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Summary. The assembly of Tobacco etch potyvirus (TEV) coat protein (CP) and
truncated mutants in Escherichia coli was studied. CP from which 28, 63 or 112
amino acids were deleted from the N-terminus polymerized into potyvirus-like
particles (PVLPs). These structures were more rigid and progressively smaller
in diameter than those produced by full length TEV-CP. CP from which 175 N-
terminal amino acids were removed, failed to polymerize. A fragment containing
amino acids 131 to 206 of TEV-CP is sufficient for PVLP assembly in E. coli.

To determine the function of the highly conserved amino acids Ser152,Arg154,
and Asp198 point mutants were generated. The mutant CP�63(Asp198Glu) ex-
hibited different spectral properties following circular dichroism analysis showing
a lower amount of α-helix compared to the wild type molecule. No differences
were observed in spectra obtained from fluorescence spectroscopy. The point
mutants bind RNA in vitro to the same degree as the wild type protein. However,
while the wild type and theArg154Gln mutant CP were each able to form PVLPs in
E. coli, the Asp198Glu and the double mutant Ser152Pro/Arg154Gln mutants did
not. These results suggest that the Asp198Glu mutation has an altered secondary
structure which affects the capacity of the protein to polymerize but did not affect
in vitro protein-RNA interactions.

Introduction

The potyviruses form the largest family of plant pathogenic viruses and infect
a wide variety of host plants. Potyviruses have flexuous, rod-shaped particles,
measuring 12 to 15 nm in diameter and 700 to 900 nm in length. Their genomes
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are single stranded, positive sense RNA molecules of approximately 10,000 nu-
cleotides, and are encapsidated by nearly 2,000 molecules of a single type of coat
protein (CP) [17]. Potyvirus CPs vary considerably in size due to differences in
sequences near the amino-termini [17, 1]. In many cases, the amino-termini are
unique [17, 21, 22] and contain virus-specific epitopes [18, 20]. Treatment of
purified potyvirus particles with trypsin removes residues from both the amino
and carboxy terminal regions of the CP, implying that these domains are exposed
on the surface of the virus [16]. Shukla and Ward proposed that filamentous
viruses, including the potyviruses, share a common architecture with that of the
tobamoviruses [19, 22].

The dissociation and reassembly of potyvirus particles in vitro was studied in
detail by McDonald and co-workers in the 1970’s [7, 13, 12] and demonstrated
that Potato virus Y (PVY) CP can assemble to form long flexuous particles in the
absence of RNA. The repeat distance of the stacked rings in these studies was
4 nm, which is significantly greater than the 3.1–3.3 nm helical pitch of the native
virus [13]. Addition of RNA to the stacked rings resulted in the assembly of short
virus-like particles (VLPs) whose helical pitch was the same as that of native virus
particles with 7 to 8 CP subunits per ring [7]. When the Johnsongrass mosaic
potyvirus (JGMV) CP was expressed in Escherichia coli and Saccharomyces
cerevisiae the protein self-assembled [9]. Potyvirus like particles (PVLPs) also
were observed following production of JGMV-CP in insect cells [5] and mam-
malian cells [10].

There is a high degree of conservation amongst potyvirus CP sequences in the
central part of the CP molecules (core region), and indicates the importance of this
region for structure and/or assembly of CP molecules. A model for the secondary
structure of the PVY-CP [19, 22] was proposed based on computer predictions.
The model predicts strong similarities with the known tertiary structure of Tobacco
mosaic virus (TMV) CP, i.e. a four helix bundle protein [14]. Based on the
predicted similarities of the two proteins it is predicted that the highly conserved
Arg154 and Asp198 interact with each other to form a salt bridge that keeps the
molecule folded correctly [3]. When the two analogous residues of JGMV-CP
(i.e. Arg194 and Asp234) were mutated, the assembly process was disrupted [8].
A tertiary computer model structure of TEV-CP based on the structural similarities
of CPs of TMV and TEV was developed [24].

In this paper we determine the minimum requirements of TEV-CP for as-
sembly into PVLPs in E. coli. In addition, the function of the conserved amino
acids, namely Arg154, Asp198 and Ser152 was determined based on studies of
their secondary structure using CD spectroscopy and fluorescence spectroscopic
analysis and RNA-protein interactions.

Materials and methods

Construction of truncated and point mutants of TEV-CP

Recombinant DNA manipulations were carried out using standard protocols [2]. A cloned
cDNA of the TEV-CP, designated pTEV B22, was isolated and characterized using previously
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described methodology [6]. In that work, in vitro mutagenesis created a BglII cloning site and
added an AUG start codon upstream of the TEV-CP. Similarly, three truncated mutants of the
TEV-CP, e.g. CP�28 (which removed 28 a.a. from the N-terminus), CP�63 (which removed
63 a.a.), and CP�112 (which removed 112 a.a.) were made via oligonucleotide directed
mutagenesis to introduce an NcoI site at the desired position. Upon digestion with NcoI
the 5′ coding sequences were removed and the remaining DNA was cloned into pEMBL18+.
PCR mutagenesis was used to construct mutants in which sequences were deleted from both
the N- and C-terminus of the TEV-CP to create CP 131-206, CP 131-233, and CP 131-263.
PCR products were cloned into pEMBL18+ with the ligation adding 12 a.a. of β-galactosidase
to the amino terminus of the TEV-CP sequences (Fig. 1).

To create amino acid mutations a two step PCR based mutagenesis was performed on
CP�63 [2]. The primers used in the mutagenesis were as follows: P1: 5′-CTATGCGTTCGA
ATTCTATGAGC-3′, P2:5′-GCTCATAGAATTCGAACGCATAG-3′, P3:5′-TCAACACTGC
AGCAAATTATG-3′, P4:5′-CATAATTTGCTGCAGTGTTGA-3′, P5:5′-CCAACACTGCA
GCAAATTATG-3′ and P6:5′-CATAATTTGCTGCAGTGTTGG-3′. P1 and P2 were used to

Fig. 1. Diagrammatic representation of translational gene fusion used to express truncated
forms of TEV-CP in E. coli. LacZ = β-galactosidase, CP = coat protein, TEV = tobacco

etch virus, � = amino acid deletion. (See Materials and methods)
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mutagenizeAsp198 to Glu198. P3 and P4 were used to mutagenizeArg154 to Gln154&Ser152
to Pro152. P5 and P6 were used to mutagenize Arg154 to Gln154. In all cases the universal
forward and reverse primers were used as the “outside” primers in the PCR reactions. 15
cycles of PCR (94 ◦C for 1 min, 50 ◦C for 1 min, 72 ◦C for 2 min, with a final extension
step at 72 ◦C for 10 min) were performed for the first round whereas for the second round
of PCR 25 cycles were used. PCR was performed with a Taq/Pfu ratio of 1:100. All the
designed mutations were confirmed by DNA sequencing; no unintended base changes were
detected.

The DNA fragments containing point mutations were then introduced into the pET3d
vector (Novagen Inc. Madison, WI). E. coli strain BL21(DE3) pLysS cells were transformed
and tested for overexpression upon induction with IPTG. The truncated forms of TEV-CP
were found to be relatively insoluble and accumulated in inclusion bodies, even at low growth
temperatures (25 ◦C). Therefore, the point mutations were introduced into the full length TEV-
CP by exchanging the XhoI-HindIII domains between the mutants that were constructed in
CP�63 and the wild type sequence.

Production of wild type, truncated and point mutants of TEV-CP in E. coli

TEV-CP and truncated mutants were produced in E. coli DH5αgrown overnight at 37 ◦C in LB,
diluted 1:50 in fresh medium and grown at 37 ◦C for 2 hrs before induction by IPTG (500 µM)
and cultures were incubated an additional 2 h at 37 ◦C. Total proteins were isolated by boiling
1 ml of cell culture in sample buffer [11]. Fusion proteins were detected by Coomasie blue
staining following SDS-PAGE, as well as by western blot analysis using a polyclonal antibody
against the core coat protein of JGMV (gift of Dr. D. Shukla). For purification of TEV-CP or
PVLPs from E. coli, cells from 100 ml of cultures were resuspended in 4 ml of mix I (20%
sucrose, 100 mM Tris.Cl pH 8, 10 mM EDTA), treated with lysozyme (84 µl of 5 mg/ml), and
the reaction mixture was incubated for 10 min at room temperature, then 15 minutes on ice.
The spheroplasts were suspended in 0.8 ml of mix II (100 mM Tris.Cl pH 8, 20% sucrose,
10 mM MgCl2, 1 µg/ml each of DNAse I and RNAse A) and further diluted in water to a
final volume of 2 ml to lyse the cells, and for direct immunosorbent electron microscopy
(ISEM). Samples were concentrated by ultracentrifugation at 55,000 rpm (275,444 RCF) at
4 ◦C.

For large scale purification of the TEV-CP point mutants, E. coli transconjugants were
grown in 500 ml LB at 25 ◦C until OD600 = 0.5 to 0.7. Cells were induced by IPTG (1 mM)
and following growth for 4 hrs at 25 ◦C cells were harvested and resuspended in 10 ml lysis
buffer (50 mM Tris-Cl, pH 8, 100 mM NaCl, 1 mM EDTA). Lysozyme, PMSF, RNAse A
and DNAse I were added to final concentrations of 1 mg/ml, 2 mM, 10 mg/ml and 10 mg/ml,
respectively. A French Press (1,000 PSI) was used to break the cells, and the cell extract
was clarified by centrifugation at 15,000 rpm (17,640 RCF) for 10 min. To concentrate the
samples, PEG 8000 and NaCl were added to the supernatant to final concentrations of 8%
and 0.1 M, respectively. Suspensions were stirred for 1 hr at 4 ◦C, followed by centrifugation
at 10,000 rpm (7,840 RCF) for 10 min. Pellets were resuspended in 3 ml of 50 mM Tris-Cl,
pH8 and kept in 20% (V/V) glycerol at −20 ◦C.

Electron microscopy of E. coli and plant extracts

ISEM of purified virus and extracts prepared from E. coli was carried out on carbon coated
grids. The JGMV core coat protein antibody was used at an IgG concentration of 1 µg/ml.
The grids were negatively stained with 1% (w/v) uranyl acetate, pH 4, and examined in a
Hitachi HU-12A electron microscope at 75 kV. Particle measurements were performed on
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a minimum of 100 particles per construct and sizes were measured using TMV particles as
standard (300 nm × 18 nm).

For the point mutants, 10 µl of the overexpressed TEV-CP sample were placed on a
carbon coated grid and stained with 1.5% uranyl acetate. Excess liquid was blotted,
grids were air dried and examined at 35,000X magnification with a Phillips CM120
microscope.

TEV was obtained from R. E. Ford (University of Illinois) and increased in Nicotiana
tabacum cv Xanthi. TEV was purified as described before [4]. Purified virus particles remained
infectious when stored in buffered 20% glycerol at −80 ◦C.

Purification of the His-tagged TEV-CP for secondary structure analysis

The NcoI-HindIII fragments of plasmids containing the full length CP, the �63 truncation
and its point mutants were cloned into the vector pTrcHisB (Invitrogen, San Diego, CA)
to result in N-terminal translational fusions of 6 histidine residues (6xHis) with the TEV-
CP constructs. E. coli XL1-Blue cells harboring the target plasmids were grown at 37 ◦C
and expression of the fusion proteins was induced by IPTG (1 mM). The isolation of the
fusion proteins was performed under denaturing conditions (8 M urea) using the protocol
by Qiagen Inc. (Valencia, CA) for use of Ni+ superflow resin, with the exception that
extracts were passed twice through a French Press after the addition of the guanidine so-
lution. Protein purification was performed on an FPLC (Pharmacia, Inc.) with the fusion
proteins eluted at approximately pH 5.9. Urea was removed from the samples by a stepwise
decrease (4 M, 2 M, 1 M) of urea, followed by dialysis against 10 mM Tris, pH8, overnight
at 4 ◦C with two additional buffer changes. Samples were centrifuged at 14,000 rpm (15,366
RCF) for 5 min to remove precipitated material. The supernatant was subjected to circu-
lar dichroism (CD) analysis using an Aviv circular dichroism spectropolarimeter, MODEL
60DS (AVIV Associates Inc.). Spectra were collected between 200 to 260 nm in 0.5 nm
wavelength steps and an average time 3.0 sec at 25 ◦C. Three scans per sample were obtained,
averaged and the baseline, corresponding to 10 mM Tris, was subtracted to obtain the final
values. Protein concentrations were estimated with the Bradford method (BIORAD, Hercules,
CA).

The same samples were subjected to fluorometric analysis using a Hitachi F-2000 fluores-
cence spectrophotometer (Hitachi Instruments, Inc.). The excitation wavelength was 295 nm
and the emission spectra were collected between 300 to 500 nm in a 1-cm quartz cuvette at
room temperature. There were three scans per sample from which the average values were
calculated.

In vitro protein-RNA interactions of wild type and point mutants of TEV-CP

Protein-RNA interactions of the TEV-CP molecules were studied in vitro by a blotting assay.
His-tagged proteins used in this study were purified as above. Tobacco mosaic virus (TMV)
CP, rice yellow mottle sobemovirus (RYMV) CP and TEV-CP (isolated from tobacco) were
used as controls in this experiment. Equal amounts of proteins were run on SDS-PAGE
minigels, electroblotted to nitrocellulose and renatured according to Reichel et al. [15]. A full
length transcript of the TEV genome was made radiolabelled using α 32P-CTP (Amersham,
Inc.) and SP6 RNA polymerase using pTEV7DLC (gift of Dr. J.C. Carrington). 42 µl of
probe were added in 10 ml of binding buffer [15] and incubated for 2 hrs at room temperature.
Membranes were then washed twice with 25 ml of binding buffer for 5 min with rotation [15],
air dried and exposed to X-OMAT X-ray films. X-ray films were developed after an exposure
time ranging between 30 min to 2 hrs.
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Results

Expression of full length, truncated and point mutants
of TEV-CP in E. coli

N- and C-terminal deletions of the TEV-CP (Fig. 1) were constructed in order
to determine the minimum requirements for protein self-assembly. All gene con-
structs were expressed in E. coli and encoded a fusion protein (with 12 a.a. of
β-galactosidase) of the expected size (data not shown). Soluble proteins recovered
from extracts of E. coli expressing each of the truncated proteins were subjected
to ISEM to trap and visualize the proteins. E. coli that encodes the antisense of the
TEV-CP cistron was used as negative control. All samples were diluted to contain
an equal amount of total E. coli protein (100 µg/ml).

Full length TEV-CP assembled to form PVLPs that were readily detected
by ISEM (Fig. 2A-iii). TEV-CP N-terminal truncations, CP�28, CP�63 and
CP�112 yielded PVLPs (Fig. 2A-iv, 2A-v, 2A-vi, respectively), although the
numbers of particles per µg of extracted protein were lower than these produced by
TEV-CP. PVLPs also were observed when extracts were prepared from transgenic
plants expressing similar constructs and similarly examined (data not shown).
At higher magnification (Fig. 2A-vii, arrow), the particles showed a stacked-
ring structure similar to that of PVY-CP when assembled in the absence of
RNA [13]. The PVLPs were highly heterogeneous in length. CP�28 formed
fewer (Fig. 2A-iv) and thinner virus-like particles with diameters of 9.6 ± 0.6 nm
compared with 12 ± 0.6 nm for full length TEV-CP (Table 1). Particles formed by
CP�63 (Fig. 2A-v) had diameters of 8.4 ± 0.5 nm, while CP�112 formed very
few particles (Fig. 2A-vi) and had diameters of 7.2 ± 0.5 nm (Table 1). CP�175
failed to assemble in E. coli (Fig. 2B-v). Some of the very short rods were oriented
perpendicularly to the grid surface in the EM preparation and made it possible
to measure the diameter of the cavity in the center of the structure. The core was
2.4 ± 0.2 nm in all PVLPs observed.

Similar studies were carried out with TEV-CP from which sequences were
deleted from the C-terminus (full length CP contains 263 a.a.). The cDNA encod-
ing CP from which 131 a.a. were deleted from the N-terminus (to produce CP
131–263) were further mutagenized to produce CP that ended at amino acids 233
or 206 i.e., CP 131–233 or CP 131–206, respectively (Fig. 1). All fusion proteins
assembled into short, rigid PVLPs as shown in Fig. 2B with diameters from 6.4
to 7 nm (Table 1).

It was suggested thatArg154 andAsp198, which are highly conserved amongst
potyvirus CPs, are important for virus assembly [3]. Proline is known to disrupt
α-helices, and to alter a possible α-helix in the vicinity of Arg154, Ser152 was
mutagenized to Pro152. We constructed mutants of the TEV-CP and CP�63, in
which Arg154 and/or Asp198, and Ser152 were altered. To characterize the ability
of the point mutants to self-assemble, typical micrographs of negatively stained
specimens from samples of purified TEV, and CP and point mutants of the CP
produced in E. coli are shown in Fig. 2C. The wild type TEV-CP and the mutant
TEV-CP(Arg154Gln) produced filamentous particles (Fig. 2C, ii and iii) that were
long (highly heterogeneous in length) and less flexuous than virions (Fig. 2C, i).



Fig. 2. Electron micrographs of PVLPs isolated from E. coli via immunosorbent electron
microscopy. A N-terminal truncations of TEV-CP. (i) purified TEV, (ii) truncated antisense
construct, (iii) PVLPs produced by TEV-CP, (iv) PVLPs produced by CP�28, (v) PVLPs
produced by CP�63, (vi) PVLPs produced by CP�112, (vii) different forms of PVLPs pro-
duced by CP�63 that were observed. B N- and C-terminal truncations of TEV-CP. (i) PVLPs
observed from CP a.a. 112–263, (ii) PVLPs observed from CP a.a. 131–263, (iii) PVLPs
observed from CP a.a. 131–233, (iv) PVLPs observed from CP a.a. 131–206, (v) extracts from
CP a.a. 176–263. C Point mutants of TEV-CP. (i) TEV isolated from Nicotiana benthamiana;
(ii) PVLPs isolated from E. coli that produced TEV-CP; (iii) PVLPs produced by TEV-
CP(Arg154Gln); and (iv) extracts of E. coli expressing TEV-CP(Asp198Glu). Bars = 0.1 mm
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Table 1. Assembly of potyvirus-like particles in E. coli

CP construct Length (nm) Diameter (nm)

Purified TEV 730 ± 10 12 ± 0.6
LacZ-TEV CP 90–750 12 ± 0.6
LacZ-TEV CP�28 50–750 9.6 ± 0.6
LacZ-TEV CP�63 40–560 8.4 ± 0.5
LacZ-TEV CP�112 35–400 7.2 ± 0.5
LacZ-TEV CP�175 N.A. N.A.
LacZ-TEV CP 131–206 N.D. 6.4 ± 0.5
LacZ-TEV CP 131–233 N.D. 6.8 ± 0.5
LacZ-TEV CP 131–263 N.D. 7.0 ± 0.5

aN.A. = not applicable; particles were not produced by this construct
bN.D. = not determined

There were no particles observed for the mutant TEV-CP(Asp198Glu) (Fig. 2C,
iv) and TEV-CP(Arg154Gln & Ser152Pro) (data not shown). These data suggest
that Asp198 and Ser152 are crucial amino acids for the ability of the TEV-CP
molecule to assemble and polymerize into PVLPs.

Secondary structure analysis of wild type and point
mutants of TEV-CP

The His-tagged TEV-CP and CP�63 and their point mutants were expressed in
E. coli and purified as described above. The purified proteins were renatured
following dialysis to remove urea and subjected to CD analysis; the results are
shown in Fig. 3. Based on the shape of the CD spectra, all the proteins exhibit a
highly helical conformation [23]. There was a significant difference between the
spectra of the TEV-CP and CP�63 (Fig. 3A). The data suggest that the full length
molecule has more random coil and α-helical structure compared to the truncated
mutant. These results presumably reflect the fact that the N-terminal 63 a.a., which
is not involved in the assembly of the CP (Table 1), is missing from the truncated
mutant.

The affect of mutant Asp198Glu and Arg154Gln was determined in wild type
CP and in CP�63. As shown in Fig. 3B and Fig. 3C the mutation Arg154Gln
did not affect the overall α-helicity of either CP molecule, while the mutation
Asp198Glu reduced the degree of α-helicity in both molecules, with stronger
effects in CP�63. Each of the proteins was subjected to fluorescence spectroscopy
to study the possibility that mutations of single amino acids altered the structure
of the renatured proteins to expose a phenylalanine or a tryptophan residue. The
fluorescence emission spectra of the mutants were not different from the non-
mutated CP molecules (data not shown). These data indicate that Asp198Glu and
Arg154Gln mutations did not cause a change in structure that resulted in the
change in UV excitation under these conditions.
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Fig. 3. CD spectra of the His-tagged
purified proteins. A CD spectra com-
parison of the TEV-CP and CP�63,
B CD spectrum analysis of the full
length TEV-CP and its mutants, C CD
spectrum analysis of the CP�63 and its
mutants

In vitro protein-RNA interactions of wild type
and point mutants of TEV-CP

To determine whether the interactions of TEV-CP with RNA were affected by
the point mutations, protein-RNA binding assays were performed on the His-
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Fig. 4. Northwestern analysis of point mutants of TEV-CP. A The full length TEV-CP with
different pH: 1, TMV; 2, HMW markers; 3, Vector protein extracts; 4, TEV; 5, TEV in urea;
6, TEV-CP; 7, TEV-CP(Asp198Glu); 8, TEV-CP(Arg154Gln). B the full length TEV-CP
with different salt (NaCl) concentrations: 1, TMV; 2, RYMV; 3, HMW markers; 4, Vector
protein extracts; 5, TEV; 6, TEV in urea; 7, TEV-CP; 8, TEV-CP(Asp198Glu); 9, TEV-
CP(Arg154Gln). C the CP�63 with different pH: 1, TMV; 2, RYMV; 3, HMW markers; 4,
Vector protein extracts; 5, TEV; 6, CP�63; 7, CP�63(Asp198Glu); 8, CP�63(Arg154Gln).
D the CP�63 with different salt (NaCl) concentrations: 1, TMV; 2, RYMV; 3, HMW markers;
4, Vector protein extracts; 5, TEV; 6, CP�63; 7, CP�63(Asp198Glu); 8, CP�63(Arg154Gln)

tagged TEV-CPs. As shown in Fig. 4 both TEV-CP and CP�63 bound TEV RNA
in vitro. CP mutants Asp198Glu and Arg154Gln bound TEV RNA to a similar
degree as the wild type molecules (compare lanes 7 and 8 with lane 6 in all panels
of Fig. 4). To determine whether there is a difference in RNA-binding behavior
between the mutants, the effect of pH (6.5, 7.0, and 7.5) and salt concentration
(50, 100 and 200 mM NaCl) on the binding capacity of the proteins to RNA was
studied. Binding solutions varied in the pH. Increasing the pH reduced binding
to RNA, but there was no difference between the mutants and the wild type CP
(panels A and C, Fig. 4). The salt concentration of the binding buffer was varied
to estimate the difference in strength of the protein-RNA interactions. Increasing
NaCl concentration from 50 to 200 mM NaCl abolished the binding of proteins
to the RNA, but there were no observed differences between the mutants and the
wild type CP molecules (panels B and C, Fig. 4). TMV-CP did not bind TEV
RNA but RYMV-CP bound strongly to TEV RNA; interaction was apparently
stronger than that of TEV-CP (lane 2 in panel B and C, Fig. 4). It also was
observed that the signal obtained in the RNA-protein binding assay by the His-
tagged proteins was more consistent and significantly higher than that obtained
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from CP isolated from virions. The presence of urea in the solution of His-tagged
proteins was not responsible per se for the difference in the signal, nor was the fact
that TEV-CP was isolated from plants, since non His-tagged proteins, recovered
from inclusion bodies, showed similar levels of interaction (data not shown).
Therefore, we suggest that the presence of the His-tag in the N-terminus of the
proteins rendered them more amenable to renaturation under the conditions used
in this experiment.

Discussion

The prediction that amino acid sequences conserved amongst potyviruses provide
a structural skeleton for the assembly of potyvirus CPs, as postulated by Shukla and
Ward [22] was confirmed by using TEV-CP, N- and C-terminal truncated mutants.
Our studies demonstrate that a domain of TEV-CP essential for capsid assembly
was affected by deleting amino acids 112 to 175. As presented in Fig. 2 amino
acids 131 to 206 of TEV-CP are sufficient for the assembly of virus-like particles
in E. coli. The sequences that comprise this region contain those that are most
highly conserved amongst the potyvirus CPs. These results were not unexpected
since it was demonstrated that the amino and carboxyl-terminal amino acids of
the CPs of other potyvirus were removed by treating virus particles with trypsin,
although such treatment did not alter particle morphology [19]. However, the
trypsin-resistant core of TEV as reported by Shukla et al. [19] comprises residues
30–245; the data presented here indicate that additional amino acids (i.e, residues
206–245) are dispensable for protein folding and subunit interactions, making the
TEV-CP truncations in this study of considerable interest. The length of the PVLPs
produced by the truncated CP mutants varied greatly, most probably due to the
absence of viral RNA. The diameter of PVLPs formed by truncated proteins were
smaller in diameter than were particles produced by wild type TEV-CP (Table 1);
such differences are presumably due to the removal of the “external features”
attributed to the C- and N-terminal amino acid sequences rather than to other
structural rearrangements.

In the absence of X-ray diffraction data for any potyvirus CP, it is difficult
to speculate about the position of the amino acids mutated in this study. How-
ever, based on the high degree of conservation of Arg154 and Asp198, it was
proposed that these a.a. have a significant role in the assembly of the TEV-
CP, possibly through formation of a salt bridge. The effect of the mutations of
these a.a. on secondary structure was therefore determined. The ability of the
mutant Arg154Gln to self assemble demonstrated that the change in charge at
this position is not sufficient to disrupt the assembly of PVLPs; this indicates
that a salt bridge between these a.a. may not be existent. In contrast, mutations
Asp198Glu and Ser152Pro&Arg154Gln restricted PVLP formation, and suggests
that changes in the volume and/or charge of the amino acid at positions 198
and 152 were not tolerated structurally. As a consequence TEV-CP(Asp198Glu)
and TEV-CP(Ser152Pro&Arg154Gln) are assembly deficient mutants. A similar
conclusion was drawn when the CP of JGMV was mutated to produce Arg194Lys
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in JGMV, Arg194 is homologous to Arg154 in TEV, and was found to produce
PVLPs in E. coli [8]. In contrast, mutations ofArg154Asp andAsp234Glu resulted
in molecules that do not self-assemble in vitro, suggesting that these amino acids
are crucial for the three dimensional structure of the CP [8].Attempts to restore the
potential salt bridge in JGMV-CP in the double mutant Arg154Asp/Asp234Glu
were not successful and challenges the hypothesis that a salt bridge is formed
between Arg154 and Asp234 [8].

Both fluorescence spectroscopy and circular dichroism were applied to elu-
cidate potential differences in secondary structures of the wild type and mutant
TEV-CP. No significant differences were detected in the fluorescence emission
spectra between the mutant and the wild type proteins analyzed. However, since the
spectra were similar for all the mutants tested, we concluded that if conformational
changes occurred, they did not expose an aromatic amino acid that caused a
difference in the fluorescence emission spectra.

Several conclusions were drawn from the CD spectra obtained for TEV-CP,
CP�63 and the point mutants. The spectral minima of the full length TEV-CP (at
208–210 nm) were different from the spectra obtained for CP�63 (Fig. 3A). In
addition, the CD spectra of TEV-CP was shifted towards lower wavelengths. These
observations suggest that wild type CP contains higher amounts of α-helix (based
on values at 208 to 210 nm) and higher amounts of random coil (shift of the spectra
to wavelength between 200 and 208 nm) than CP�63. This is presumably due to
the presence of the 63 N- terminal amino acids on wild type CP. This interpretation
is in agreement with the prediction that the termini of the potyvirus CPs have a
rather unstructured motif [24] and are exposed in the external part of the molecule
and virus particle (i.e. both termini are removed by trypsin digestion) [19].

CD spectra for the full length constructs were similar for wild type and point
mutants, although the Asp198Glu mutant had less α-helix than wild type CP or
Arg154Gln mutant CP. Similarly, for the truncated mutant CP�63, the assembly
deficient mutant Asp198Glu also exhibited different CD spectra compared to wild
type CP�63. Based on the values at 222 nm and 208 to 210 nm it can be concluded
that the assembly deficient mutant is altered in secondary structure and has a
reduced content of α-helix. A similar change in the spectra is less obvious in
the context of the full length molecules. It is also possible that such a change in
the CD spectra in full length CP is “masked” by the increased random coil in the
molecule.

Interactions between TEV-CP and viral RNA were studied by an in vitro
binding assay. In these assays the CP�63 bound TEV RNA as efficiently as the
full length TEV-CP. This suggests that the N-terminal portion of the CP is not
necessary for protein-RNA interactions. Similarly, CP mutants bound RNA to the
same extent as the wild type CP; pH and salt dependence had similar effects on
protein-RNA interactions for the wild type protein and point mutants (Fig. 4).
These results are not in contradiction with the predicted RNA binding site [18] as
being located within the inner part of the core CP, an area opposite to the position
of the point mutants made in this study [24]. Therefore, mutations do not seem
to affect the structure of the presumed RNA binding sequence. Alternatively, the
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effect of the point mutants on the structure of the molecule is not significant to
alter its RNA binding capability.

We described here the minimum region of the TEV-CP that is required for
self assembly in vivo. In addition, two conserved amino acids of potyvirus CPs
were mutagenized to determine the possible role that they play in the assembly
of the TEV-CP. The mutant Asp198Glu is an assembly deficient mutant while the
mutant Arg154Gln is not. We also described the in vitro binding of a potyvirus CP
with RNA. Based on the assay used, we observed no differences in RNA binding
of the assembly competent and assembly deficient mutants. To identify the role
of individual amino acids in TEV structure and in interactions with RNA a 3D
structure of a potyviral CP at high or low resolution is needed.
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