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The 30-kDa movement protein (MP) is essential for cell–cell spread
of tobacco mosaic virus in planta. To explore the structural prop-
erties of MP, the full-length recombinant MP gene was expressed
in Escherichia coli, and one-step purification from solubilized in-
clusion bodies was accomplished by using anion exchange chro-
matography. Soluble MP was maintained at >4 mgyml without
aggregation and displayed '70% a-helical conformation in the
presence of urea and SDS. A trypsin-resistant core domain of the
MP had tightly folded tertiary structure, whereas 18 aa at the C
terminus of the monomer were rapidly removed by trypsin. Two
hydrophobic regions within the core were highly resistant to
proteolysis. Based on results of CD spectroscopy, trypsin treat-
ment, and MS, we propose a topological model in which MP has
two putative a-helical transmembrane domains and a protease-
sensitive carboxyl terminus.

The plus-sense, 6.4-kb single-stranded (ss) RNA genome of
tobacco mosaic virus (TMV) encodes a 17.5-kDa coat pro-

tein, a 30-kDa movement protein (MP), and proteins of 126 kDa
and 183 kDa that function in virus replication (1). The MP is
essential for cell–cell spread of infection (2, 3).

Many proteins, including several plant virus movement pro-
teins (3), are associated with intracellular and intercellular
channels that permit passage of water, ions, metabolites, and
signaling molecules into and between cells and cell compart-
ments. Prokaryotic examples include porins (4), potassium chan-
nels (5), and aquaporins (6). Eukaryotic examples include
aquaporins (7), gap junctions (8), translocation channels of the
endoplasmic reticulum (ER; ref. 9), nuclear pore complexes
(10), ryanodine receptors (11), and the acetylcholine receptor
(12). In higher plants, the channels that mediate intercellular
communication are termed plasmodesmata (3). Plasmodesmata
allow passive transport of proteins of at least 50 kDa in young
tobacco leaf tissues, but the size exclusion limit decreases as
these tissues mature (13). TMV infection results in a temporary
increase in the size exclusion limit of plasmodesmata from '0.4
kDa to '20 kDa in mature leaf epidermis and mesophyll tissues
(14). Although the MP is required for this dramatic and transient
increase in intercellular permeability, the mechanisms respon-
sible are unclear (3).

Many viruses replicate in association with ER membranes, and
some viruses associate with the cytoskeleton of the host (15–22).
MP behaves as an intrinsic membrane protein, promotes the
formation of ER aggregates, and probably facilitates establish-
ment of TMV replication complexes that contain viral RNA,
replicase, and MP (16, 20, 22–24). Many recombinant viral MPs
expressed in Escherchia coli bind ss nucleic acids in vitro without
nucleotide sequence specificity (25–29). Thus, it was proposed
that the MP functions as an intracellular and intercellular carrier
of TMV RNA, at least in part by association with the cytoskel-
eton and ER membranes (15–17, 22).

Recombinant viral MPs typically form insoluble inclusion
bodies (25, 27–31). To facilitate biochemical and biophysical
characterization of the TMV MP, we developed an improved
protocol that resulted in high yields of isolated inclusion bodies.
A one-step chromatographic procedure provided pure, soluble

protein. Based on results of CD spectroscopy, trypsin treatment,
and MS, we propose that the MP is a polytopic, a-helical
membrane protein.

Materials and Methods
Isolation of MP Inclusion Bodies. A cDNA encoding the MP was
cloned into the NdeI and BamHI sites of plasmid pET3a, which
was transformed into E. coli BL21(DE3)pLysE (E. coli
pET3MP). The cDNA sequence agreed with nucleotides 4903–
5868 of the TMV U1 strain (32). MP was expressed in E. coli
pET3MP as described (25); 25 mgyml chloramphenicol also was
included in the culture medium. After expression, cultures were
chilled on water-slush (0°C) and centrifuged at 8,000 g for 10 min
at 2°C.

In some experiments, MP inclusion bodies were isolated as
described (25). In most experiments, pelleted materials from
100-ml cultures were resuspended at 0°C in 5 ml of 50 mM Tris
(pH 8.0), 5 mM EDTA, 10 mM NaCl, with protease inhibitors
(2 mM PMSF, 1.4 mgyml pepstatin A, 2 mgyml aprotinin, and 1
mgyml leupeptin). Bacteria were frozen in liquid nitrogen, stored
at 270°C, thawed, sonicated at 0°C, and frozen in liquid nitro-
gen. Thawing, sonication, and freezing were repeated twice.
DNaseI [BRL (750 units; EC 3.1.21.1; ref. 33)], MgCl2 (to 5 mM)
and additional protease inhibitors (to double the concentration)
were added and the cell lysate was incubated at 0°C for 30 min.
Some soluble material was separated from the inclusion bodies
by centrifugation at 2°C for 30 min at 13,000 g. The pellet was
resuspended by sonication at 0°C in 5 ml of 20 mM Na2HPO4

(pH 7.2), 20 mM NaCl, 5 mM EDTA, 25% (wtyvol) sucrose, 1%
(volyvol) Triton X-100, including protease inhibitors (above).
After incubation for 10 min at 0°C, additional soluble contam-
inants were removed by centrifugation at 2°C for 10 min at 25,000
g. Sonication and centrifugation were repeated twice to further
improve the purity of the inclusion bodies. The inclusion body
pellet was washed by resuspension via sonication in 2 ml of 10
mM Tris (pH 8.0), 4 M urea and incubation at 70°C for 10 min.
After centrifugation at 4°C for 30 min at 15,000 g, the final pellets
were solubilized at 22°C by sonication in 1–2 ml of TNEM8MU
buffer (10 mM Tris, pH 9.0y500 mM NaCly5 mM EDTA, 1 mM
2-mercaptoethanoly8 M urea).
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Purification, Solubilization, and Concentration of MP. The solubilized
inclusion bodies were dialyzed against chromatography buffer
(10 mM Tris, pH 9.0y8 M urea, 5 mM EDTAy150 mM NaCly1
mM 2-mercaptoethanol), and aggregated material was removed
by centrifugation at 22°C for 30 min at 15,000 g. The supernatant
was applied to a HQyM anion exchange column on a BioCAD
Perfusion Chromatography Workstation (PerSeptive Biosys-
tems, Framingham, MA). The column was eluted with a linear
salt gradient from 0.15 to 1.15 M NaCl by mixing chromatog-
raphy buffer with 3 M NaCl, and 1-ml fractions were collected.
Pooled fractions from P1 and P2 (see Fig. 2 A) were dialyzed
against buffer L (10 mM Tris, pH 8.0y200 mM NaCly1 mM
EDTAy10% glyceroly1 mM DTTy1 mM PMSF) (25) at 4°C.
Precipitated material was collected by centrifugation at 2°C for
30 min at 25,000 g. Pellets were resuspended in TNEM8MU
buffer at 22°C. Protein concentrations were estimated by com-
parison with BSA standards in SDSyPAGE.

P1 and P2, in TNEM8MU, were dialyzed against TNETMG
buffer [50 mM Tris, pH 9.0y700 mM NaCly1 mM EDTAy1%
(volyvol) Tween 20y10 mM 2-mercaptoethanoly10% (volyvol)
glycerol] containing 8 M urea at 22°C. The concentration of urea
then was halved about every 6 h (at 4°C), by adding an equal
volume of cold TNETMG to the dialysis buffer, until the urea
concentration was 62 mM. Samples were dialyzed at 4°C against
TNETMG to remove urea and subjected to centrifugation at 4°C
for 15 min at 15,000 g (low speed), and the supernatant was
subjected to centrifugation at 4°C for 1 h at 100,000 g (high
speed).

In other experiments, P1 and P2 (see Fig. 2 A) were dialyzed
at 22°C against buffers listed in Results. TNEM2MU was iden-
tical to TNEM8MU, other than containing 2 M urea. MP was

concentrated by ultrafiltration using Centricon filters with a
molecular mass cutoff of 10 kDa (Amicon).

Nucleic Acid Analysis. Nucleic acids were concentrated by ethanol
precipitation, resuspended in Tris-EDTA buffer (10 mM Tris,
pH 8.0y1 mM EDTA, pH 8.0), and quantified by A260 (34).
Digestions were for 1 h at 22°C by using either 0.3 mg of DNaseI
in DNaseI buffer or 0.3 mg of RNaseA (GIBCOyBRL; EC
3.1.27.5; ref. 33) in 10 mM sodium acetate, pH 5.2. Controls
lacking nuclease were in DNaseI buffer or 10 mM sodium
acetate, pH 5.2.

Electrophoresis and Western Immunoblotting. Electrophoresis of
DNA and RNA was performed according to standard proce-
dures using agarose gels (34). Polyacrylamide gels were stained
with Coomassie brilliant blue R250 (Coomassie; ref. 34) or with
silver (Silver-Stain Plus; Bio-Rad). Proteins electrotransferred to
nitrocellulose were incubated at 22°C for 0.5 h in Tris-buffered
saline–Tween 20 (34), blocked for 1 h in Blotto (10 mM TriszHCl,
pH 7.5y150 mM NaCly0.05% Tween 20y2% nonfat dry milk)
(34), and incubated in Blotto for 2–4 h with polyclonal antibodies
against MP (24) at 1 mgyml. Membranes were washed at 22°C in
Tris-buffered saline–Tween 20, incubated with goat anti-rabbit
IgG-horseradish peroxidase (Bio-Rad) for 1–2 h, washed again,
and visualized by chemiluminescence (ECL, Amersham
Pharmacia).

UV Absorption and CD Spectroscopy. Samples were dialyzed against
0.1% SDS for absorption spectroscopy. CD spectra were re-
corded from samples maintained at 25°C in a 1-mm path length
quartz cell (Helma Kuvetten, Nulheim, Germany) by using an
Aviv 202 SF spectropolarimeter (Aviv Associates, Lakewood,
NJ). CD spectra of five scans, in increments of 0.5 nm, were
collected from 185–250 nm (samples in SDS), 195–250 nm
(samples in TNETMG), and 205–250 nm (samples in
TNEM2MU 1 0.1% SDS). Absorption by urea, SDS, and NaCl
precluded measurements below these wavelengths. Averaged
spectra of buffers were subtracted from averaged spectra of
samples, and data were converted to mean residue ellipticity.
Estimates of secondary structure content were performed by a
linear least-squares fit to basis spectra (35).

Trypsin Digestion and MS. A 40-ml aliquot of MP in TNETMG, at
0.5 mgyml (17 mM), was digested with 20 ng of modified trypsin
(Promega) at 22°C. Samples (4 ml) were collected between 5 min
and 480 min. Reactions were stopped by adding 1 ml of 100 mM
PMSF, 3 ml of 33 SDSyPAGE sample buffer (34), and 24 ml of
13 SDSyPAGE sample buffer. Similar reactions were carried
out on nondigested samples after 480 min. Samples were sub-
jected to SDSyPAGE on duplicate gels. One gel was silver-
stained and the other was used for Western blot analysis.

For MS, MP in TNETMG (20 ml at 0.5 mgyml) was incubated
with modified trypsin (1 ml at 0.1 mgyml) for 10 min at 22°C. A
10-ml aliquot of 33 SDSyPAGE sample buffer was added, and
samples were immediately boiled, subjected to SDSyPAGE, and
stained with Coomassie. Gel slices containing protein were
subjected to in-gel digestion as described (http:yymasspec-
.scripps.eduyproteo2.html). Matrix-assisted laser desorptiony
ionization-time of flight MS was performed by using an a-cyano
matrix, on a Voyager-DE STR Biospectrometry Workshop
(PerSeptive Biosystems). Peptides were mapped to the MP
sequence by using the PAWS program (http:yywww.proteomet-
rics.comy). The predicted molecular mass and isoelectric point
of proteins were calculated by using the EXPASY tool (http:yy
www.expasy.chytoolsypi_tool.html).

Fig. 1. SDSyPAGE of inclusion bodies from E. coli pET3MP. Labeling below
the gels indicates the concentration of urea and the sample identity as
unfractionated (u), supernatant (sup; s), or pellet (pel; p). * indicate a high-
speed pellet or high-speed supernatant. Lanes 1 and 2 contain whole-cell
lysates before and after MP gene induction in E. coli pET3MP, respectively.
Lanes 3–8, inclusion bodies isolated by using a previous protocol (ref. 25;
labeled older). Lane 3, soluble in buffer L with 4 M urea (25). Lane 4, insoluble
in buffer L with 4 M urea but soluble in buffer L with 8 M urea. Lane 5, material
from lane 3 in buffer L without urea (25). Lanes 6–8, sample from lane 5
fractionated via centrifugation; lane 6, low-speed (15,000 g) pellet; lane 7,
high-speed (100,000 g) pellet; lane 8, high-speed supernatant. Lane 9, inclu-
sion bodies isolated by using the protocol described in this paper (labeled
new). SDSyPAGE gels were stained with Coomassie. Molecular mass standards
(Mr) in kDa. Lanes 1 and 2 were from one gel, and lanes 3–9 were from another
gel. The order of lanes 3 and 4 was changed for clarity.
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Results
An Improved Protocol Yields Large Amounts of MP from E. coli. To
obtain MP for biochemical and biophysical analysis, the recom-
binant MP gene was expressed in E. coli. After MP gene
induction, cell extracts displayed a prominent band with an
apparent molecular mass (Mr) of 32 kDa (Fig. 1, lane 2).
Inclusion bodies isolated by using a previous protocol (25) also
displayed a band of 32 kDa (Fig. 1, lanes 3 and 5). Some protein
was soluble in buffer containing 4 M urea, and additional protein
was solubilized in 8 M urea (Fig. 1, lanes 3 and 4). In contrast
to a previous report (25), we found that protein from inclusion
bodies was not soluble in their buffer L (Fig. 1, lanes 5–8).

The isolation procedure was modified as described in Materials
and Methods, yielding 2–4 mg of inclusion bodies per 100 ml of
culture (Fig. 1, lane 9), which was 5- to 10-fold greater than the
previous protocol (25). The most prominent band on SDSy
PAGE gels had an Mr of 32 kDa. Proteins displaying slower and
more rapid mobility also were detected. Proteins with a similar

range of mobilities were detected in concentrated samples of
inclusion bodies isolated by the previous protocol (25).

Inclusion Bodies Contain MP and ssRNA. High pressure ('1,200 psi)
anion exchange chromatography of solubilized inclusion bodies
in buffer containing 8 M urea provided a one-step purification
procedure. Elution profiles displayed three peaks, labeled P1,
P2, and P3 (Fig. 2A). P1 contained flow-through material,
whereas P2 and P3 eluted with increasing NaCl concentration.
The elution profile of inclusion bodies isolated by the previous
protocol (25) was similar to that in Fig. 2 A (not shown).

Silver-stained gels and Western blots showed that P1 (frac-
tions 2–8) and P2 (fractions 18–23) contained highly purified
MP that migrated as oligomers, full-length monomers, and
smaller fragments (Fig. 2B). In contrast, P3 (fractions 33–37)
contained small amounts of MP and additional material that
exhibited lower mobility. Because proteins and nucleic acids are
stained by reactions with silver, SDSyPAGE gels were stained

Fig. 2. Purification and characterization of recombinant MP. (A) Anion exchange chromatography. Conductivity, 13.2–71.4 mS; pH, 8.73–9.24. P1, P2, and P3,
peaks 1, 2, and 3. (B) Chromatographic fractions 1–40. (Upper) Silver-stained SDSyPAGE gels; (Lower) Western blots detecting MP. Unheated samples were
subjected to SDSyPAGE; Mr as in Fig. 1. (C) Absorption spectra of P1, P2, and P3. (D) Nuclease digestion. Ethidium bromide-stained 1% TrisyborateyEDTA (lanes
1–4) and 1.5% formaldehyde-agarose (lanes 5–12) gels. Lanes 1–4: pET3MP DNA; in DNaseI buffer only (lane 1), or RNaseA buffer only (lane 2); in buffer with
DNaseI (lane 3), or RNaseA (lane 4). Lanes 5–8: TMV RNA; in DNaseI buffer only (lane 5), or RNaseA buffer only (lane 6); with DNaseI (lane 7), or RNaseA (lane
8). Lanes 9–12: concentrated P3; in DNaseI buffer only (lane 9), or RNaseA buffer only (lane 10); with DNaseI (lane 11), or RNaseA (lane 12). Standards, in kbp
(DNA; Left) and kb (RNA; Right).
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with ethidium bromide to detect nucleic acids; only P3 contained
detectable nucleic acid (not shown).

Absorption spectroscopy was used to further characterize the
contents of P1, P2, and P3. Absorption spectra of P1 and P2
displayed maxima at 272–278 nm and minima at 250–256 nm
(Fig. 2C). These spectra were similar to the spectrum of purified
BSA (not shown), suggesting that P1 and P2 contained highly
purified protein. The spectrum of P3 was intermediate between
spectra of RNA and protein, being more similar to RNA, with
a maximum at 254–258 nm and a minimum at 240–244 nm (Fig.
2C). Absorption spectra of P1, P2, and P3 from inclusion bodies
isolated according to the previous protocol (25) were similar to
those in Fig. 2C, indicating that these inclusion bodies also
contained MP and nucleic acids (not shown).

To identify the nucleic acids in P3, samples were treated with
DNaseI or RNaseA. As controls, pET3MP DNA and TMV RNA
were specifically degraded by DNaseI and RNaseA, respectively
(Fig. 2D, lanes 1–8). Nucleic acid in P3 was degraded by RNaseA
(Fig. 2D, lane 12), whereas DNaseI had no effect (Fig. 2D, lane
11). Nuclease digestion of P3 from inclusion bodies isolated by
the previous protocol (25) yielded similar results (not shown).
The ssRNA was ,0.24 kb to '0.9 kb (Fig. 2D, lanes 9–11). The
mean wtywt ratio of MPyRNA in inclusion bodies was 12.5:1,
with a SD of 0.95.

Soluble MP Has Primarily a-Helical Structure in Low Concentrations of
Urea and SDS. Because purified MP precipitated in buffer L, it was
collected by centrifugation, resuspended in TNEM8MU buffer,
and gradually dialyzed into TNETMG buffer. The concentration
of soluble MP in the 100,000 g supernatant was '1 mgyml for P1
and '0.5 mgyml for P2. SDSyPAGE gels containing soluble MP
in TNETMG displayed oligomeric and monomeric protein bands
(not shown).

When MP was concentrated by ultrafiltration, it precipitated
in TNETMG at concentrations exceeding '1 mgyml. In 0.1%
SDS, chromatography buffer, and TNEM8MU, the protein
remained soluble, but displayed some aggregation. Soluble MP
was essentially monodisperse at .4 mgyml in buffer containing
8, 4, or 2 M urea plus 0.1% SDS and remained soluble in these
buffers at concentrations exceeding 20 mgyml (not shown).

Having found conditions to maintain MP solubility, we used

CD spectroscopy to estimate secondary structure (35). The CD
spectrum of soluble MP in TNETMG had a minimum at 208 nm
and a shoulder at 222 nm, suggesting a-helical structure. In 0.1%
and 5.0% SDS, CD spectra were similar to those in TNETMG.
However, there were more distinct minima at 208 nm and 222 nm
in SDS than in TNETMG (not shown). In TNEM2MU plus 0.1%
SDS, CD spectra of MP from P1 predicted '66% a-helix, '18%
b-turn, and '16% b-sheet structure (Fig. 3). MP from P2 was
estimated to contain '77% a-helix and '21% b-turn structure.

MP Has a Trypsin-Resistant Core that Contains Two Putative Trans-
membrane Domains. The high a-helical content of MP suggested
that the solubilized protein possessed ordered tertiary structure.
We elected to subject MP to proteolysis to qualitatively assess
tertiary structure, as sites in unstructured regions are susceptible
to cleavage, whereas sites in folded domains are relatively
resistant to cleavage (6). MP was treated with trypsin, because
MP is rich in lysine (K) and arginine (R) residues, which are
trypsin-cleavage sites. MP was rapidly degraded to a polypeptide,
with an Mr of '25 kDa, that we term a core (c) domain (Fig. 4).
Western blots using antibodies against amino acid residues
209–222 showed that MP oligomers, full-length monomers (m),
the core, and smaller fragments of MP were reactive. Although
the peptide that was used to produce the antibodies (amino acid
residues 209–222) contains seven R and K residues, the reactive
peptide was degraded only after extended digestion (Fig. 4B).

The monomer and trypsin-resistant core of the MP (Fig. 4)
were excised from gels and subjected to overnight trypsin

Fig. 3. CD spectroscopy of solubilized MP in the presence of urea and SDS
indicated high a-helical content. The MP concentration was 17 mM, in
TNEM2MU 1 0.1% SDS. MRE, mean residue ellipticity.

Fig. 4. SDSyPAGE (A) and Western blots (B) of MP incubated with trypsin
showed that a core domain resists cleavage. Lanes 1, MP inclusion bodies
(MPIB) in TNEM8MU buffer. Lanes 2, P1, and lanes 3, P2 (see Fig. 2A). Lanes
4–14, MP from P2 in TNETMG buffer. Lanes 4, control incubation, no trypsin
(NT). Lanes 5–14 were incubated with trypsin for the indicated times, in min.
Mr as in Fig. 1; m, monomer; c, core. Ponceau-S staining showed even transfer
of proteins to membranes. Trypsin (,2 ng per lane) was not detected in the
gels.
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digestion, and MS was used to identify the resulting peptides.
The molecular masses of peptides were within 66.1 Da of the
masses predicted by the MP sequence. Peptides from the MP
monomer and core spanned most of the MP sequence, but not
all potential trypsin sites were digested (Fig. 5). Two hydropho-
bic regions that are predicted to contain transmembrane do-
mains (24) were rarely detected. We propose that these hydro-
phobic, putative transmembrane domains were buried within
SDS micelles, which likely impeded digestion by trypsin and
detection by MS (J. Wu, personal communication).

The C terminus of the MP, i.e., amino acid residues 250–268,
was absent from the core (Fig. 5), suggesting that K 249 and K
250 were highly sensitive to trypsin (Figs. 4–6). The trypsin-
resistant core contained 250 aa with a predicted molecular mass
of 28,080 Da and a predicted isoelectric point of 9.42. These
results suggest that the C-terminal 18 amino acid residues of the
MP are highly accessible to the solvent, whereas the trypsin-
resistant core has a tightly folded, well-ordered, three-
dimensional structure.

Discussion
When produced in E. coli, TMV MP accumulates in inclusion
bodies (25). Our studies showed that the inclusion bodies contain
ssRNA. The inclusion bodies are solubilized in buffers contain-
ing urea, but when the urea is removed, aggregation recurs to
create precipitates that contain proteinyRNA complexes (Figs.
1 and 2). Proteins from the inclusion bodies, following removal
of urea, have been used for microinjection into plant cells (40),
and for nucleotide and nucleic acid binding studies (25, 26, 39).
We suggest that experiments using aggregated MP and ssRNA
from inclusion bodies for microinjection studies and nucleotide

binding assays (39, 40) should be cautiously interpreted. In
nucleic acid binding studies, aggregates of protein and labeled
probe did not enter the gels, suggesting that association of
nucleic acids with TMV MP involved nonspecific interactions
(25, 26, 39).

Anion exchange chromatography of solubilized MP inclusion
bodies yielded highly purified MP that eluted in peaks P1 and P2.
Because the buffer conductivity was different for these peaks,
MP in P1 and P2 may have slightly different conformations.

The MP contains two highly hydrophobic regions (Figs. 5 and
6) that are predicted to span membranes (24). Trypsin digestion
followed by MS revealed that these two regions were rarely
detected and were not cleaved internally by trypsin (Fig. 5).
These results support the hypothesis that lipid-like detergent
micelles contained putative transmembrane regions of the MP,
thereby shielding these regions from trypsin and hindering their
detection by MS. These putative membrane-spanning regions
are likely responsible for the behavior of the MP as an integral
membrane protein (20, 23), including its association with corti-
cal, cytoplasmic, and perinuclear ER (16, 22). MP causes tran-
sient aggregation of host ER (20, 22, 24, 41), which apparently

Fig. 5. MS of the full-length MP monomer (A) and core domain (B; Fig. 4).
Molecular masses of peptides (short lines) generated by extensive trypsin
digestion matched the predicted masses deduced from the MP sequence. Two
hydrophobic peptides containing putative transmembrane domains (residues
39 or 58–85, and 145–175; open bars) were rarely detected. The core (B) was
generated by release of residues 250–268 from the C terminus (open bar) by
cleavage at highly sensitive K residues (*). Other K and R residues were more
resistant to cleavage (arrowheads) and some were not cleaved (arrows). In
some experiments, residues 1–6 of the monomer (A) were detected. The
profiles are representative of MP from P1 and were similar for P2.

Fig. 6. Topological model of the TMV MP. The amino acid sequence was
deduced from the ORF encoding the MP (32). Hydrophobic amino acid resi-
dues are yellow, basic residues are blue, acidic residues are red, and Cys
residues are green. The trypsin-resistant core domain contains the first 249 or
250 residues, including the peptide (boxed) that was used to produce MP
antibodies used in Figs. 2B and 5B. The C terminus (gray) was rapidly removed
by trypsin. As previously defined (36), domains I (residues 56–96) and II
(residues 125–164) are regions that are conserved among tobamovirus MPs
and are outlined in black; domains A (residues 183–200) and C (residues
252–268) are acidic and are outlined in red; and domain B (residues 206–250)
is basic and is outlined in blue. Cytoplasmic, transmembrane, ER luminal, and
core domains were inferred from Western blots of proteinase K-treated
microsomes, hydropathy analysis, fluorescence microscopy (16, 20, 22, 24),
trypsin susceptibility, and MS. Transmembrane domains are presumed to be
a-helical. Hydrophobic peptides (39–85 vs. 58–85) differed in length between
the monomer and the core (Fig. 5), suggesting that the C terminus of the
monomer may interact with its N terminus. Serine-37 is phosphorylated (P3-;
ref. 37), and S 218 may be phosphorylated (P3-?) based on Prosite prediction
and sequence conservation among tobamovirus MPs (not shown). Met resi-
dues (*) have been reported to generally be involved in protein–protein
interactions (38).
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plays a role in formation of cytoplasmic bodies where TMV
replicates (16, 22).

Domain B of the MP (residues 206–250, Fig. 6) is rich in K and
R residues, which may facilitate RNA binding (25, 26). However,
C-terminal residues 214–268 are dispensable for function of the
MP, whereas residues 1 to '214 are required (42, 43). Similarly,
phosphorylation of Ser-238 of the MP of the closely related
tomato mosaic tobamovirus is dispensable, whereas phosphor-
ylation of Ser-37 is required for function of this protein, as well
as for function of the TMV MP (37). Greater sequence conser-
vation among tobamovirus MPs is observed for N-terminal
residues 1 to '216 than for C-terminal portions (not shown).
Trypsin rapidly removes MP residues 250–268 (Figs. 5 and 6),
whereas the trypsin-resistant core contains the conserved N-
terminal residues that are essential for cell–cell spread of TMV
(24, 42, 43).

CD spectra recorded from 205 to 250 nm suggested that MP
structure is predominantly a-helical in buffer containing 0.1%
SDS and 2 M urea (the buffer did not display significant
ellipticity; data not shown). Similarly, other membrane proteins

retain secondary structure in SDS, including the aquaporin
AqpZ from E. coli (6), the Streptomyces lividans potassium
channel homolog (5), glycophorin A from human erythrocytes
(44), and phospholamban from human heart muscle (45). Be-
cause the MP has ordered secondary structure and a trypsin-
resistant core, we suggest that the protein has stable tertiary
structure that is not disrupted by low concentrations of urea and
SDS (Figs. 4–6). This domain may participate in the establish-
ment of membrane-associated TMV replication complexes, in-
tracellular distribution of TMV, and manipulation of plasmod-
esmal pores to allow cell–cell spread of infection.
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