
Transient Structural Ordering of the RNA-
Binding Domain of Carnation Mottle Virus p7
Movement Protein Modulates Nucleic Acid
Binding
MarÅal Vilar,[a] Ana Saur�,[a] Jose F. Marcos,[b] Ismael Mingarro,*[a] and
Enrique P rez-Pay$*[c]

Introduction

The interactions in macromolecular assemblies form unique
structures that direct/regulate biological functions. These as-
semblies can generally undergo local macromolecular folding
events that are important in the formation of intermolecular
complexes. One such complex is that of proteins with RNA,
here induced fit takes place in both macromolecules upon
binding.[1] In plants, specific RNAs can traffic between cells
through plasmodesmata (PD, plant intercellular connections)
following the formation of ribonucleoprotein (RNP) complexes
with specific proteins.[2] This knowledge was first gained from
studies on viral infection.[3,4] In these processes, plant viral MPs
actively participate in the intra- and intercellular movement of
RNAs from viruses to such an extent that MP dysfunction im-
pairs viral infection.[5,6] Plant viral MP function is probably best
illustrated by the fact that several MPs can induce transport of
different movement-defective viruses by transcomplementa-
tion. This has been exemplified in the case of an insect virus in
which cell-to-cell and systemic spread in transgenic plants that
express the MP of least two different plant viruses has been re-
ported.[7] In fact, most viral MPs appear to confiscate an endog-
enous signaling pathway that operates through the regulated
intercellular movement of so-called non-cell-autonomous pro-
teins (NCAP).[2] These proteins can be regarded as “viral” NCAP,
and are ideal tools for dissecting the functioning of this path-
way.[2,8,9]

MP properties are best described in the TMV model system.
TMV MP is a multidomain protein that names the “30 K” super-
family of MPs, which comprises proteins from a number of
virus groups.[10] TMV MP binds viral ssRNA and ssDNA in vitro
with no sequence specificity,[11] colocalizes with the cytoskele-
ton and cell wall,[12–15] is required for the association of viral
RNA with the endoplasmic reticulum,[16] increases the size-ex-
clusion limit (SEL) of PD,[17] and folds as an a-helical membrane
protein in the presence of urea and SDS.[18] It has been pro-

posed[4] that TMV MP and viral RNA form a RNP complex[19]

that is targeted to (and opens) the PD. The complex is thought
to mediate the active transport of the viral genome into the
adjacent cell, thus contributing to viral spread. Several plant
NCAPs have already been identified. Recently, the first specific
component of the plant trafficking apparatus was isolated
(NtNCAPP1) and shown to interact and regulate the function
of some plant NCAP (e.g. , CmPP16) and viral MPs (e.g. , TMV
MP).[20] CmPP16 was reported to be the first plant paralogue of
a viral MP and shares properties with them, such as nonspecif-
ic nucleic acid binding, cell-to-cell trafficking of RNA, and in-
creased PD SEL.[21]

Despite their pivotal role and the importance of their inter-
action with RNA, no plant viral MP structures have yet been
solved. This is probably due to the difficulty of obtaining high-
resolution structural information for multidomain proteins.
Unlike TMV, there are viruses that encode multiple MPs. Fur-
thermore, the MP functions map to separate proteins and act
in coordination in the cell-to-cell and long-distance movement
of the virus. The type member of Carmovirus group is CarMV
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Plant viral movement proteins bind to RNA and participate in the
intra- and intercellular movement of the RNAs from plant viruses.
However, the role and magnitude of the conformational changes
associated with the formation of RNA–protein complexes are not
yet defined. Here we describe studies on the relevance of a pre-
existing nascent a-helix at the C terminus of the RNA-binding

domain of p7, a movement protein from carnation mottle virus,
to RNA binding. Synthetic peptide analogues and single amino
acid mutation at the RNA-binding domain of recombinant p7
protein were used to correlate the transient structural order in
aqueous solution with RNA-binding potential.
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and encodes two such MPs, p7 and p9. We have previously
proposed that their small size makes these proteins suitable
models for the structural characterization of MPs and their
interaction with viral RNA. Following this rationale, CarMV p7
was characterized as a soluble protein with RNA-binding ca-
pacity,[22,23] and p9 was characterized as an integral membrane
protein.[24] Moreover, p7 was shown to present three distinct
protein regions, which include a central RNA-binding domain
that contains amino acids 17–35 (p7 sequence numbering, see
ref. [23]). Interestingly, a limited sequence homology between
CarMV p7 and CmPP16 at the RNA-binding domain has been
proposed.[23] A synthetic peptide defining such a domain
(p717–35) was structurally characterized and shown to undergo a
conformational transition towards the stabilization of an a-
helix upon RNA binding. This takes place with a concomitant
conformational change in the RNA molecule.[23] Furthermore,
NMR analysis of the RNA-free form of p717–35 suggested the
presence of a nascent a-helix conformation at the C terminus
of the peptide.[23] (In the presence of RNA, the peptide aggre-
gates at the concentration required for NMR analysis.) Al-
though, the importance of this preordered secondary structure
for the RNA-binding process was not explored. Nascent secon-
dary-structure elements can also be thought of as transiently
ordered states in solution that could facilitate the appropriate
interface between a defined protein and its cognate
ligand.[25,26] Questions remain, however, regarding the exact
nature of the different interfaces that are essential to generate
unique structures, in particular in RNA–protein interactions.

In this study, we investigated the relevance of a preexisting
nascent a-helix at the C terminus of the p7 RNA-binding
domain and studied its correlation with RNA-binding functions.
Two synthetic peptide analogues of p717–35, each containing a
proline residue that replaces specifically located alanine resi-
dues, were used to correlate the transient structural order in
aqueous solution with RNA-binding potential. Also, by using
single amino acid mutations in p7-recombinant proteins, we
showed that such structure–function relationship can also be
observed for p7 protein.

Results

In our previous study on the retrostructural characterization of
p7, the internal peptide, p717–35, was demonstrated to define
the RNA-binding domain of the protein. It was characterized
by CD spectroscopy as an a-helical inducible peptide due to
its tendency to adopt such a secondary structure in the pres-
ence of inducers or viral RNA (Table 1).[23] The NMR characteri-
zation of p717–35 in aqueous solution suggested that the C-ter-
minal segment (sequence 29AKDAIRK35) could adopt preor-
dered states in solution, mainly a nascent a-helix. This segment
is highly conserved in other MP from carmoviruses[27] and it
contains amino acids important for RNA-binding (Ile33, Arg34,
and Lys35).[23]

In order to confirm the existence and relevance of the C-ter-
minal nascent a-helix for RNA-binding properties, we designed
proline substitution analogues of p717–35. Proline is frequently
found at the N terminus but not in the middle of a-helices. It

has been suggested that proline has a dual role depending on
its position in a helix : either as an initiator at the N-cap or as
helix breaker at positions higher than N2 from the N-cap (see
values and nomenclature in ref. [28]). Thus, we separately re-
placed Ala29 and Ala32 by proline (positions N-cap and N3, re-
spectively, in the above-mentioned nascent a-helix) to obtain
the synthetic peptides p717–35A29P and p717–35A32P (Table 1).
Our rationale for the design of these peptides was as follows:
if the preexistence of a nascent helix from amino acid 29 to 35
is important for RNA binding, then the analogue, p717–35A29P,
should retain most of the RNA-binding capabilities. However,
analogue p717–35A32P should have a diminished affinity for
RNA binding because Pro32 will preclude the formation of the
nascent helix. In fact, nucleic acid binding, as evaluated by gel
shift assay, suggested that peptide p717–35A29P had a RNA
binding affinity comparable to that of the parental peptide
(Figure 1A and kD values in Table 1). However, p717–35A32P
showed a clear diminished affinity. Table 1 reports its kD value
as >10 mm because peptide solubility at higher concentrations
in the presence of RNA precluded more precise determination.
Conformational analyses of p717–35A29P and p717–35A32P were
conducted by CD spectroscopy and compared with those of
the parental peptide. In aqueous solution, all three peptides
are highly flexible without discernible secondary structure
(data not shown). However, propensity to fold into an a-helix
in the presence of 5 mm SDS and 50% TFE (not shown) relates
with the RNA-binding activity of the peptides (Figure 1B and
Table 1).

The peptides were also analyzed by NMR spectroscopy in
two solvents: H20 and 50% TFE. Peptide concentrations of
2.6 mm were used in the NMR studies and sequence-specific
assignments were made by using a combination of TOCSY,
phase sensitive double quantum filtered COSY, and ROESY
methods. The adoption of a defined preferential secondary
structure by a peptide induces significant and specific chemical
shift changes in 1H nuclei that can be used to quantify secon-
dary-structure populations. In particular, an a-helical conforma-
tion in peptides and proteins is characterized by upfield shifts
of the aH.[29,30] Figure 2 summarizes the conformational shifts
(i.e. , the deviation of the chemical shifts for each residue from
those attributed to random coil values)[31,32] for peptides
p717–35, p717–35A29P, and p717–35A32P. The data for p717–35 and
p717–35A29P in aqueous solution and in 50% TFE further con-
firm the presence of a nascent a-helical conformation at the C

Table 1. Names, sequences, and properties of the CarMV p7-derived
synthetic peptides used in this study.

Name Sequence kD [mm][a] a-helix (%)[b]

SDS/TFE

p717–35 Ac-GNRGKQKTRRSVAKDAIRK-NH2 3.4�1.2 60:40
p717–35A29P Ac-GNRGKQKTRRSVPKDAIRK-NH2 4.7�0.7 27:21
p717–35A32P Ac-GNRGKQKTRRSVAKDPIRK-NH2 >10 16:14

[a] Apparent dissociation constant (kD) of RNA-binding defined as in
ref. [23] [b] The percentage of a-helix content was calculated from the
CD spectra of the peptides in the presence of 5 mm SDS or 50% (v/v) TFE
(see Experimental Section).
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terminus of the peptides from Pro29 to Lys35. As expected,
the NMR analysis of p717–35A32P showed that the C terminus of
this peptide adopts a random conformation (Figure 2). It
should be noted that, in the presence of TFE, the amino acid
sequence of peptide p717–35 allows the propagation of the a-
helical conformation from the C to the N terminus up to resi-
due Arg25. However, the presence of proline in p717–35A29P
precludes such a helical propagation and circumscribes the
helical conformation at the C-terminal segment. This is appar-
ent from the conformational shift deviation diagrams, in which
residues preceding the prolines always exhibit strong positive
deviations from random-coil values; this is indicative of extend-
ed conformations. Interestingly, a similar pattern of conforma-
tional extension has recently been found in peptides that
harbor proline replacements. This has further demonstrated
the relevance of a helical region in molecular recognition
events.[33]

To further corroborate the importance and relevance of the
C-terminal nascent a-helix in RNA-binding properties, we pre-
pared mutant p7 proteins with the same point mutations that
were found to be relevant with synthetic peptides. All three re-
combinant proteins, p7wt (p7 wild-type), p7A29P, and p7A32P,
were purified from inclusion bodies and subjected to a refold-

Figure 1. RNA-binding and secondary-structure characterization of synthetic
peptide analogues derived from CarMV p7 RNA-binding domain. A) EMSA
for RNA binding of peptides p717–35, p717–35A29P, and p717–35A32P. Increasing
concentrations of peptides were incubated with ssRNA probe (see Experi-
mental Section). B) Far-UV CD spectra of peptides p717–35wt (c), p717–35-
A29P (a), and p717–35A32P (····) in the presence of SDS (5 mm). Peptide
concentration was 20 mm in MOPS/NaOH buffer (5 mm, pH 7.0) at 25 8C.

Figure 2. NMR analysis of peptides A) p717–35 (data from ref. [23] with permis-
sion from the American Society for Biochemistry and Molecular Biology),
B) p717–35A29P, and C) p717–35A32P in water (gray bars) and in the presence of
50% TFE (black bars). Observed conformational chemical shift increments
for 1H (Dd1Ha) relative to the chemical shifts of random-coil values.

Figure 3. Nucleic acid binding capacity of recombinant p7 derived protein
mutants. A) EMSA for RNA binding of p7wt, p7A29P, and p7A32P. Increasing
concentrations of refolded proteins (up to 10 mm) were incubated with 33P-
labeled ssRNA probe (see Experimental Section). B) Trp fluorescence quench-
ing experiments of p7-derived proteins with 16-ssDNA. Protein–nucleic acid
association was estimated from Trp fluorescence changes in the presence of
increasing concentrations of 16-ssDNA (x axis). (&) p7wt; (*) p7A29P; (!)
p7A32P. Protein concentration in all cases was 5 mm.

ChemBioChem 2005, 6, 1391 – 1396 www.chembiochem.org H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1393

Transient Structural Ordering Modulates Nucleic Acid Binding

www.chembiochem.org


ing procedure (see Experimental Section). Figure 3 shows rep-
resentative EMSA analysis of viral RNA binding to recombinant
p7wt, p7A29P, and p7A32P. Increased concentrations of p7wt
lowered the amount of free RNA and resulted in the formation
of high-molecular-weight RNA–p7 complexes that were detect-
able with 1 mm of total protein (Figure 3A). The amount of
RNA–protein complex formation was lower with p7A29P and
p7A32P than that obtained with p7wt (Figure 3A). However,
while protein p7A29P retained, in part, the RNA-binding activi-
ty (as suggested by the formation of large RNA–protein com-
plexes), this property was almost totally impaired in protein
p7A32P. The absence of detectable intermediate complexes in
EMSA (a common feature in the RNA-binding properties of
MPs) suggested an “all-or-none” mechanism that can be attrib-
uted to a highly cooperative binding process and that poses
difficulties for quantitative analysis. Furthermore, when we ti-
trated a solution of p7wt protein with viral RNA and followed
the changes in fluorescence emission of the unique Trp59 of
p7, we observed an increase in the turbidity of the solution,
which hindered quantitative spectroscopic analyses. This sug-
gested the formation of insoluble high-molecular-weight RNA–
protein complexes. Most of the MPs that bind to ssRNA also
have ssDNA-binding properties.[22,34–36] Thus, in an attempt to
bypass the problems of RNA–protein aggregation and to
obtain a more accurate quantitative description of the binding
process,[37] we used short ssDNA of different lengths. In this
way we avoided the multiple binding of proteins to a single
nucleic acid molecule that was probably the cause of the ob-
served complex insolubility. We used two unrelated ssDNA oli-
gonucleotides of 16 (16-ssDNA) and 27 nucleotides (27-ssDNA)
in length and analyzed their binding to p7wt with EMSA. 27-
ssDNA showed a binding profile similar to that obtained for
RNA (“all-or-none” mechanism). The 16-ssDNA–p7 complex
was only partially retarded in the gel and did not form high-
molecular-weight aggregates that could interfere in a quantita-
tive binding assay by fluorescence spectroscopy (results not
shown). Figure 3B shows the decrease in the intrinsic fluores-
cence of Trp59 when solutions of p7wt, p7A29P, and p7A32P
were titrated with a concentrated stock solution of 16-ssDNA.
The fluorescence-spectroscopy data analysis allowed the esti-
mation of the relative dissociation equilibrium constants for
the ssDNA–protein complexes; these were 12�1, 169�17,
and 185�22 mm for p7wt, p7A29P, and p7A32P, respectively.

Discussion

The high-resolution structure of plant viral MPs in the presence
or absence of the cognate RNA is still missing because of diffi-
culties in obtaining protein or RNA–protein complexes that are
suitable for structural analysis. To circumvent these limitations,
we have adopted a protein dissection approach to gain infor-
mation on the structural and RNA-binding properties of this
class of proteins.[23,24] This has allowed, among other features,
the identification of the RNA-binding domain of the CarMV p7
movement protein. In this study, we have examined the func-
tional role of a nascent a-helix that was previously identified at
the C terminus of the RNA-binding domain.[23]

Our data suggest that p717–35 defines the RNA-binding
domain of p7 and adopts a nascent helical structure in solu-
tion that implies the involvement of the segment 29AKDAIRK35.
This segment is almost absolutely conserved in different iso-
lates of CarMV and highly conserved in other carmo- or necro-
viruses.[22,27] The helix is further stabilized by charge neutraliza-
tion in the presence of negatively charged templates, such as
the secondary structure inducer SDS at submicellar concentra-
tions (Figure 1B), and RNA or TFE.[23] Replacement of Ala29 by
Pro at the N-cap of the helix (peptide p717–35A29P) did not sig-
nificantly alter the folding of the native peptide in aqueous so-
lution as deduced from the NMR experiments. However, this
replacement reduced the propensity to fold in the presence of
secondary structure inducers. This restricted the a-helical struc-
ture to the segment spanning Pro29 to the C terminus, instead
of the previously observed propagation of the nascent helix to
the N terminus in p717–35 (Figure 2A vs. B). This residue replace-
ment has a minor, but consistent, contribution in decreasing
the RNA-binding capability of the peptide (Figure 1A). Replace-
ment of Ala32 with Pro (p717–35A32P) precluded the adoption
of the a-helical structure at the C terminus of the domain and
had a major effect on RNA-binding affinity (peptide p717–35-
A32P has a lowered binding affinity to viral RNA compared
with p717–35A29P and p717–35). The higher efficiency in RNA
binding of the native sequence, comparable to that of the pro-
line-mutated peptides, thus seems to be governed by the C-
terminal conformation of the RNA-binding domain. This could
play an important role in promoting RNA–full-length MP
recognition.

The information obtained on RNA-binding requirements by
using synthetic peptides can, at least in part, be useful in un-
derstanding more complex systems, that is, the full-length pro-
tein. The protein p7A32P has lower affinity than the less severe
mutant p7A29P in binding nucleic acids (Figure 3). Thus, point
mutations that do not change the net charge of the protein di-
minish nucleic acid binding, most likely through a conforma-
tional alteration of the RNA-binding domain. Such alterations
could be critical for the in vivo functions of the viral protein.

In conclusion, the results suggest that not only modules but
also nascent secondary-structure units that can be stabilized
early in the protein-folding pathway could have functional and
structure-forming capabilities. It is feasible to postulate that, as
demonstrated for the synthetic RNA-binding domain and for
the full-length p7 protein, the stabilization of a nascent a-heli-
cal conformation at the C terminus of the RNA-binding domain
is important for the molecular mechanism associated with the
interaction between viral RNA and CarMV MP. Such a nascent
structure could reduce the amount of free energy that is re-
quired for the transition (“unordered to helix”) observed upon
binding to nucleic acid. A similar observation has been recently
reported on the role of helix-capping residues in peptides that
are derived from DNA-binding proteins.[38]

The rate of formation of intramolecular interactions in un-
folded proteins determines how fast conformational space can
be explored during folding and it is essential for the under-
standing of the earliest steps in protein folding. This principle
could be of wider application and could also apply to intermo-
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lecular RNA–protein interactions. The presence of nascent sec-
ondary structure elements does not diminish the structural
freedom that these crucial proteins probably need for their
function. However, they decrease the conformational space
that needs to be explored for the formation of productive
RNA–protein interactions.

Experimental Section

Materials : N-Fmoc protected amino acids for peptide synthesis
were from SENN Chemicals (Dielsdorf, Switzerland). Site-directed
mutagenesis was performed by using the QuikChange kit from
Stratagene. RNA in vitro transcription kit was from Promega, and
digoxigenin (DIG) detection kit was from Roche. Deuterium oxide
(2H2O) and [D3]TFE were from Cambridge Isotopes Labs (Andover,
USA). [a-33P]UTP was from Hartmann Analytic (Braunschweig, Ger-
many). All other chemicals were from standard suppliers.

Peptide synthesis : Peptides were synthesized as acetylated N- and
C-terminal amides by using standard Fmoc chemistry on a 433 A
peptide synthesizer (Applied Biosystems) and purified by RP-HPLC.
Matrix-assisted laser desorption ionization-time-of-flight mass spec-
trometry was use to confirm peptide identity. Peptide concentra-
tions were determined by quantitative amino acid analysis for
RNA-binding assays and spectroscopy studies.

CD spectroscopy : All measurements were carried out on a Jasco J-
810 CD spectropolarimeter in conjunction with a Neslab RTE110
waterbath and temperature controller. CD spectra were the aver-
age of a series of ten scans made at 0.2 nm intervals. CD spectra of
the solution buffer without peptide (or in the presence of SDS as
described in the figure legends) were used as baseline in all the
experiments. The helical content was evaluated based on a theo-
retical value of 100% helix as calculated by FH=FH8(1�k/n), where
FH8 is �40000 8cm2dmol�1;[39] the wavelength-dependent con-
stant, k, is 2.5; and n is the number of residues. The theoretical
[q]222 value for 100% a-helix for a 19-residue peptide is
�34736 8cm2dmol�1.

NMR spectroscopy : Peptide samples (2.6 mm) were prepared in
two solvents: water and TFE/water (1:1, v/v). NMR spectra were
acquired at 283 K on a Bruker Avance spectrometer that operated
at 500 MHz, and data were analyzed as reported.[23]

Heterologous production, purification, and refolding of p7wt,
p7A29P, and p7A32P : p7 proteins were produced and purified as
previously described.[23] A refolding protocol was carried out with
the purified protein in buffer A (6m guanidinium-HCl, 20 mm

sodium phosphate, 2m urea, 0.3m NaCl, 10% sucrose, 0.5m argi-
nine, 50 mm glycine, 2 mm EDTA, and 0.01m NaOH, pH 5.5). The
solution was dialyzed successively against decreasing concentra-
tions of guanidinium-HCl (4, 2, 1, and 0m) in the same buffer.

EMSA experiments : Different amounts of synthetic peptides were
incubated with the 181 ribonucleotide residue pCarM.D5 ssRNA
probe (1 ng)[22] in binding buffer (final volume 10 mL; 10 mm Tris-
HCl, pH 8.0, 1 mm EDTA, 100 mm NaCl, 5 units HRPI RNase inhibitor
(Promega), 10% glycerol) for 30 min on ice.[23] After incubation,
loading buffer was added (2 mL), and the samples were electro-
phoresed through an agarose (1%) in TAE buffer (40 mm Tris-ace-
tate, 2 mm EDTA) at 50 V for 40 min at 4 8C. RNA was transferred to
positively charged nylon membranes by capillary elution in 20xSSC
(3m NaCl, 0.3m sodium citrate·2H2O) and fixed to the membranes
by UV irradiation in a UV gene linker for 2 min. Membranes were
hybridized to a digoxigenin-labeled DNA probe in PSE (7% SDS,

1 mm EDTA, 0.3m sodium phosphate, pH 7.2) at 60 8C, overnight.
Detection of digoxigenin-labeled nucleic acids was carried out and
the amount of free RNA probe was quantified in each sample by
densitometry of the films (Quantity One software, Bio-Rad). The ap-
parent dissociation constant (kD) of the RNA–peptide complex was
then determined, as described previously.[23] For EMSA assays with
p7wt and mutant proteins, pCarM.D5 ssRNA probe was 33P-labeled
by using in vitro T7-polymerase transcription system (Promega).
Template DNA was digested with RNase-free DNase after tran-
scription, by following the manufacturer’s instructions. Different
amounts of protein were incubated with 33P-labelled RNA
(0.2 mCimL�1) in binding buffer (10 mL) and electrophoresed as de-
scribed. The gels were dried by capillarity and scanned with a Fuji
FLA-3000 PhosphorImager by using the Image Reader 1.0 software.

Fluorescence measurements : Fluorescence measurements were
carried out at 20 8C on a Perkin–Elmer LS-50B spectrofluorimeter
by using slit widths within 1 and 5 nm for excitation and emission,
depending on each particular experiment. Fluorescence emission
spectra of the proteins in MOPS-NaOH (5 mm, pH 7.0) were moni-
tored from 300 to 500 nm and obtained by excitation at 280 nm in
a 1 cm quartz cell. Titrations were performed by addition of small
aliquots of unspecific 16-ssDNA from a stock solution to the pro-
teins at the desired concentration (final volume 1 mL). The data
shown are representative of several independent experiments.
Fluorescence contribution from the buffer and/or ssDNA solutions
without protein, were used as baseline and subtracted from all
experiments.

Abbreviations

* CarMV: carnation mottle virus
* EDTA: ethylenediamine tetraacetic acid
* EMSA: electrophoretic mobility shift assay
* Fmoc: N-(9-fluorenyl)methoxycarbonyl
* MOPS: 4-morpholinepropanesulfonic acid
* MP: movement protein
* SDS: sodium dodecyl sulfate
* ssDNA: single-stranded DNA
* ssRNA: single-stranded RNA
* TFE: trifluoroethanol
* TMV: tobacco mosaic virus.
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