV P1 protein binds two zinc atoms at its central and C-terminal regions. (A) Scheme of P1
regions designed for production of recombinant proteins based on the Predict server.30 Cys and His residues are
positioned with yellow and red bars, respectively. Predicted secondary structures are represented by dark grey
arrows for b-sheets and by light grey squares for a-helices. Thick black lines delineate P1 protein and its resized sub
regions, with amino acids numbering (Below) and corresponding names (Right). (B) In-gel co-localization of zinc with
purified P1 sub regions separated by non-reducing 18% SDS-PAGE, with Coomassie staining (Top), zinc detection
by the PAR probe (Middle) and immunodetection by a purified anti-P1 antibody at 1:1000 dilution (Bottom). (C)
Quantification of zinc atoms in P1 recombinant sub regions by native ESI-MS. Deconvoluted ESI mass spectra are
given in the Figure S5.
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affinity constant Ka of 2,15x1016 M�1 for ZnF1
(Figure S7).
Because oxidizing environments provoke zinc

release from P1,28 we further compared the respec-
tive redox sensitivity of P1_1-100 and P1_102-157
to that of the full length P1 (Figure S8). We found
that high H202/protein ratios (80 eq corresponding
to 2 mM) were required to induce the release of zinc
atom from the recombinant P1 and P1_1-100 pro-
teins, without affecting their electrophoresis mobility
nor their conformation as monitored by circular
dichroism (Figure S8(A and B)). Reversely, lower
H202/protein ratios were sufficient to provoke zinc
release from the recombinant P1_102-157 protein,
accompanied by a mobility shift and conformational
changes (Figure S8(C)). These results identified P1
C-terminal [102–157] ZnF2 region not only as the
less affine to zinc but also as the most sensitive
region to oxidant molecules, including from a con-
formational point of view.

P1 N- and C-terminal regions exhibit different
structural and zinc binding geometries

To go further in the structural characterization of
P1, we subjected the protein to crystallography.
We could not find crystallization conditions for the
full length P1, but P1_1-100 and P1_102-157
fragments yielded high quality diffracting crystals
(Table 1 and Figure 2). P1_1-100 consists in a
sandwich composed of 6 strands (A-F) and 2
short helices (H1 and H2) at each extremity
(Figure 2(A-B)). Searching for similar folds with
3

DALI33 returned the sandwich family composed of
six strands and two b-sheets as hit. Another remark-
able feature is the presence of a helix harboring a
lysine (Lys17) in H1 completely solvent exposed
(Figure 2(A and B)). This lysine is highly conserved
(Figure S1), tolerating only replacement by arginine
making this residue a potential anchor for interac-
tion with cellular partners. The C-terminal extreme
side of the P1_1-100 sandwich contains ZnF1
involvingCys64, Cys67, Cys92 andCys95 (Figure 2
(C)). Both Cys64 and Cys67 belong to a b turn
between strands D and E, whereas Cys95 is
located at the beginning of helix 2, classifying
ZnF1 in the treble clef group, albeit not with a
canonical form as Cys92 does not belong to helix
2.34–35 Additional SDS-PAGE and ESI-MS experi-
ments on an extensive series of cysteinic and histi-
dinic recombinant mutants (Table S2 and
Figure S4) highlighted the importance of this
CCCC-type ZnF1 for P1 zinc binding and for solubil-
ity of both P1 and P1_50-100. Although zinc loss
was partially observed for the P1C95S mutant (Fig-
ure S9(C)), all mutants (P1C64S, P1C67S, P1C92S

and P1C95S) of ZnF1 zinc ligands in the full-length
P1 were insoluble (Supplementary Results, Fig-
ure S9(A and B) and Table S2). Furthermore, we
could not detect zinc in either the P1C64S and
P1C67S single mutants or the P1C92S-C95S double
mutant of the shorter P1_50-100 fragment (Fig-
ure S11(A and C)).
Contrary to P1_1-100, P1_102-157 has an

original fold that could not be retrieved from any



Table 1 Data collection and refinement statistics.

P1_1-100 P1_102-157-phasing P1_102-157

Data collection

Wavelength (�A) 0.976 1.28 1.24

Space group F 41 3 2 P 1 21 1 P 1 21 1

Cell dimensions

a, b, c (�A) 195.61 38.14 31.23 42.03

Α, b, c(�) 90.00 101.08 90.00 90.00 101.10 90.00

Resolution (�A)a 112.94–2.10 (2.21–2.10) 41.25–2.10 (2.21–2.10) 37.37–1.98 (2.09–1.98)

Rmerge 0.051 (0.559) 0.154 (0.448) 0.098 (0.573)

N� of reflections 724,744 (104965) 55,242 (7957) 22,349 (3282)

N� of unique reflections 19,296 (2756) 5834 (839) 6911 (992)

I/sI 8.3 (1.1) 12.4 (5.0) 8.6 (2.0)

Completeness (%) 99.97 (100.0) 100.0 (99.9) 99.2 (99.4)

Multiplicity 37.5 (38.1) 9.5 (9.5)

Anomalous completeness 100.0 (100.0) 99.9 (99.9)

Anomalous multiplicity 20.1 (19.9) 4.6 (4.5)

Refinement

Rwork / Rfree (%) 0.185 / 0.214 0.193 / 0.227

N� atoms 1688 899

Protein 1547 847

Zn 3 2

Water 140 50

B-factors (�A2)

Protein 45 27

Zn 52 22

Water 53 29

rmsd

Bond lengths (�A) 0.009 0.007

Bond angles (�) 1.166 1.069

Ramachandran favored (%) 98.95 97.88

Ramachandran outliers (%) 0.0 0.0
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structural database. It consists in one a helix
(residues 103–126) at the N-terminal region of this
domain and in a rigid part formed by a succession
of loops (residues 127–157, Figure 2(D)). It also
contains the second P1 zinc finger ZnF2 formed
by His109 in the N-terminal helix and by Cys140,
His145 and Cys149 located in the loops, His109
and His145 involving their Ne2 and Nd1 atoms,
respectively (Figure 2(E)). Zinc ligands were
confirmed by additional SDS-PAGE and ESI-MS
experiments on cysteinic and histidinic mutants of
this 102–157 region (Figure S11 and
Supplementary Results). Together they form an
extremely rare HCHC ZnF2 motif.
A search in ZincBind, the database of zinc

proteins,36 identified only six proteins with such
architecture. Among them, only the HCHC box of
the Topless related protein was similarly organized,
with the N-terminal ligand in a helix and the three
others belonging to loops, although with an inversed
Nd1/Ne2 coordination geometry (Table 2). Hence,
P1 ZnF2 appears to be a completely new zinc finger
motif. This motif stabilizes P1 C-terminal 3D struc-
ture, while EDTA-mediated zinc chelation as moni-
tored by 1H NMR promotes its unfolding
(Figure S13). In addition, P1_102-157 is character-
ized by the presence of a basic patch at its extreme
C-terminal region, overlapping with conserved aro-
4

matic residues (Arg150, Phe151, Lys153, Tyr154
and Phe157) (Figure 2(D) and Figure S1).
Deciphering the overall P1 structure by NMR

To unravel the structure of the full-length P1
protein, we led a parallel NMR investigation on P1
and its two sub-regions P1_1-100 and P1_102-57
(Figure 3(A and B)). 1H and 15N chemical shifts of
residues were identical between the isolated
domains and the whole protein. Titration of
15N-1H-labelled P1_102-157 by the unlabeled
P1_1-100 fragment showed no change in P1_102-
157 amide chemical shifts Figure 4(A)). This
analysis unambiguously revealed that the
structures of the isolated domains were retrieved
in the full-length protein, with no strong contact
between them, a finding also observed in an Y2H
assay (Figure S14). Translation of chemical shifts
into backbone dihedral angles with the TALOS
software (Table 3) and analysis of the 1H–1H
NOEs pattern (Figure 4B) established that the C-
terminal helix in P1_1-100 (Ala93 to Glu96 in
P1_1-100, Figure 2(A)) and the N-terminal helix in
P1_102-157 (Glu104 to Glu126, Figure 2(D)) seen
in X-Ray structures were extending to a long helix
from Ala93 to Glu126, covering the entire linker.
To determine the level of rigidity of this helix, we



Figure 2. Crystallographic structure of P1 N- and C-terminal regions.(A) Structure of P1_1-100 fragment. This
domain is made of three anti-parallel b-sheets facing each other. It presents a small helix with a Lysine side chain
residue (Lys17) completely solvent exposed. This helix is stabilized by contacts of hydrophobic residues (side chains
represented as grey dotty spheres) that interact with the protein core, and by a network of hydrogen bonds involving
the conserved Thr14, Gln13 and Thr11 residues. (B) Schematic representation of P1_1-100 structure. Helices (H1,
H2) and b-sheets are depicted as cylinders and arrows, respectively. Cys residues chelating the zinc atom are
represented as blue plain circles. (C) Close-up of the Cys-treble clef ZnF1 in P1_1-100, with side chains of zinc-
chelating cysteine residues in stick representation. (D) Cartoon representation of P1_102-157 ribbon. Side chains of
conserved positively charged (in green) and aromatic (in yellow) residues are depicted in stick representation. Side
chains of the HCHC ZnF2 are colored in blue. (E) Close-up of the HCHC ZnF2 in P1_102-157, with side chains of
zinc-chelating cysteine and histidine residues in stick representation.

Table 2 List and topology of proteins harboring zinc-binding HCHC boxes found in the ZincBind database.36

Protein* PDB

code

Histidine

coordination mode†
Protein family ZnF fold

P1-ZnF2 6TY2 Ne2/Nd1 Silencing repressor 1st: helix middle, 2nd, 3th, 4th:

loops

Bacillus subtilis fructokinase 1XC3 Nd1/ Nd1 Transferase 1st: helix C-ter, 2nd, 3th: knuckle,

4th: helix Nter

Human Histone Deacetylase 4 2VQJ Ne2/ Ne2 Hydrolase 1st: C-ter helix, 2C-ter: helix, 3th,

4th: loops

Topless related protein 5c7E Nd1/Ne2 Transcriptional

corepressor

1st, 2nd: helix Cter, 3th, 4th:

loops.

SARS coronavirus nsp14 5C8T Ne2/Nd1 Transferase 1st, 2nd: helix Cter, 3th: loop, 4th:

helix

Clostridium difficile stage ii sporulation

protein d (spoiid)

5I1T Ne2/Nd1 Hydrolase 1st, 2nd, 3th, 4th: loops

Chlamydia abortus effector protein

ChlaDUB

6GZU Ne2/Nd1 Transferase 1st: C-ter helix, 2C-ter: helix, 3th,

4th: loops

*Only a representative member of each family class is cited in cases of several homolog structures are available.

N-ter, middle and C-ter refer to the location of the zinc ligand within the helix.
† The coordination mode is given for the N-terminal histidine first.
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performed residual dipolar couplings (RDC) and 15N
relaxation data measurements and analysis.
Differences between the component values of the
5

relaxation and alignment tensors of N and C-
terminal domains established that this helix is not
rigid (Figure 4(C and D), Table 4 and Table 5).



Table 3 Phi and Psi angles estimated by Talos 38 from
1Ha, 13CO, 13Ca, 13Cb chemical shifts.

Residue number Residue

type

Phi (�) Psi (�)

95 CYS �79 ± 39 �59 ± 19

96 GLU �88 ± 48 �55 ± 15

97 ARG �100 ± 36 �60 ± 8

98 SER �100 ± 52 �59 ± 1

99 VAL �141 ± 41 �68 ± 52

101 LEU �83 ± 43 �60 ± 16

102 ASP �104 ± 36 �56 ± 16

103 ASP �84 ± 44 �60 ± 20

104 GLU �85 ± 45 �63 ± 23

105 ILE �83 ± 43 56 ± 16

106 ASP �82 ± 42 60 ± 20

107 ARG �82 ± 42 63 ± 23

108 GLU �86 ± 46 55 ± 15

Figure 3. NMR characterization of P1 fragments. (A-B) Superposition of fingerprint regions of 1H-15N HSQC of
full length P1_1-157 (black cross-peaks) with (A) P1_1-100 (red cross-peaks) and with (B) P1_102-157 (blue cross-
peaks). Sequence specific resonance assignments are indicated by the residue numbers and by one-letter amino
acid codes. Pairs of side-chain NH2 resonances are connected by horizontal lines. Tryptophan side chain indole
peaks are indicated with asterisks (*). The central region is shown as an insert.
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Following the formalism of Tolman,37 we derived a
value of 0.78 for a global order parameter of ZnF2
relatively to ZnF1. This value shows that both
regions possess a significant degree of spatial free-
dom, corresponding to a motion amplitude of ± 30
degrees of ZnF2 (relative to ZnF1), under the
assumption of an axially symmetric “wobble-in-a-
cone” movement. However, we could not find evi-
dence that this mobility is due to a particular disor-
der at the local level of the linker (Figure 4 (C and
D)). It might be due to the lack of interaction of the
long linker helix with any other part of the protein.
6

Integration of X-Ray structures and NMR
parameters allowed the calculation of overall
structure of entire P1, where indeed, the linker
region folded as a helix (Figure 5(A)). The whole
P1 protein presents a surface with an original
polarized profile (Figure 5(B)). On one face, the
central region harbors a large negatively charged
patch, formed by conserved aspartic and glutamic
residues. The other side harbors two extremal
positively charged poles overlapping with the
potential interaction motifs described above. In the
N-terminal domain, Arg9, Lys17 and Lys78, side
chains form indeed a hydrophilic and positively
charged patch as do the basic residues of the C-
terminal extremity (Arg150, Lys153) (Figure 2(D)
and Figure 5(B)). The latter is interestingly
juxtaposed to a negatively charged cleft formed by
Ser131 side chain and the carboxylic function of
extremal Phe157 (Figure 5(B)).
Oligomeric structure of P1

A remarkable feature of P1_1-100 crystal
structure was the formation of a dimer from paired
antiparallel monomer (Figure 5(C) and
Figure S14). In the asymmetric unit, the dimeric
interface covers 506 �A2 and involves five
hydrogen bonds, 10 hydrophobic contacts and
four salt bonds (Figure 5(C and D), Figure S15(A)
and Table S4). It is classified as labile by the PISA
algorithm,41 in accordance with the faint proportion
of P1 dimers detected in ESI MS analysis for full
length P1.28 Nevertheless, the probability of being



Figure 4. Characterization of the relative mobility of P1 N- and C-terminal domains. (A) Titration of 15N
labelled P1_102-157 by P1_1-101 seen by NMR. The addition of two equivalent of non-labelled P1_1-100 in a sample
of 15N labelled P1_102-157 produces no shift nor broadening of any resonance in the 1H-15N HSQC spectrum of
P1_102-157 (red spectrum). For a better visualization, the spectrum of the P1_1-100/P1_1-157 mixture has been
shifted by a few hertz. (B) Sequential and medium range NOEs reported between proton atoms for the linker
sequence (amino acids 94–106) characterizing their folding into a helix. (C) 1DHN residual dipolar couplings measured
for full-length P1_1-157 in phage medium depicted as a function of the protein sequence. The maximal 1DHN values of
the P1_1-100 domain are enlightened by dotted lines. The P1_102-157 domain exhibits several 1DHN below and
above these threshold values, showing that both regions exhibit different alignment properties. (D) 15N T1 and T2

relaxation times recorded for full-length P1_1-157, as a function of residue number. The differences observed
between mean values for P1_1-100 (green lines) and for P1_102-157 (red lines) support a significant degree of
flexibility between them.

Table 4 Components of the rotational diffusion tensors derived separately for P1 subdomains from experimental P1_1-
157 15N T1 and T2 values or computed for the NMR derived structure.

Domain D||
exp (107 s�1)a D\

exp(10-7 s�1)a sic
exp (10-9 s)b D||

calc(107 s�1)c D\
calc(10-7 s�1)c sic

calc(10-9 s)d

P1_1-100 1.55 ± 0.06 0.91 ± 0.07 14.5 ± 0,2

P1_102-157 1.84 ± 0.07 1.12 ± 0.02 12.9 ± 0,2

Full length P1 1.7 0.4 19.9

a Diffusion tensor components were estimated by TENSOR239 from 15N relaxation data recorded on full-length P1_1-157 but

taking the data for each domain (P1_1-100 and P1_102-157) separately. Estimated components are smaller for the N-terminal

domain than for the C-terminal domain, reflecting the slower tumbling time of the former sic
exp in the full-length protein.

b Overall global estimated correlation time computed from the components of the rotational diffusion tensor estimated from the

relaxation times.
c Diffusion tensor components were computed from the NMR derived structure of P1_1-157 by HYDRONMR.40 The calculated

components are smaller than the estimated components from experimental data, as is expected for a two-domain protein exhibiting

inter-domain flexibility.
d Predicted overall global correlation time calculated from the NMR-XRay derived structure by HYDRONMR.
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Table 5 Axial and rhombic components of the alignment
tensors A|| and A\

a
|derived separately for P1 subdomains

from experimental 1H-15N RDCs.

Domain A||
a A\

a

P1_1-100 4.3 ± 0.5 1.1 ± 0.4

P1_102-15 5.2 ± 0.4 2.7 ± 0.5

a Alignment tensor components were estimated by the Mod-

ule software75 from 1H-15N RDCs recorded on full-length P1_1-

157 but taking the data for each domain (P1_1-100 and

P1_102-157) separately.

Figure 5. Structure and oligomerization states of full
rigid-body calculations. The missing helix in crystallographic
the basis of NMR restraints (green portion). (B) Electrostatic
side a large central negatively charged surface and on the ot
and negative patches among the reported 51 P1 sequences
The central Zn atom is represented as a pink sphere, che
chains of residue involved in polar and hydrophobic contacts
colored in yellow and cyan blue, respectively. (D) Zinc-depe
157 proteins. SEC MALLS profiles for P1_1-100 (Left) and
absorbance as a function of eluted volumes of a buffer with (
are represented on the Y-axis. (E) Representation of the el
Conserved positive and negative patches are framed.
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a biological dimer reaches 73% in ClusPro-DC cal-
culations, an elevated score.42

Analysis of the crystal packing with the PISA
server indicated that P1_1-100 could also undergo
a conformational change into a tetrameric
structure stabilized by the coordination of a fifth
zinc atom by the four His70 residues of P1 N-
terminal regions (Figure S15(B)). This
crystallographic interface, estimated at 574 �A2,
involves six hydrogen bonds, and two saline
bonds via the bridging of water molecules
-length P1 by NMR. (A) Model of P1_1-157 built from
structures in the linker region has been reconstructed on
surface potential representation of P1, showing on one

her side, two extremal positive poles. Conserved positive
are framed. (C) Dimer interface of the asymmetric unit.
lated by His70 (dark blue) in stick representation. Side
in the dimeric interface are represented in stick and are
ndent oligomerization of P1_1-100 and full length P1_1-
for full length P1_1-157 (Right) are depicted with UV

red lines) or without (blue lines) zinc. Calculated masses
ectrostatic surface of the asymmetric P1 dimeric model.
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(Figure S15(C and E), Table S4), but has an 88%
probability of being a crystallographic artifact in
ClusPro-DC simulations. The instability of protein
precluded a NMR analysis at low salt
concentration, but 15N relaxation data were in
favor of a monomer at high salt concentration and
in presence of zinc (Table 4). To challenge the
possibility of a zinc-mediated oligomerization, we
subjected the full-length P1 and its truncated form
P1_1-100 to size-exclusion chromatography
coupled with multi-angle laser light scattering
(SEC-MALS). At low salt concentrations, both the
full-length protein and its N-terminal region eluted
as monomers in a zinc-free elution buffer and as a
dimer in a zinc-containing elution buffer
(Figure S16). Hence, zinc might at least facilitate
the presence of a dimeric interface.
We next built the corresponding models of

homodimeric and tetrameric full-length P1 to
check the potential regulation brought by
oligomerization. The central acidic patch observed
in the monomeric found is also observed in the
dimeric form, with an almost doubled surface
although having a positive protrusion due to
arginine 3. The two potential interaction sites of
ZnF1 and ZnF2 are spatially close in the dimeric
structure and can act cooperatively by modulating
their relative accessibility (Figure 5(E)).
Consequently, the tetrameric form of P1 maintains
the large central negative patch and the extremal
positive poles in ZnF1 and ZnF2, but their access,
particularly that in ZnF2, are even more restricted
(Figure S15(F)).
Key residues of the N-terminal domain
are critical for viral spread in rice

To evaluate the biological importance of P1
residues highlighted in the structural study, we
took advantage of FL5, a DNA clone of the RYMV
genome allowing the production of synthetic
infectious viral RNAs for direct inoculation in rice
plantlets43 (Supplementary Results and Figure S17.
We first focused on the short solvent-exposed
[Lys12-Val21] helix at the N-extremal part of the
P1 sandwich (Figure 2(A and B)) and created a cor-
responding FL5-P1D12-21 clone expressing a P1
protein depleted of the [Lys12-Val21] stretch. Inoc-
ulating plants with FL5-P1D12-21 RNAs did not pro-
voke viral infection, neither in inoculated leaves
nor in systemic tissues according to very few
amounts of viral particles detected (Figure 6(A)).
FL5-P1D12-21-inoculated plants also retained green
healthy leaves and normal growth compared to
plants inoculated with the non-infectious FL5DP1
RNAs (Figure 6(B)). Noticeably, we failed to pro-
duce a soluble P1D12-21 recombinant protein in
E. coli cells. Using a plant reporter system in rice
protoplast as a mean to evaluate P1 behavior
in vivo, we also observed that P1D12-21 fused to
GFP markers (either P1D12-21-EGFP or EGFP-
9

P1D12-21 fusions) tend to aggregate in the cytosol
contrary to wild type fusions that reside both in the
cytosol and in the nucleus (Figure S18). Altogether,
these experiments suggest that the solvent-
exposed [Lys12-Val21] helix is required at least
for proper P1 folding and reveal its essential role
for efficient RYMV infectivity.
We next focused on the 4 strictly conserved

tryptophan residues in P143 (Figure S1), three of
them participating to P1 dimeric interfaces. Trp29
and Trp31 belong to the dimeric interface of the
asymmetric unit (Figure 5(D) and Figure S19(A))
and Trp57 to both the asymmetric and the crystal-
lographic ones (Figure S15(C)). By contrast, Trp36
is buried in a hydrophobic core of ZnF1 (Fig-
ure S19(B)), on the same b-strand as Trp29 and
Trp31. While FL5-P1W57A had very minor effects
on RYMV fitness, all other FL5-P1Trp-to-Ala mutant
clones provoked an important decrease in neo-
synthesized RYMV particles in both inoculated
and systemic leaves (Figure 6(A and B) and Fig-
ure S17). The most remarkable effect was
observed with FL5-P1W36A, whose mutation abol-
ished almost completely the RYMV replication
and systemic movement similarly to that of the
non-infectious FL5DP1, leading to asymptomatic
and healthy plants (Figure 6(A and B) and Fig-
ure S17(A and B)). Corresponding mutant
P1W29A and P1W31A proteins were soluble in
E. coli and in rice protoplasts as GFP fusions,
while P1W36A remained insoluble in bacterial pel-
lets and tend to aggregate in the plant cytosol (Fig-
ures S18 and S20). It thus seems that the
importance of Trp29 and Trp31 for virus infectivity
is due to their participation in the dimeric interface
of the dimer present in the asymmetric unit,
whereas Trp36 would mainly play a role in the
structural maintenance of this domain.

The C-terminal atypical ZnF2 structure is
required for P1 viral functions

The cysteine residues identified as essential zinc
ligands within ZnF1 have previously been shown to
be crucial for virus infectivity and involved in P1
activity as a VSR.23 Our present structural data here
show that ZnF2 also ensures a central function in
the folding of P1 C-terminal region, in a redox-
dependent fashion. To address its biological role,
we modified ZnF2 redox context by creating FL5-
P1C140H and FL5-P1C149H clones, reasoning that
Cys-to-His mutations preserve coordination45 (Fig-
ure S11). These Cys-to-His ZnF2 P1 mutants kept
patterns and behavior unchanged in rice proto-
plasts contrary to Cys-to-Ser mutants which tend
to form aggregates in the cytosol (Figure S18). Both
clones appeared noninfectious in rice plants, as
shown by the almost complete lack of viral particles
in inoculated and systemic tissues and by their
unaffected growth and healthy leaf phenotypes
(Figure 5(C and D)). This indicates that integrity of
Cys140 and Cys149 is mandatory for RYMV infec-



Figure 6. Incidence of mutations in the P1 N- and C-terminal regions on RYMV infectivity in rice.(A-B)
Consequences of alpha helix12–21 deletion and of TRp residue mutations at the P1 N-terminal region on (A) RYMV
particle accumulation and (B) yellowing symptoms at leaf surfaces. (C-D) Consequences of His or Cys mutations and
of C-ter KYNLF motif deletion at the P1 C-terminal region on (C) RYMV particle accumulation and (D) yellowing
symptoms at leaf surfaces. (A,C) Viral charge of rice plantlets infected by synthetic RYMV RNAs obtained from
infectious FL5, non-infectious variant DP1, or from FL5 clones carrying mutations at the N-terminal P1 region
(indicated on X axes by their mutation types) was recorded by DAS-ELISA from inoculated (A and C, Top) and
systemic (A and C, Bottom) leaves collected weekly during 5 weeks (light to dark bars). Values are the
means ± standard error (bars) for FL5, W57A and C119S infectious clones (n = 30) and for all other mutated
infectious clones (10 � n � 15 due to the high rate of lethality provoked by P1 mutations). FL5 and FL5DP1 are
positive and negative controls for infection and viral systemic spread, respectively. (B and D) Yellowing symptoms
were recorded at the leaf surface of inoculated plants. Three samples of rice leaves are shown as representative of
symptoms visible at the overall plant scale. Leaves were photographed 5 weeks post inoculation.
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tivity. Notably, although Cys119 is also strictly con-
served in P1 and able to undergo redox modifica-
tion,28 its mutation only induced a slowing down of
the accumulation of viral particles during the first
days of the infection, but did not globally modify
the propagation of the virus in the systemic tissues
(Figure 6(C and D)).
10
Another striking feature of ZnF2 structure is its
highly hydrophobic and strongly conserved
KYNLF sequence ending C-terminal region
(Figure S1) and constituting a part of ZnF2
aromatic basic pole. The carboxylic group of
Phe157 is rigid and contributes to a small
negatively charged pole next to this basic spot
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(Figure 4(B)). Deleting this KYNLF stretch from P1
does not alter its sub-cellular patterns nor its 3D
structure (Figures S18 and S21), and yet, plants
infected by FL5-P1D153-157 did not develop RYMV
symptoms indicating that the KYNLF stretch plays
an essential role for RYMV infectivity (Figure 5(C
and D)).
Discussion

Here, we report the first complete 3D structure of
an essential protein of a sobemovirus infecting the
monocotyledonous model plant and major crop
Oryzae sativa. Thus, the P1 structure contributes
to fulfill an important gap of knowledge regarding
this important class of pathogens.
We show that P1 contains two independent sub-

domains, harboring each a zinc finger with
completely different architectures. Other viral
proteins were previously shown to be organized in
modules, including ZnF recognized domains
pointing to their involvement in diverse viral
functions.46–56 But interestingly in P1, the two ZnFs
belong to very different classes of zinc fingers, of
which the RYMV ZnF2 seems to constitute a new
class. To our knowledge, these two atypical fea-
tures were never reported before, as proteins usu-
ally harbor zinc fingers of close if not identical
classes. Altogether, P1 structure appears to be
highly original among ZnF proteins.
The differential behavior of P1 ZnFs is in

accordance with their integration in P1 overall
structure: ZnF1 functions as a closing cap of a
compact beta-sheet sandwich, with limited access
to the zinc atom and robustness, whereas ZnF2
bridges together structural elements otherwise
minimally interacting. The loss of ZnF2 structure
could serve as a new regulation level for the
mutual orientation of the interaction motifs of ZnF1
and ZnF2 identified in this study, the solvent-
exposed helix and C-terminal aromatic/basic
stretch, respectively, whose destruction leads to a
complete loss of virion infectivity.
Our mutational strategy supports these

considerations and brings structural answers to
the biological incidence of previously reported23

and new punctual mutations (this study) in P1.
Thus, Cys64 and Cys95 whose mutations were
reported to lead to the loss of P1 VSR capacities,23

and Trp36 whose mutation abolishes almost com-
pletely the RYMV replication are now identified as
key residues for ZnF1 maintenance. Mutations of
Trp29 and Trp31 completely suppress the systemic
spreading of the corresponding mutant viruses,
thus highlighting the essential role of Trp29 and
Trp31 in viral long-distance movement. These resi-
dues are shown here to be involved in the dimeriza-
tion interface of P1. Altogether these data provide a
biological role of the P1 dimerization interface and
reveal an additional level of regulation of P1 through
its oligomerization properties mediated by its N-
11
terminal domain. Like P1, other known VSR struc-
tures were obtained in dimeric conformation such
as that of p19, NS10, B2 and 2b12,15,18 or in an octa-
meric form for p21.18 The multimeric state of those
proteins was always associated with double strand
RNA binding activity required for VSR functions.
However, P1 seems to behave differently compared
to such VSRs with known structures, as its dimer-
ization was observed without the need of RNA bind-
ing activities. Of note, all our attempts to assess the
protein’s ability to bind to small RNAs have failed to
reach a clear conclusion.
Our mutational approach also reveals the

importance of ZnF2 for early steps of viral
infection, and its particular sensitivity to chelation
and oxidation, which governs its unfolding and
flexibility. We postulate that ZnF2 may function as
a redox sensor of the plant redox status. This
hypothesis is supported by the incidence of Cys-
to-His mutations within P1 ZnF2 that preserve zinc
binding to some extent, but decrease virus
infectivity. We also demonstrate that P1 C-
terminal tail downstream ZnF2, which is strictly
conserved in the P1 diversity, is crucial for the
virus spread. Its accessible position in the
asymmetric dimer model opens future perspective
towards the identification of potential ligands.
Altogether our results lead to a better

understanding of P1, a key protein of RYMV
infectivity, characterized by a unique structural
profile. They notably point out to the multiple
levels of structural regulation mediated by domain
motion, oxidation and oligomerization and their
impact on its biological function. They also open
huge perspectives towards the understanding on
how P1 structural properties sustain P1 sequence
diversity and residues under positive selection44

among the numerous RYMV isolates identified so
far in the African continent and neighboring
islands,57 and much beyond among the sobe-
movirus gender.
Materials and Methods

Constructs

All constructs expressing P1 and primers used in
this study are listed in the Table S1. DNA was
amplified using the PhusionTm High-Fidelity
enzyme (Finnzymes) and restriction site-
containing primers, and subsequently cloned into
destination vectors after digestion by
corresponding restriction enzymes (New England
Biolabs) and ligation with T4 DNA ligase
(Promega). Mutations required for domain
excision and/or punctual changes within P1
nucleotidic sequence were introduced in the P1
open reading frame using the QuikChange� II XL
Site-Directed mutagenesis kit (Agilent-Stratagene)
and related primers (Table S1). All constructs and
mutations created for this study were
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systematically checked by sequencing on both
strands.
Plant materials and culture

The rice Oryza sativa, cultivar Indica, Var. IR64
was selected for its high sensitivity to RYMV.58 Rice
plants for infection assays were grown in confined
greenhouse under 12 h light/12 h dark at 28 �C
and at a relative humidity of 75%, and watered daily.
Protoplasts were prepared from 15-day old, non-
infected etiolated rice leaves and transfected
according to Zhang and co-authors.59
RYMV isolates, infection and detection in rice

Rice plants (series of 30 two-week old rice plants
at three-leaf stage) were infected either using a
RYMV inoculum or with synthetic viral RNAs, both
originated from the Ivorian Cost RYMV isolate.43

Both inoculated and systemic leaves were collected
at different times post-infection (from 7 to 28 dpi)
and stored in liquid N2 until use. RYMV inoculum
was obtained from infected leaves and mechani-
cally inoculated to rice plants using carborundum
(Fisher Scientific) as described earlier.60 Full length
synthetic RYMV RNAs were obtained with the T7
RNA polymerase (Promega) using as DNA tem-
plate the linearized pUC19-based infectious clone
FL543 carrying the entire RYMV Cia genome under
the control of the bacteriophage T7 promoter. FL5
was also used as DNA template for mutagenesis
to produce synthetic RYMV RNAs carrying
mutations in the P1 open reading frame
(Table S1). Rice plant infections by synthetic viral
RNAs were performed according to,43 using 20
two-week-old rice plants (three-leaf stage) culti-
vated under growth conditions described above.
Both inoculated and systemic leaves were collected
at different times post-infection (from 7 to 35 dpi)
and stored in liquid N2 until use.
Total RNA required for distinct analyses was

extracted from 100 mg of infected pieces using
the RNeasy Plant Mini kit (Qiagen) and reverse
transcribed into cDNAs using the RevertAid First
Strand cDNA Synthesis Kit (Fisher Scientific). To
check the occurrence of synthetic viral RNA in
inoculated leaves, cDNAs were prepared from 1-
week infected plantlets and subjected to PCR
diagnostics using the GoTaq polymerase
(Promega) and RYMV_19F (5

0
CTCTACGAC

TATGCTGACACC30
) and RYMV_ 20R (5

0
CTCCC

CCACCCATCCCGAGA30
) primers (Table S1). To

check the non-reversion of mutations designed in
the P1 coding region within FL5-derived RNA
during infection, cDNAs from 3 weeks infected
plants were prepared and the complete P1 ORF
was amplified with the Phusion High-Fidelity
enzyme (Fisher Scientific) using RYMV_1F
(5

0
ACAATTGAAGCTAGGAAAGGAGC30

) and
RYMV_4R (5

0
GGTCGCTTTCTCACTCGCACC30

)
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primers (Table S1), and systematically checked by
sequencing.
Detection of viral particles in infected plants was

done by Das-ELISA according to60 with slight mod-
ifications. Leaf samples (1 g) were ground with
10 ml of PBS containing 0.05% Tween 20 (PBS-
T) and 2% polyvinylpyrolidone (PVP). ELISA plates
(Nunc-ImmunoTM MicroWellTM 96-well solid plates,
Thermo Scientific) were coated with purified uncou-
pled rabbit IgGs directed against RYMVMG particles
(an RYMV isolate fromMadagascar) diluted at 1 mg.
mL�1 in a carbonate coating buffer (15 mM Na2-
CO3m, 34 mM NaHCO3, pH 9,6, 100 mL/well) for
2 h at 37 �C. After washing for 10 min with a TBS-
T buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl,
0,05% Tween20, v/v), non-occupied sites in wells
were blocked for 1 h at 37 �C using TBS-T buffer
containing 5% milk powder (200 mL/well). After a
second plate wash, 100 ml of leaf extracts diluted
to 1/100 were delivered to individual wells and incu-
bated for 16 h at 4 �C. After washing, secondary
antibodies against RYMVMG conjugated to alkaline
phophatase and diluted in TBS-T at a 1/1000 ratio
were added to wells (100 mL/well) and incubated
2 h at 37 �C. The disodium 4-nitrophenyl phosphate
hexahydrate (PNPP) substrate for alkaline phos-
phatase was diluted at 1 mg.mL�1 in diethanola-
mine buffer (1 M diethanolamine pH 9,8, 0,5 mM
MgCl2) and added to wells (100 mL/well) after ulti-
mate plate washing. Chromogenic reactions devel-
oped during 1 h at dark, and optical densities (O.D)
were measured at 405 nm in a V-1200 UVisco
spectrophotometer. Data normalization was
performed using data from wells treated with
particle-free buffer as the reference values.
Procedures for immunodetection analyses by

western blots are described in the SDS-PAGE and
Immunoblotting section below.
Production and purification of recombinant
proteins

For the production of P1 recombinant proteins, a
full-length P1 nucleotide sequence originated from
the RYMV Tz3 isolate was already cloned in a
pET3b vector (Novagen) between NdeI and
BamHI restriction sites to produce the P1 referent
protein.28 Additional truncated P1 proteins (P1_1-
100, P1_50-100, P1_50-157 and P1_102-157,
amino acid numbering) were generated similarly in
the pET3b vector, based on the strict conservation
of cysteine/histidine residues, P1 similarity of its
CXXC microdomains with that of few zinc binding
proteins,28 and alpha helices and beta strands pre-
dictions using the PredictProtein server.30 These
four constructs were used to generate pET3b col-
lections of mutant P1 coding sequences by site-
directed mutagenesis, including the pET3b.P1D153-
157 construct carrying an early stop codon in place
of Lys153 (Table S1). When required, a methionine
residue was artificially introduced during the sub-

http://mg.mL
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cloning of DNA fragments to guarantee protein
translation, modifying their molecular mass conse-
quently (Figures S4 and S5).
All recombinant proteins were produced in the

E. coli strain BL21-DE3 cells (Novagen) by
induction with 0.4 mM IPTG at an OD600 of 0.6
(Figure S1) and purified according to28 with modifi-
cations depend on P1 mutants (Table S2). All pro-
teins appeared properly folded after purification
(Figure S3). Protein concentrations were deter-
mined by measuring absorbance at 280 nm using
the calculated value of extinction coefficient for
each different P1 variant with a Nanodrop spec-
trophotometer (ThermoScientific).
Far-UV circular dichroism spectroscopy

CD spectroscopy analyses of reduced or oxidized
P1 (12 mM) and its sub regions (25 mM) were as
described for the wild type P1 protein.28 For all
experiments, molar ellipticity was calculated as
described61 on an average of three independent
measurements.
SDS-PAGE analyses and immunoblotting

For bacterial fraction analyses, cells were
collected by centrifugation in a buffer containing
50 mM Tris-HCl pH 8, 2 mM DTT, then sonicated
and separated into insoluble and soluble fractions.
Extraction of insoluble protein fraction were
performed using Tris-HCl 50 mM pH 8 urea 6 M
under shaking conditions until insoluble pellets are
fully resuspended (�30 min), then bacterial debris
remaining insoluble are eliminated by
centrifugation. Renaturation of insoluble proteins
were performed by dialysis overnight at 4 �C
under gentle shaking in Tris-HCl 50 mM pH8.
Protein samples were treated with Laemmli buffer
(40 mM Tris-HCl, pH 6.8, 1% SDS, 50 mM DTT,
7.5% glycerol, and 0.003% bromophenol blue)
and analyzed by SDS-PAGE in denaturing
conditions using 15% to 18% acrylamide gels
(37.5:1 ratio acrylamide:bis-acrylamide, 40%)
depending on P1 mutants. Purification of P1
mutants from bacterial extracts was performed
according to.28 Purified P1 protein (25 lM) and its
derived truncations (50 lM) were analyzed similarly
or in non-reducing conditions without DTT accord-
ing to.28 Redox treatments by different concentra-
tions of H202 or DTT were applied to purified
proteins prior to SDS-PAGE analyses either at
20 �C for 45 min and in different buffers depending
on the experiment (see figure legends). On-gel zinc
detection in proteins after SDS-PAGE was per-
formed prior to Coomassie blue staining using the
zinc-complexing probe PAR (4-(2-Pyridylazo)
resorcinol, Fluka).62

For rice protein analyses by western blots, leaf
proteins were extracted as for DAS-ELISA assays
described above. SDS-PAGE gels for
immunodetection were loaded with 15 mg of rice
13
total proteins per lane. Immunoblotting was
performed after protein transfer onto Hybond-P
membranes (GE Healthcare, RPN303F) and after
blocking membrane nonspecific binding sites in
TBS (20 mM Tris, 75 mM NaCl, and 2.5 mM
MgCl2, pH 7.6, 5% milk powder). PI protein was
subjected to primary antibody recognition using an
anti-P1 antibody (diluted 1:1000 fold) raised in
rabbit23 and purified by Affi-Gel 15 immnunoaffinity
chromatography (BIO-RAD) using the recombinant
P1 protein as the ligand. For CP protein, the anti-CP
described in28 was used at a dilution of 1/2000. A
peroxidase-coupled secondary antibody (anti-
rabbit IgG; Immunopure Pierce) was used at a dilu-
tion of 1:20000 for primary antibody recognition.
Membranes were subjected to chemiluminescence
detection by the ECL Plus western blotting detec-
tion system (GE Healthcare) after protein transfer.
Determination of P1_1-100 zinc binding
constant

The affinity of different regions of P1 for zinc ions
was determined according to63 with slight modifica-
tions. Purified P1_1-100 (40 mM) was first reconsti-
tuted after treatment by 2 mM DTT and 300 mM
ZnSO4, then DTT and unbound zinc were removed
using PD10 gel filtration columns (GE Heathlcare)
equilibrated with a 40mMHEPES-KOH, pH 7.5 buf-
fer. Equilibrium between P1_1-100 and zinc was
further determined by treating P1_1-100 overnight
with increasing concentrations (37 mM to 5 mM) of
the Zn chelator TPEN (N,N,N0,N0-tetrakis(2-pyri
dyl-methyl)ethylenediamine) at room temperature
in a 50 mM HEPES-KOH buffer (pH7.5) supple-
mented with 1 mM DTT. TPEN complexed with
Zn, free TPEN and free Zn were further removed
by gel filtration on PD MidiTrap G-10 (GE Health-
care) equilibrated with 40 mM of the metal-free
HEPES-KOH, pH 7.5 buffer. To determine the
amount of Zn still bounded to proteins, we per-
formed a PAR/PMPS assay as follows: 80 ml of
PAR probe were added to 720 ml of protein to a final
concentration of 100 mM. Then we used 1 mM
PMPS (p-hydroxymercuriphenylsulfonic acid)
which forms mercaptide bond with Cys residues
and thus induces the release of the remaining Zn
still bound to protein. Zn released from P1 directly
reacts with PAR probe to form Zn(PAR)2 complexes
colored in far red. We used spectrophotometry
absorbance analyses at A500nm and the GraphPad
PrismR software for non-linear regression and gra-
phic representation to determine the amount of Zn
released by PMPS addition. Values from two inde-
pendent experiments were used for non-linear
regression. We used the following equation for Zn
affinity determination according to:.63

KaP1 1�100 ¼ KaTPEN x P1 1� 100 Zn½ � x Zn � free TPEN½ �ð Þ
TPEN Zn½ � x Zn � free P1 1� 100½ �

Where KaTPEN = 1016 M�131 the TPEN concentra-
tions necessary to release 50% of Zn atoms in
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P1_1-100 is determined graphically ([TPENZn50%] =
63 � 10-6 M). [P1_1-100 Zn] and [Zn-free P1_1-
100] correspond to the concentrations of proteins
with or without Zn respectively. [P1_1-100
Zn] = [Zn-free P1_1-100] = 20 � 10-6 M. [Zn-free
TPEN] and [TPEN Zn] correspond to the concentra-
tions of free TPEN and TPEN in complex with Zn
atom respectively. [Zn-free TPEN] = [TPENZn50%]
- [Zn-free P1_1-100].
Native mass spectrometry

Purified proteins were buffer exchanged against
50 mM ammonium acetate, pH 8.0, using
microcentrifuge gel-filtration columns (Zeba
0.5 mL, ThermoScientific, France) prior to MS
analyses. Native MS experiments were performed
on a high-resolution electrospray quadrupole time-
of-flight mass spectrometer (Synapt G2, Waters,
Manchester, UK) equipped with an automated
chip-based nanoelectrospray device
(TriversaNanomate, Advion Biosciences, Ithaca,
NY). Calibration was performed with the multiply
charged ions produced by 2 lM horse heart
myoglobin diluted in 1:1 (v:v) acetonitrile:water
with 1% formic acid. Molecular mass, integrity,
and homogeneity of P1 were first checked in
denaturing conditions by diluting P1 down to 2 lM
in 1:1 (v:v) acetonitrile:water acidified with 1%
formic acid.
Analyses in native conditions were carried out

using 5 lM to 10 lM of P1 and mutants in 50 mM
ammonium acetate, pH 8.0. Optimal acceleration
voltages applied on the sample cone (Vc) and a
well-adapted pressure in the interface (Pi) was
used to preserve weak noncovalent interactions in
the gas phase. MS data were acquired and
processed using MassLynxTM 4.1 (Waters). Peak
intensities of the main charge states of the
different species were used to calculate ratios of
each detected species.
For EDTA treatment, P1 (5 mM) and sub-regions

(10 mM) were incubated overnight at 4 �C with 40
to 400 equivalent EDTA and 1 mM DTT. For
dynamic monitoring of zinc reversibility, EDTA-
treated proteins were incubated with 60 to 100 lM
zinc acetate.
X-ray crystallography

The purified P1_1-100 and P1_102-157 proteins
were concentrated to 10 mg/ml mL and 50 mg/mL
respectively in 20 mM Tris-HCl pH 8, 75 mM
NaCl, 1 mM DTT and 300 mM ZnCl2.
Crystallization trials were performed at 20 �C
using the hanging-drop vapor-diffusion method in
96 microplates and nano X8 (Cartesian) robot with
100 nl of protein mixed with 100 nl of reservoir.
After 3 weeks, small crystals of P1_1-100 were
obtained from condition 35 of the Classic Suite II
14
kit (Qiagen) containing 0.1 M HEPES pH 7, 1 M
Ammonium sulfate, and 0.5 %(w/v) PEG 8000.
After further optimization, diffracting crystals were
obtained from 0.1 M MES pH 6, 0.5 M Ammonium
sulfate and 0.5 % PEG 8000 using the hanging-
drop vapor-diffusion method. Crystals were cryo-
protected by flash soaking in the same solution
containing 20 % of 1–4 Butandiol (Sigma) before
flash freezing in liquid N2. After 5 weeks,
diffracting crystals of P1_102-157 were obtained
at 4 �C from condition 7 of the Classic kit (Qiagen)
containing 0.1 M tri-Sodium citrate pH 5,6, 20 %(v/
v) Isopropanol and 20 %(w/v) PEG 4000. Crystals
were cryo-protected by flash freezing in liquid N2.
X-Ray data collection, processing and
structure determination

Crystal diffraction datasets were collected at the
European Synchrotron Radiation Facility (ESRF,
Grenoble) at beam lines ID23-1 and ID29 using a
Pixel detector (Pilatus 6 M) and processed by
XDS64 and Scala65 from the CCP4 programs
suite.66

P1_1-100 crystals belong to the F4132 space
group and contain two molecules in the
asymmetric unit. Their structure was determined
to 2.10 �A by the single wavelength anomalous
diffraction (SAD) method using HKL2MAP67 and
ARP/WARP from the CCP4 programs suite.68–69

P1_102-157 crystals belong to the P1211 space
group and contain two molecules in the
asymmetric unit. P1_102-157 structure was
determined to 2.10 �A by the single wavelength
anomalous diffraction (SAD) method using
AUTOSOL from PHENIX70 and ARP/WARP68–69

and P1_102-157 phasing data set. A higher resolu-
tion structure was determined using a higher resolu-
tion dataset (P1_102-157 at 1,98 �A) and molecular
replacement with PHASER.71

The ClusPro-DC server (https://cluspro.org) was
used for protein–protein docking.42 PISA (https://
www.ebi.ac.uk/pdbe/pisa/) was used as an interac-
tive tool for the exploration of macromolecular inter-
faces.41 Area surfaces were determined at http://
www.ebi.ac.uk/msd-srv/prot_int/pistart.html.
After model building using Coot72 and refinement

by REFINE from PHENIX, final structures exhibited
anR(%) / R(%)free of 0,185 / 0,214 for P1_1-100 and
0,193 / 0,223 for P1_102-157. Final refinement
statistics for the structures are listed in Table 1. Fig-
ures were generated using PyMol (The PyMOL
Molecular Graphics System, Version 2.2.3 Schrö-
dinger, LLC).
The coordinates and structure factors for N-

terminal P1_1-100, C-terminal P1_102-157 and
P1_1-157 proteins have been deposited in the
Protein Data Bank (PDB) under ID codes 6TY0,
6TY2 and 6XV2, respectively.

https://cluspro.org/
https://www.ebi.ac.uk/pdbe/pisa/
https://www.ebi.ac.uk/pdbe/pisa/
https://www.wwpdb.org/
https://www.wwpdb.org/
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Nuclear magnetic resonance analyses and
structure calculations

Production of proteins for NMR studies followed
the protocol detailed in73 and in the Table S2.
Briefly, 15N-edited HSQC-TOCSY and -NOESY
experiments were used to assign resonances of
the short constructs. The assignment of full P1_1-
157 was deduced from these experiments, except
the linker region (residue 98–103). 15N/13C/1H triple
resonance experiments on the full-length protein
confirmed NMR resonance assignment for the N-
and C-terminal domains and enabled the identifica-
tion of chemical shifts of the linker region. Chemical
shifts have been deposited in the BioMagResBank
(https://www.brmb.wisc.edu) with accession num-
ber 27880.
Residual dipolar couplings were measured as

differences of 1JHN couplings between an aligned
sample with a 14 mg/mL Pf1 phage suspension
(AslaBiotech) and an isotropic sample of 15N
labelled P1_1-157. 1JHN couplings were measured
as doubles of chemical shift differences in the 15N
dimension of the 15N-1H correlation peaks of
TROSY-HSQC spectra pair74 recorded each with
128 complex points inF1, and subsequently zero-
filled to 256 complex points using linear forwards
prediction. Extraction of the alignment tensor
parameters was performed with the Module
software.75

15N relaxation datasets were obtained according
to published pulse sequences incorporating a
heating compensation scheme between T1 and
T2 experiments.76 Experiments were recorded at
20 �C, with a recycle delay of 3 s. Delay times were
1 ms, 100 ms, 600 ms, 900 ms, 1200 ms and
1600 ms for the T1 experiments and 15.8, 31.6,
47.5 and 63.4 ms for the T2 experiments. Compen-
satory refocusing periods were introduced in the T1
and T2 experiments so that the spins experience an
identical heating in all relaxation experiments.77 The
protein aggregated slowly over time, resulting in a
slightly accelerated decay of magnetization with a
scaling factor of 0.94–0.96 between two successive
T2 or T1 experiments as shown in the interspersed
1D spectra. Estimation of the relaxation times were
done by fitting the exponential decay of the peak
volumes by three-parameters exponential decay
after a rescaling of the corresponding intensities.
Estimation of the diffusion tensor was done with
the Tensor2 software from T1/T2 ratios.39

Derivation of the mean structure of the whole
protein was done by conjoined rigid-body/torsion
angle/Cartesian simulated annealing driven by
NMR restraints, according to the protocol
developed by Clore and co-workers.78 The calcula-
tions were carried out in Xplor-NIH.79–80 The resi-
dues of the [1–96] fragment were held fixed in
space, whereas the 105–157 fragment was treated
as a rigid body. After a randomization step of back-
15
bone dihedral angles, atoms of the linker region
connecting both zinc fingers (residues 98–104)
were given first Cartesian and then torsional
degrees of freedom, under residual couplings,
restraints derived from 1H–1H Noes, and //w
restraints derived by TALOS38 from HN, N, Ca,
Cb and C chemical shifts, in addition to covalent
and geometrical energetic terms. The coordinates
and experimental data have been deposited in the
PDB, accession number 6XV2.
Binary yeast-two hybrid assays

The yeast strain YRG2 (Stratagene, Agilent) was
used to evaluate P1 domain dimerization
properties. P1 regions of interest (P1_1-100 and
P1_102-157) were excised by NdeI/BamHI
restriction from the pET3b collection (Table S1)
and ligated at compatible sites in the pGAD.T7
and pGBK.T7 yeast two-hybrid vectors (Clontech).
pGAD and pGBK constructs were co-introduced in
yeast cells and assayed for binary yeast-two
hybrid interactions as described previously.81
Transient expression assays and confocal
microscopy

The pEZS-NL and pEZS-CL vectors (https://
deepgreen.stanford.edu/) carrying the CaMV 35S-
MCS-(Ala)10-EGFP (pEZS-NL vector) or the
CaMV 35S-EGFP-(Ala)10-MCS cassettes (pEZS-
CL vector), respectively, were selected to express
P1-EGFP and EGFP-P1 fusion proteins and
related variants in rice cells. P1-encoding DNA
sequences of interest were amplified from the
pET3b collection and sub-cloned between SalI
and BamHI restriction sites to give rise to pEZS.
P1-EGFP and pEZS.EGFP-P1 constructs
(Table S1). pEZS.P1-EGFP and pEZS.EGFP-P1
constructs were subsequently used as templates
to generate two collections of mutant P1 in frame
with the EGFP protein by site-directed
mutagenesis (Table S1).
Localization of EGFP-P1 and P1-EGFP fusion

proteins and related variants in rice protoplasts
was performed using a maximum of 10 lg total
DNA per transfection event. EGFP fluorescence82

was recorded 24 hours post transfection after exci-
tation with an argon laser at 488 nm (fluorescence
detection range: 500–550 nm) with a SP8 laser-
scanning confocal microscope (Leica Microsys-
tems), equipped with 40x water immersion objec-
tive. The Leica LAS X software was used to obtain
images at a high resolution and without maximum
Z-stack intensity projection (1024 pixels for
both X and Y dimensions with a physical length of
83 mm, Z dimension being variable in stacks depend
on cell size). All data were treated with Adobe Pho-
toshop CS3 software at high resolution. The results
are representative of three biological replicates and

http://www.brmb.wisc.edu/
https://deepgreen.stanford.edu/
https://deepgreen.stanford.edu/
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of 10–20 cells analyzed per transfection event
showing the same fluorescence pattern.
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23. Siré, C., Bangratz-Reyser, M., Fargette, D., Brugidou, C.,

(2008). Genetic diversity and silencing suppression effects

of Rice yellow mottle virus and the P1 protein. Virol J 5, 55.

24. Fusaro, A.F., Correa, R.L., Nakasugi, K., Jackson, C.,

Kawchuk, L., Vaslin, M.F.S., Waterhouse, P.M., (2012).

The Enamovirus P0 protein is a silencing suppressor which

inhibits local and systemic RNA silencing through AGO1

degradation. Virology 426, 178–187.

25. Lacombe, S., Bangratz, M., Vignols, F., Brugidou, C.,

(2010). The rice yellow mottle virus P1 protein exhibits dual

functions to suppress and activate gene silencing. Plant J

61, 371–382.

26. Sarmiento, C., Gomez, E., Meier, M., Kavanagh, T.A.,

Truve, E., (2007). Cocksfoot mottle virus P1 suppresses

RNA silencing in Nicotiana benthamiana and Nicotiana

tabacum. Virus Res 123, 95–99.

27. Voinnet, O., Pinto, Y.M., Baulcombe, D.C., (1999).

Suppression of gene silencing: a general strategy used

by diverse DNA and RNA viruses of plants. Proc Natl Acad

Sci U S A 96, 14147–14152.

28. Gillet, F.-X., Cattoni, D.I., Petiot-Bécard, S., Delalande, F.,
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Ramavovololona, P., Hébrard, E., Randrianangaly, J.S.,

Dellicour, S., Lemey, P., Fargette, D., (2019). Comparing

patterns and scales of plant virus phylogeography: Rice

yellow mottle virus in Madagascar and in continental Africa.

Virus Evol 5, vez023.

58. Ndjiondjop, M.N., Albar, L., Fargette, D., Fauquet, C.,

Ghesquière, A., (1999). The genetic basis of high

resistance to Rice Yellow Mottle Virus (RYMV) in cultivars

of two cultivated rice species. Plant Dis 83, 931–935.

59. Zhang, Y., Su, J., Duan, S., Ao, Y., Dai, J., Liu, J., Wang,

P., Li, Y., Liu, B., Feng, D., Wang, J., Wang, H., (2011). A

highly efficient rice green tissue protoplast system for

transient gene expression and studying light/chloroplast-

related processes. Plant Methods 7, 30.

60. Konate, G., Traore, O., Coulibaly, M.M., (1997).

Characterization of rice yellow mottle virus isolates in

Sudano-Sahelian areas. Arch Virol 142, 1117–1124.

61. Kelly, S.M., Jess, T.J., Price, N.C., (2005). How to study

proteins by circular dichroism. Biochim Biophys Acta -

Proteins Proteomics 1751, 119–139.
18
62. Lee, J.-W., Helmann, J.D., (2006). Biochemical

characterization of the structural Zn2+ site in the Bacillus

subtilis peroxide sensor PerR. J Biol Chem 281, 23567–

23578.

63. Jakob, U., Eser, M., Bardwell, J.C., (2000). Redox switch of

hsp33 has a novel zinc-binding motif. J Biol Chem 275,

38302–38310.

64. Kabsch, W., (2010). Integration, scaling, space-group

assignment and post-refinement. Acta Crystallogr Sect D

Biol Crystallogr 66, 133–144.

65. Evans, P., (2006). Scaling and assessment of data quality.

Acta Crystallogr Sect D Biol Crystallogr 62, 72–82.

66. Winn, M.D., Ballard, C.C., Cowtan, K.D., Dodson, E.J.,

Emsley, P., Evans, P.R., Keegan, R.M., Krissinel, E.B.,

Leslie, A.G.W., McCoy, A., McNicholas, S.J., Murshudov,

G.N., Pannu, N.S., Potterton, E.A., Powell, H.R., Read, R.

J., Vagin, A., Wilson, K.S., (2011). Overview of the CCP 4

suite and current developments. Acta Crystallogr Sect D

Biol Crystallogr 67, 235–242.

67. Sheldrick, G.M., (2010). Experimental phasing with

SHELXC / D / E : combining chain tracing with density

modification. Acta Crystallogr Sect D Biol Crystallogr 66,

479–485.

68. Langer, G., Cohen, S.X., Lamzin, V.S., Perrakis, A.,

(2008). Automated macromolecular model building for X-

ray crystallography using ARP/wARP version 7. Nature

Protoc 3, 1171–1179.

69. Murshudov, G.N., Skubák, P., Lebedev, A.A., Pannu, N.S.,

Steiner, R.A., Nicholls, R.A., Winn, M.D., Long, F., Vagin,

A.A., (2011). REFMAC 5 for the refinement of

macromolecular crystal structures. Acta Crystallogr Sect

D Biol Crystallogr 67, 355–367.

70. Adams, P.D., Afonine, P.V., Bunkóczi, G., Chen, V.B.,
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