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The mycovirus cryphonectria hypovirus 1 (CHV1) causes proliferation of vesicles in its host, Cryphonec-
tria parasitica, the causal agent of chestnut blight. These vesicles have previously been shown to contain
both CHV1 genomic double-stranded RNA (dsRNA) and RNA polymerase activity. To determine the
cellular origins of these virus-induced membrane structures, we compared the fractionation of several
cellular and viral markers. Results showed that viral dsRNA, helicase, polymerase, and protease p29
copurify with C. parasitica trans-Golgi network (TGN) markers, suggesting that the virus utilizes the
fungal TGN for replication. We also show that the CHV1 protease p29 associates with vesicle membranes
and is resistant to treatments that would release peripheral membrane proteins. Thus, p29 behaves as an
integral membrane protein of the vesicular fraction derived from the fungal TGN. Protease p29 was also
found to be fully susceptible to proteolytic digestion in the absence of detergent and, thus, is wholly or
predominantly on the cytoplasmic face of the vesicles. Fractionation analysis of p29 deletion variants
showed that sequences in the C terminal of p29 mediate membrane association. In particular, the
C-terminal portion of the protein (Met-135-Gly-248) is sufficient for membrane association and is enough

to direct p29 to the TGN vesicles in the absence of other viral elements.

Cryphonectria parasitica is the filamentous ascomycete that
causes chestnut blight, a disease that resulted in the nearly
complete demise of the American chestnut tree (25). Mycovi-
rus cryphonectria hypovirus 1 (CHV1) infection of C. para-
sitica reduces virulence of the fungus and has been exploited
for the biocontrol of chestnut blight in Europe (24). CHV1 is
a member of the virus family Hypoviridae, distinguished by the
ability to attenuate virulence and alter developmental pro-
cesses upon infection of the fungal host. Specific symptoms of
virus infection of the fungus grown in culture include reduced
pigment production, suppressed asexual sporulation, loss of
female fertility, and modified expression of specific host genes
(27, 29, 39, 40).

CHV1 has a double-stranded RNA (dsRNA) genome and,
like other fungal virus dsRNAs, that of CHV1 is not infectious
but can be transmitted horizontally by fungal anastomosis (38)
and vertically through asexual, but not sexual, spores. Al-
though hypovirus RNA is found in hyphal extracts as dsSRNA,
the structural characteristics of the dSRNA are reminiscent of
a replicative intermediate or replicative form of a single-
stranded RNA (ssRNA) virus (53). In CHV1, the 12.7-kb pos-
itive, coding strand is polyadenylated and contains two contig-
uous open reading frames (ORFs A and B) that encode
polyproteins that undergo proteolytic processing (6, 7, 54).

* Corresponding author. Mailing address: Department of Plant
Pathology, College of Agricultural and Environmental Science, One
Shields Avenue, University of California, Davis, Davis, CA 95616.
Phone: (530) 754-5500. Fax: (530) 752-9042. E-mail: dkwilk@ucdavis
.edu.

T Present address: Istituto di Virologia Vegetale, CNR Torino, Strada
delle Cacce 73, 10135 Torino, Italy.

6588

Domains in both ORF A and ORF B share sequence homol-
ogy with ssRNA plant potyviruses (30) and the polyadenylated
strand is infectious (3), which is consistent with the ssSRNA
viral replication strategy (11, 44). CHV1 infection of C. para-
sitica causes proliferation of vesicles (14, 42, 43) that have been
previously shown to contain CHV1 dsRNA, RNA-dependent
RNA polymerase (RdRp) activity, and the RdRp protein (16,
17). Fahima and coworkers investigated the properties of the
RdRp associated with dsRNA-containing vesicles and re-
ported on the nature of the products synthesized in vitro.
Evidence suggests that the strategy employed by the hypoviru-
lence-associated dsRNA is that typical of positive-strand RNA
viruses (16, 17). Positive-strand RNA virus replication is known to
occur in close association with intracellular membranes, and di-
rect evidence for the importance of membranes in virus RNA
replication has been obtained in several cases (13, 49-51). Differ-
ent viruses utilize different types of membranes. Alphaviruses and
rubella viruses assemble their replication complexes on endoso-
mal and lysosomal membranes (19, 31), picornaviruses use the
endoplasmic reticulum (ER) (1, 52, 56), and arteriviruses use
perinuclear ER membranes (46, 62).

The study and characterization of the vesicles associated
with dsRNA in C. parasitica are of particular interest not only
because of the important role they play in viral replication
and transcription, but also because characterization of these
vesicles might shed light into the mechanism that triggers
the phenotypic effects the virus causes on its fungal host.
This study reports the origins of the cytoplasmic membranes
associated with the CHV1 infection and replication cycle
and describes the integration of a viral protein into these
vesicle membranes.
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MATERIALS AND METHODS

Strains and growth conditions. One-liter EP complete liquid cultures (47)
were inoculated with fungal strains EP67 (uninfected) or EP802 (isogenic CHV1
infected) that were previously grown for 7 days on PDAmb (potato dextrose agar
with 1 mg/liter methionine and biotin) petri dish plates. Solid cultures were
homogenized for 1 min in EP complete at full speed in a Waring blender (New
Hartford, CT) before being added to liquid medium for growth on an orbital
shaker for 3 days. Mycelia were harvested through filtration and immediately
processed or frozen and stored at —80°C. The fungal strains used were described
previously (60).

Membrane isolation and fractionation. A protocol adapted from those of Lin
et al. and Pearse (35, 45) was used to separate subcellular fractions and for
vesicle purification. Homogenization of mycelial pads was carried out as previ-
ously described (17, 41) except buffer A (0.1 M morpholineethanesulfonic acid-
NaOH, pH 6.5, 0.3 M sorbitol, 1 mM EGTA, 0.5 mM MgCl,, 1 mM dithiothre-
itol, 0.5 mM phenylmethylsulfonyl fluoride, 1 pg/ml leupeptin) was used.
Homogenates were centrifuged in three steps; 5,000 X g for 30 min, 20,000 X g
for 30 min in an Avanti J-E centrifuge from Beckman Coulter (Palo Alto, CA),
and 90,000 X g for 90 min in an L8-70 ultracentrifuge from Beckman Coulter
(Palo Alto, CA) at 4°C. Pellets were washed and resuspended in buffer B (buffer
A without sorbitol) and labeled P5,000, P20,000, P90,000, respectively. P90,000
constituted the microsomal fraction. Supernatants S5,000, S20,000, and S90,000
were frozen, lyophilized, and concentrated 10 times. A 0.5-ml aliquot of the
microsomal (P90,000) fraction was loaded onto a 10-ml linear gradient of Ficoll-
heavy water (9% *H,0-2% Ficoll to 90% 2H,0-25% Ficoll in buffer B) and
centrifuged at 90,000 X g for 16 h in a swinging SW41Ti rotor. One-milliliter
fractions were carefully collected, diluted with 6 ml buffer B, and centrifuged for
2 h at 90,000 X g. Pellets were resuspended in buffer B or Kex2 extraction buffer
(see the description of the enzyme assay, below), aliquoted, and stored at —80°C
prior to further analysis. Whenever Kex2 activity was assayed, dithiothreitol and
leupeptin were omitted from buffer A, due to their reported irreversible inhib-
itory effects on Kex2 activity (20, 21).

Protein determination. Protein concentrations in each fraction were deter-
mined with a Coomassie Plus protein reagent kit or with a BCA reagent kit
(Pierce, Rockford, IL). Due to compatibility issues with Kex2 extraction buffer,
the Compat-Able protein assay preparation reagent set (Pierce, Rockford, IL)
was used prior to protein determination for Kex2 assays. All procedures were
carried out according to the manufacturer’s recommendations.

Kex2 and AP-1p subunit cloning. Cloning of the Ca®"-dependent serine
protease of the subtilisin superfamily Kex2 was performed by PCR using degen-
erate primers created using protein sequence alignments of Neurospora crassa,
Saccharomyces cerevisiae, and Aspergillus niger Kex2 with genomic EP67 DNA as
template. Derived primer pair sequences were the following: Kex2-360F (5'-G
AYGGNTAYACNAAYAGYATHTAYAGYAT-3") and Kex2-600R (5'-CCAR
TGNRCNACRCTCATRAANGTCCA-3"); Kex2-270F (5'-TGYGGNGTNGG
NGTNGCNTA-3") and Kex2-450R (5'-ARRTAYTGNAYRTCNCKCCA-3');
and Kex2-450F (5'-TGGMGNGAYRTNCARTAYYT-3') and Kex2-600R
(5'-CCARTGNRCNACRCTCATRAANGTCCA-3"). The compilation of the
three PCR fragments derived from these primers allowed the design of two
specific primers (60R, 5'-GGCGATGTTGGAGTCGT-3', and 970R, 5'-GGAC
AATGAGGCCTC-3') to start chromosome walking in both directions. In this
way several genomic DNA pieces were cloned from which the whole Kex2
sequence was obtained. Kex2 cDNA sequence was assembled from cDNA clones
obtained from reverse transcription-PCR (RT-PCR) with specific primers de-
rived from the genomic sequences. A 120-bp PCR fragment of the C. parasitica
adaptor protein 1 subunit (4P-71p), a coated vesicle adaptor that facilitates
cargo selection in the late secretory trans-Golgi network (TGN) and in endo-
somes (48), was obtained from cDNA prepared from RNA obtained as previously
described (60), using primers designed based on the Neurospora crassa sequence
(CAD70726): AP50asp50F (5'-TTAATGTCAAATTTGAGATTCCCTAT-3') and
AP50asp160Rev (5'-GACTGCGTGATGTACCGGACCC). The 120-bp fragment
was cloned into the PCR vector pGEM-T (Promega, Madison, WI) and used to
screen a cosmid genomic EP44 library (8). Positive cosmid genomic clones were
analyzed and sequenced, and respective cDNA was obtained by RT-PCR using
specific primers designed based on the genomic sequence.

Plasmid constructs. For the expression of recombinant CHV1-p29 and Kex2
proteins to be used as antigens for the production of polyclonal antibodies,
CHV1-p29 (Phe-25 to Ala-229) and Kex2 (GIn-165 to Asn-559) from C. para-
sitica were expressed by cloning the corresponding cDNA obtained by RT-PCR
using Hi-fidelity Tag polymerase (Invitrogen, Carlsbad, CA) and XhoI-EcoRI
restriction sites of the Hisg-tag expression vector pRSET A (Invitrogen, Carls-
bad, CA). For the expression of recombinant AP-1p for the production of
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polyclonal antibodies, AP-1n ¢cDNA corresponding to amino acid positions
Met-1 to Arg-414 was cloned by RT-PCR into KpnI-HindIII restriction sites of
the His,-tag expression vector pRSET C (Invitrogen, Carlsbad, CA). p29-green
fluorescent protein (GFP) fusion deletion constructs were cloned into pCPXHY1
(5) Kpnl-Sacl restriction sites. To generate the plasmids shown below in Fig. 7, DNA
spanning the sequences of p29 shown was cloned as a Kpnl-Xhol fragment into
pBSK (Stratagene, La Jolla, CA) which already contained the XholI-Sacl fragment
of GFP. The fusion sequences were then moved as a cassette to pPCPXHY1 using
KpnlI-Sacl restriction sites. Oligonucleotides were constructed to contain all required
restriction sites for initiation and termination, as necessary. Xhol sites were used for
in-frame fusion with the GFP gene. Plasmid pCT74 was used as the source of GFP
(36). All DNA fragments generated by PCR were analyzed by DNA sequencing.
Deletion constructs were transformed into C. parasitica spheroplasts as previ-
ously described (9). For each deletion three independent transformants were
grown, harvested, and analyzed.

Nucleic acid extraction from vesicle preparation and Northern blot analysis.
Nucleic acids were obtained by phenol-chloroform extraction of 100 wl of each
fraction. For Northern blot analysis of CHV1 dsRNA, dsRNA was separated in
an agarose gel, blotted into Hybond-N* membrane (Amersham Biosciences,
Piscataway, NJ), and hybridized to a CHV1-ORF B probe prepared using a
Random Prime DNA labeling kit (Roche, Indianapolis, IN).

Expression of recombinant proteins and antibody generation. CHV1-p29
(Phe-25 to Ala-229), Kex2 (GIn-165 to Asn-559), and AP-1u (Met-1 to Arg-414)
were expressed in Escherichia coli BL21(DE3)(LysE) cells and purified by using
Ni-nitrilotriacetic acid-agarose beads (QIAGEN, Valencia, CA) according to
protocols supplied by the manufacturer. Recombinant purified proteins were
injected into rabbits for antibody preparation. To remove nonspecific signal, the
antibodies were purified against EP67 for p29 and against BL21 cell lysates for
Kex2. Lyophilized mycelia (0.1 g) were homogenized using a HandiShear AC
homogenizer (Virtis, Gardiner, NY) in 10 ml Tris-buffered saline, 0.2% Tween
20. One hundred microliters of undiluted p29 antibody was added, and the
suspension was incubated with gentle agitation for 5 h at room temperature. For
preadsorbing of the Kex2 antibodies, an overnight BL21(DE3)(LysE) culture,
previously transformed with wild-type pRSET A plasmid, was grown. The bac-
terial pellet was resuspended in phosphate-buffered saline (PBS), 0.1% Tween 20
and sonicated. Antibodies were added to the suspension in a 1:100 dilution and
then incubated with gentle agitation for 5 h at room temperature. Suspensions
were then centrifuged for 90 min at 90,000 X g, and the supernatant was removed
and stored at —20°C until further use. Polymerase antibodies (16) were prepared
through affinity purification against agarose coupled to polymerase antigen using
the Amino-link coupling kit (Pierce, Rockford, IL). Helicase antibodies (T.
Fahima and N. K. Van Alfen, unpublished data) and AP-1p. antibodies were also
affinity purified on columns with their agarose support covalently linked to the
original bacterially expressed antigen using the Amino-link coupling kit (Pierce,
Rockford, IL).

Gel electrophoresis and immunoblotting. Proteins were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using either
12%, 15%, or 4 to 20% gradient acrylamide gels as required and blotted onto
nitrocellulose membranes. Western blot detection by chemiluminescent ECL,
with SuperSignal West Pico substrate from Pierce (Rockford, IL), was carried
out according to the manufacturer’s recommendations. Anti-KDEL mouse
monoclonal and secondary goat anti-mouse antibody—horseradish peroxidase
conjugates were purchased from Stressgen Biotechnologies (Victoria, Canada)
and used as specified by the manufacturer. Anti-KDEL was used at 4 pg/ml in
PBS, 0.05% Tween 20, 3% nonfat dried milk, and secondary goat anti-mouse was
at 1:1,000 in PBS, 0.1% Tween 20, and 5% milk. Secondary anti-rabbit-horse-
radish peroxidase conjugate and primary anti-B-COP clone M3AS5 were pur-
chased from Sigma (St. Louis, MO) and were used at 1:5,000 and 1:500 dilutions
in PBS, 0.3% Tween 20, 7% milk, respectively. Anti-P29, anti-Kex2, anti-heli-
case, anti-polymerase, and anti-AP-1p. were rabbit polyclonal antibodies self-
prepared as described and used in a 1:4,000, 1:8,000, 1:2,000, 1:100, and 1:200
dilution in PBS, 0.3% Tween 20, 7% milk, respectively. Rabbit polyclonal glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) antiserum was kindly pro-
vided by M. L. Delgado (12) and used in a 1:3,000 dilution in PBS, 0.1% Tween
20, 7% milk.

Kex2 enzymatic assay. Kex2 protease was solubilized from the crude micro-
somal membranes or from microsomal fractions by resuspending pellets in Kex2
extraction buffer (50 mM sodium HEPES [pH 7.6], 1 mM EDTA, 50 mM NaCl,
2% sodium deoxycholate, 20% glycerol) and incubated for 60 min at 4°C. The
resulting fraction was stored at —20°C until assayed for activity. The reaction
mixture (200 ul) contained 200 mM sodium HEPES (pH 7), 1.5 mM CaCl,, 0.1
mM L-1-tosylamido-2-phenylethyl-CK, and 100 pM N--BOC-GLN-ARG-ARG
7-amido-4-methylcoumarine from Sigma Chemical Co. (St. Louis, Mo.) as sub-
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strate. After substrate addition, reaction mixtures were incubated at 37°C for 30
min. Reactions were terminated by addition of 1.6 ml of 125 mM ZnSO, and 0.2
ml of saturated Ba(OH),. The precipitate was removed by centrifugation for 5
min at 20,000 X g in a microcentrifuge, and the amount of 7-amino-4-methyl-
coumarin liberated was determined fluorimetrically at an excitation wavelength
of 370 nm and an emission wavelength of 440 nm (28).

Protease susceptibility assay. Subcellular fractions were prepared as previ-
ously described but with HEPES-based lysis buffer (HEPES pH 6.8, 150 mM
potassium acetate, 250 mM sorbitol, 1 mM magnesium acetate) to prevent
permeabilization of membrane compartments. No protease inhibitors were in-
cluded during the procedure. The P90,000 fraction was resuspended in Feld-
heim’s lysis buffer (18), and proteinase K (Boehringer Manheim, Germany) was
added to the mixtures to achieve a final concentration of 0, 4, 8, 10, 15, 20, and
30 pg of proteinase K/ml in the presence or absence of 0.1% Triton X-100.
Assays were incubated for 10 min on ice. Proteolytic activity was stopped by
adding 4X SDS-PAGE loading buffer containing 5 mM phenylmethylsulfonyl
fluoride, and samples were immediately boiled for 10 min and analyzed by
SDS-PAGE and subsequent Western blotting.

Biochemical treatments of membranes. Subcellular fractions were prepared as
previously described. The microsomal fraction, P90,000, was resuspended in
buffer B and treated with 0.1 volume of 1 M Na,CO; (pH 11) or with 4 M urea
or 2 M NaCl in a 1:1 dilution, incubated at 4°C with shaking for 30 min, and
centrifuged at 90,000 X g. Pelleted and lyophilized soluble fractions were resus-
pended in buffer B and analyzed by SDS-PAGE. For the separation of integral
membrane proteins in Triton X-114 solution, the P90,000 fraction was diluted 1:1
in 20 mM Tris-HCI, pH 7.4, 300 mM NacCl, and 2% Triton X-114 at 0°C. The
clear protein sample was then overlaid on a sucrose cushion of 6% (wt/vol)
sucrose, 10 mM Tris-HCI (pH 7.4), 150 mM NaCl, and 0.06% Triton X-114
which was previously placed at the bottom of a microcentrifuge tube; the tube
was incubated for 3 min at 30°C. Clouding of the solution occurred, and so the
tube was centrifuged for 3 min at 300 X g at room temperature. The detergent
phase was found as an oily droplet at the bottom of the tube. The upper aqueous
phase was removed from the tube and was rinsed with 2% Triton X-114 in a
separate tube without sucrose cushion and spun as before. The detergent phase
of this last condensation was discarded, and the aqueous phase was analyzed by
SDS-PAGE together with the detergent phase previously obtained (2).

Nucleotide sequence accession numbers. Accession numbers for C. parasitica
Kex2 and AP-1p are DQ219470 and DQ218057, respectively.

RESULTS

Subcellular fractionation of virus-infected C. parasitica.
Given the precedents pointing to dsSRNA accumulation in ves-
icle fractions, we used a differential centrifugation and Ficoll-
*H,0 gradient fractionation protocol widely used for the pu-
rification of eukaryotic vesicles to identify the nature of the
virus-associated vesicle fraction (15, 23). We monitored dsRNA
accumulation and the presence of CHV1 polymerase and he-
licase proteins in each fraction (Fig. 1A and B). Double-
stranded RNA was found to accumulate in the microsomal
fraction (P90,000) and, after P90,000 fractionation in a Ficoll-
2H,0 gradient, in fractions 6, 7, and 8. These fractions were
located close to the bottom of the gradient and are referred to
as the vesicle fraction (VF) (Fig. 1B, top panel). Together with
the dsRNA, the microsomal fraction and VF contained viral
polymerase and helicase proteins (Fig. 1A, top and bottom
panels, respectively). The dsSRNA was verified to be CHV1
specific through Northern blot analysis (Fig. 1B, bottom
panel). The same fractions from uninfected strain EP67 did
not show the presence of either CHV1 dsRNA or helicase and
polymerase proteins. In an attempt to better understand the
localization of different vesicle structural components in the
fractionation procedure, we looked for B-COP and the AP-1
subunit in the same fractions (Fig. 1C). At the concentration
used, B-COP could only be detected in the microsomal fraction
of the virus-containing strain while AP-1p was present in the
P20,000 fraction in both isolates and in the microsomal frac-
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FIG. 1. Fractions of uninfected (EP67) and CHV1-infected (EP802)
strains of C. parasitica, obtained by differential centrifugation. Cell
lysates were centrifuged at 5,000 X g, 20,000 X g, and 90,000 X g.
Pellets (P) and supernatants (S) were collected and analyzed. The
microsomal fraction, P90,000, was further fractionated on a Ficoll-
2H,0 gradient. The fractions from EP802 that contained viral ele-
ments were pooled together and labeled as VF. Corresponding frac-
tions from strain EP67 were also pooled and labeled as such.
(A) Western blots of fractions using viral polymerase and helicase
antibodies. (B) Nucleic acid extraction from the fractions, with the top
panel showing ethidium bromide staining of dsRNA. The bottom
panel shows Northern hybridization of the same samples probed with
radioactively labeled CHV1-ORF B. (C) Western blots of the same
fractions using B-COP and AP-1p subunit antibodies. Equal total
protein amounts were loaded.

tion and VF of the viral isolate alone. These results show that
there is greater membrane proliferation in the viral strain, as
shown by the abilities of the antibodies to detect 3-COP and
AP-1p antigen in the microsomal fraction of EP802 while not
in the microsomal fraction of EP67. Also evident from this blot
is that B-COP is not detected in subfraction VF, while AP-1.
is only detected in the VF of EP802.

To further characterize the kind of vesicles utilized by the
virus, we monitored dsRNA accumulation and other specific
CHV1 markers in each fraction together with C. parasitica
organelle-specific markers. The viral p29 gene was cloned and
expressed, and the recombinant protein was purified and used
to produce polyclonal antibodies. Antibodies raised against
p29 reacted specifically on Western immunoblot assays with a
29-kDa polypeptide from the P90,000 fraction of EP802, but
not with any fraction of EP67 (Fig. 2A). To identify the various
fractions of the isolation procedure, the viral protease p29, the
ER marker KDEL, the frans-Golgi Kex2 protease, and the
cytosolic protein GAPDH were sought in each fraction (Fig.
2B). All antibodies used reacted specifically with bands of the
expected molecular weight. As expected for soluble proteins,
cytosolic GAPDH could be found in all fractions and was
predominantly recovered in the S90,000 fraction. p29, KDEL,
and Kex2 fractionated into the microsomal fraction (P90,000)
and were undetectable in $90,000, reflecting localization within
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FIG. 2. (A) Western blot of the microsomal fractions of uninfected
(EP67) and CHV1-infected (EP802) cells using CHV1-encoded p29
antibodies. (B) Western blot showing subcellular fractionation of cell
lysates from CHVl-infected strain EP802 separated by differential
centrifugation. Lysates were centrifuged at 5,000 X g, 20,000 X g, and
90,000 X g. Pellets (P) and supernatants (S) were collected and treated
with p29, KDEL, Kex2, or GAPDH antibodies. Equal total protein
amounts were loaded.

GAPDH

vesicles or their membranes. Figure 3 shows the Ficoll-*H,O
gradient fractionation profile of the P90,000 microsomal frac-
tion. Gradient fractions were assayed for Kex2 activity, for the
presence of KDEL and GAPDH, and for viral dsSRNA and
p29. Viral dsRNA and p29 were always associated with frac-
tions near the bottom of the gradient from strain EP802 (Fig.
3B and C). The viral elements were not detected in analogous
fractions extracted from EP67 (data not shown). Fractions
containing the viral elements also contained the peak in Kex2
activity (Fig. 3A), indicating that the viral elements cofraction-
ated with fungal TGN. ER marker KDEL was localized in
upper fractions, and GAPDH was not detected in the gradient
fractions. Due to the fact that dsSRNA gels were loaded using
equal volumes while Westerns blots were loaded based on
equal protein amounts (see Materials and Methods), intensi-
ties on the Western blot signal and dsRNA gels cannot be
quantitatively compared.

For a more detailed characterization of the vesicles of
EP802 separated on the gradient, three more markers were
used to better identify the fractions: the viral helicase, B-COP,
required for the retrieval of proteins from an early Golgi com-
partment to the ER (15), and the AP-1p subunit adaptor
protein, found specifically on the TGN and endosomes (48)
(Fig. 4). The same fractionation pattern as in Fig. 3 could be
observed, with viral elements that associated with the bottom
fractions and cofractionating with Kex2 and AP-1y., indicating
that the viral elements are associated with the TGN. In con-
trast, KDEL and B-COP migrated to the upper fractions,
showing clear distinction between the ER and the intermediate
compartment, and the viral vesicles associated with the TGN.

p29 is an integral membrane protein. Analysis of the pri-
mary sequence of p29 does not reveal regions that are typically
found in proteins associated with membranes, i.e., the hydro-
phobicity profile of p29 does not show any regions of sufficient
length and hydrophobicity that could qualify as transmem-
brane domains (Fig. 5A). To determine if p29 is an integral or
peripheral membrane protein, biochemical analyses were per-
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FIG. 3. Ficoll-H,O gradient fractions of the subcellular microsomal
fraction, P90,000, of CHV1-infected strain EP802. (A) A, Kex2 activity
expressed as pmol 7-amino-4-methylcoumarin (AMC) released; @, activ-
ity expressed as % Ficoll. (B) Nucleic acid extraction of 100 wl from each
gradient fraction and staining with ethidium bromide. (C) Western blot
analysis of gradient fractions using antibodies to KDEL, p29, and
GAPDH. Fractions were labeled 1 to 11, from top to bottom. For West-
ern assays, equal protein amounts were loaded for all fractions except
fraction 1, which did not have enough protein and so the maximal volume
was loaded. The percent Ficoll was determined by refractometry.

formed using the microsomal fraction from EP802. p29 re-
mained associated with the membrane fraction after extraction
with 1 M NaCl, 0.1 M Na,CO; (pH 11), or 2 M urea (Fig. 5B,
left panel). These treatments would be expected to dislodge
proteins that were weakly or peripherally associated with mem-
branes. A Triton X-114 phase partition analysis was also car-
ried out. In this experiment the p29 in the P90,000 fraction
partitioned mainly to the detergent phase (Fig. 5B, right
panel). Thus, despite the absence of obvious membrane-span-
ning regions, p29 displayed high affinity for membranes.
Protease susceptibility of membrane-associated p29. To in-
vestigate the distribution of p29 with respect to the cytosolic
and lumenal faces of the TGN vesicles, we assayed the suscep-
tibility of p29 to proteolysis. Parts of p29 that localize to the
cytoplasmic side of the vesicles will be accessible to the pro-
tease in a detergent-independent fashion, while any parts of
p29 that protrude into the lumen of the vesicle should only be
degradable after solubilization of the vesicle membrane with
detergent. The P90,000 membrane fractions of strain EP802
were prepared and subjected to increasing amounts of protein-
ase K (Fig. 6). As a control we used Kex2 protease, an enzyme
that resides in the lumen of the late Golgi and has a trans-
membrane domain and a cytoplasmic tail (21, 22). The Kex2
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FIG. 4. Agarose gels showing Ficoll->H,O gradient fractions of the
CHVl-infected strain EP802 microsomal fraction, P90,000. The pres-
ence of CHV1 dsRNA, p29, CHV1-helicase, KDEL (ER marker),
Kex2 (TGN marker), 3-COP (intermediate compartment, ER to Golgi
marker) and AP-1p (TGN and endosome marker) in the various
fractions were detected using ethidium bromide staining for nucleic
acids (dsRNA) and Western blot assays using antibodies to the pro-
teins. The profile of GAPDH is not shown since it was below the
detection limit in the gradient fractions.

cytoplasmic tail was degraded due to proteolytic activity with
increasing concentrations of proteinase K, while a 70-kDa frag-
ment was protected from proteolytic activity in the absence of
detergent even at the highest protease concentrations. Addi-
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tion of Triton X-100 rendered the Kex2 70-kDa lumenal frag-
ment susceptible to degradation. The sensitivity of p29 to pro-
teinase K was analyzed in parallel to that of Kex2. In contrast
to Kex2, p29 was equally susceptible to proteolysis in the ab-
sence or presence of Triton X-100. Degradation intermediates
that accumulated and were degraded were observed and had
increased susceptibility to protease upon addition of Triton
X-100; however, a slight increase in susceptibility to protease
upon addition of Triton X-100 was also observed in the cyto-
plasmic tail of Kex2. When comparing Kex2 and p29 in the
absence of detergent, p29 and its degradation intermediate
were both almost totally degraded at 20 and 30 pg/ml protein-
ase K, while the lumenal part of Kex2 was completely pro-
tected at these concentrations (Fig. 6, top panel).

Deletion analysis of p29 membrane association. To charac-
terize the p29 membrane interaction in vitro and in vivo, plas-
mids were constructed that expressed p29 derivatives with C-
terminal or N-terminal truncations of various lengths fused to
GFP (Fig. 7A). The microsomal and soluble fractions, P90,000
and S90,000, were analyzed (Fig. 7B). In these assays, p29 was
recovered in all cases in the P90,000 fraction and none could be
detected in the soluble fraction.

Deletion of the C-terminal region in constructs GFP/
Pp29A229-248 and GFP/p29A(1-24) (229-248) resulted in unsta-
ble proteins that could not be detected by Western blotting or
UV fluorescence microscopy; plasmid presence was verified by
Southern blot analysis (data not shown). Constructs GFP/p29A1-
24, GFP/p29A1-73, and GFP/p29A1-134 with N-terminal dele-
tions did not alter membrane association patterns of p29 under
the experimental conditions used. Thus, the p29 membrane asso-
ciation domain could be mapped to its C-terminal region, be-
tween amino acids Met-135 and Gly-248. Although the C-termi-
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FIG. 5. (A) CHV1-p29 hydrophobicity plot. Hydrophobicity was calculated by using the algorithm of Kyte-Doolittle with a window size of 7
amino acids using the SDSC Biology workbench web-based tool (34). (B) Extraction and Western blot analysis of p29 in CHVI-infected strain
EP802. The P90,000 fraction was extracted with either 1 M NaCl, 0.1 M Na,CO; (pH 11.5), or 2 M urea and subjected to centrifugation at 90,000 X
g, yielding the soluble fraction (S) and pellet (P). The total P90,000 fraction was also fractionated into aqueous (AP) and detergent-soluble (DP)
phases after treatment with 1% Triton X-114. Samples were analyzed by Western blotting using p29 antibodies.
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FIG. 6. Protease susceptibility of CHV1 p29. Aliquots of the P90,000 microsomal fraction of CHV1-infected strain EP802 were incubated with
increasing amounts of proteinase K. Assays were carried out in the absence (top panel) or presence (bottom panel) of 0.1% Triton X-100. Western
blots were generated using p29 antibodies and as a control using antibodies against Kex2. Kex2 is a lumenal (arrow) TGN resident that has a

transmembrane domain and a cytoplasmic tail.

nal region alone retained high levels of membrane association, we
cannot rule out a possible accessory role of the N-terminal region
of p29 in membrane association. Attempts to visualize and char-
acterize the GFP fusions in vivo were unsuccessful due to high
background levels of free GFP, likely derived from self-cleavage
of the fusion protein. When analyzing constructs GFP/p29 and
GFP/p29A1-24 on a 15% SDS-PAGE, no significant molecular
mass differences could be observed between these two constructs
and EP802 p29. Constructs GFP/p29A1-73 and GFP/p29A1-134,
however, produced bands of approximately 22 and 23 kDa, re-
spectively, that reacted with both p29 and GFP antibodies in
Western blot analysis. To assess the nature of the membrane to
which each of the constructs attached, a Ficoll-’H,O gradient was

used to fractionate the P90,000 extract of each independent con-
struct (Fig. 8). All N-terminal deletions were found in the same
fractions as virus-containing vesicles of strain EP802. These re-
sults indicate that the C-terminal region of p29 (Met-135-Gly-
248) not only mediates membrane association but also is able to
direct its association to the same membranes as the native p29.
Moreover, it is able to do so in the absence of other viral com-
ponents.

DISCUSSION

Interest in CHV1 stems both from its potential as a biolog-
ical control agent for chestnut blight and as a tool to study

A ORFA B
5 p29 | pd0 | ORFB —¥s :
pCPXHYIi P29 248 aa ' GFP | - GFP/p29
' - f!_clétcd
pCPXHY1 | p29 230 aa [ GFP' . Unstable GFP/p29A229-248
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FIG. 7. (A) Schematic representation of p29 deletion constructs. Deletion constructs of p29 coding sequences were fused to GFP. (B) Western
blots using p29 antibodies are shown for the microsomal (P90,000) and soluble (590,000) fractions for each of the deletions. All analyses were done
using three independent transformants; representative results are shown.
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FIG. 8. Western blot analysis showing gradient fractions for each of
the deletion constructs transformed into strain EP67 and CHV1-in-
fected strain EP802 analyzed by Western blotting using p29 antibodies.
Deletion construct nomenclature is the same as for Fig. 7, and gradient
fractions are the same as in Fig. 3 and 4. Analyses were carried out
using three independent transformants for each construct; represen-
tative results are shown.

fungal development, especially virulence expression. Since
CHV1 affects development without affecting vegetative growth
of the fungus, it is likely that the effect of the virus on fungal
development is specific rather than a result of general debili-
tation, making this an excellent model system. There has been
progress in the identification of virus-encoded hypovirulence
symptom determinants (57, 58), the identification of specific
host genes and proteins affected by CHV1 (29, 41) and, with
this report, an understanding of the nature of the vesicles used
by the virus for replication.

Current evolutionary evidence indicates a common ancestry
of the chestnut blight hypovirulence-associated dsRNA with
the potyviruses (30), a group of positive-strand RNA plant
viruses. The majority of CHV1 RdRp in vitro products were
found to be plus stranded (16), and the positive strand of
CHV1 was found to encode two ORFs and to be infectious (3,
6, 7, 53). These data are consistent with an ssRNA viral rep-
lication strategy (11, 44), and it has been proposed that the
dsRNA is a replicative form of an ssSRNA virus (53). A uni-
versal feature of the replication complexes of positive-stranded
RNA viruses is their association with host membranes (49, 55,
64). CHV1 dsRNA has previously being shown to associate
with vesicles and to cause vesicle accumulation in C. parasitica
(14, 23, 42, 43). In this study we have confirmed these findings
and have further characterized the intracellular membranes
targeted by CHV1. We show that CHV1 elements colocalize
with membranes derived from the TGN of C. parasitica (Fig. 3
and 4). In contrast, ER markers were not associated with
elements of the virus (Fig. 3 and 4). This is important not only
because it rules out the presence of mixed membranes in the
fractions of interest, but also because most potyviruses are
known to assemble their replication complexes on ER-derived
membranes. Therefore, the CHV1 replication complex be-
haves differently from its ancestors. The finding that CHV1
elements colocalize with the TGN markers is consistent with
the ultrastructural studies of infected C. parasitica cells, which
describe membrane-bound virus-like particles, measuring 50 to
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90 nm in diameter, located behind the hyphal tip and found in
association with a unique type of Golgi cisterna (42, 43). Our
finding that CHV1 targets the TGN would also explain the
presence of the virus-like particles behind the hyphal tip, as
found by Newhouse and coworkers, a region that is usually free
of mycovirus particles in other infected fungi (63).

Most picornaviruses, including potyviruses, cause a signifi-
cant proliferation of various host membranes, but they assem-
ble their replication complexes on ER-derived membranes (1,
52, 56). Deletion analysis of potyvirus tobacco etch virus pep-
tide 6K2 has demonstrated its association with large vesicular
compartments derived from the ER, and it has consequently
been proposed that the 6K2 peptide anchors the replication
apparatus to ER-like membranes (51, 61). The hijacking of
membranes of the late secretory pathway, however, is not un-
common. Some alphaviruses, for example, assemble their rep-
lication complexes in the endo-lysosomal compartment (19,
31), and recently it was found that Kunjin virus, a member of
the flavivirus superfamily, assembles its replication complex at
TGN membranes (37). A unique aspect of the host-virus in-
teractions of CHV1 is the general lack of adverse effects of
infection on vegetative growth. The TGN vesicles that prolif-
erate as a result of virus infection may not, therefore, be im-
portant for vegetative growth but may be specific to develop-
mental processes. If true, the virus targets a subset of the TGN
vesicles.

Similarities between p29 and the multifunctional potyvirus
protease HC-Pro have been noted (10, 57). Plant potyvirus
HC-Pro proteins consist of three possible domains: (i) a cys-
teine-rich, N-terminal region, (ii) a central domain, and (iii) a
C-terminal proteolytic domain (61). p29 of CHV1 contains the
cysteine-rich and protease domains but lacks the central do-
main (30). In addition to the similarities regarding the auto-
catalytic cleavage at glycine dipeptides and the C-terminal
protease domains, the N-terminal domains of p29 and HC-Pro
contain four conserved cysteine residues. These conserved res-
idues reside within the p29 symptom determinant domain.
Similarities between HC-Pro and p29 also relate to their mul-
tifunctional nature. HC-Pro has been reported to facilitate
aphid transmission, to promote potyvirus genome amplifica-
tion, to catalyze polyprotein processing, to stimulate long dis-
tance movement, and to suppress RNA silencing (61). Func-
tions assigned to p29 include autoproteolysis and suppression
of host lacasse expression, pigment production, and asexual
sporulation (10). p29 also enhances viral dSSRNA accumulation
and vertical virus transmission through asexual spores (58).

p29 membrane affinity and topology. Despite the lack of
regions with sufficient hydrophobicity to serve as membrane-
spanning domains, p29 was always found associated with mem-
branes. Treatments known to dissociate peripheral proteins
from membranes, such as treatment with high salt and high
pH, did not release p29 from the membrane fraction (Fig. 5B).
The behavior of p29 protein during these treatments strongly
suggests that it associates with membranes as an integral pro-
tein. Experiments with deletion derivatives fused to GFP
showed that the necessary sequence for membrane association
is comprised at the C-terminal domain of p29, in particular
between amino acids 135 and 248, and that this region is
sufficient to direct p29 to the TGN. No other viral sequences
were necessary for the direction and integration of p29 into the
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TGN membranes. Constructs lacking the p29 C-terminal do-
main were unstable and, thus, we were unable to determine if
this deletion renders the protein soluble. It would be interest-
ing to know if the p29 of CHV2-NB, another member of the
hypoviridiae, that lacks the C-terminal region of p29 (26) re-
tains a membrane-anchoring function.

The possibility that portions of the membrane-associated
p29 protein reside within the lumens of these vesicles was
tested using protease susceptibility analyses. Results showed
that the viral protease p29 is predominantly on the cytoplasmic
face of the vesicles. Our results do not rule out that there could
be one or more lumenal regions of p29 that lack epitopes for
the polyclonal anti-p29 antisera used. Nevertheless, they show
that substantial portions of p29 are protease accessible in the
absence of detergent, indicating that p29 is predominantly
associated with the cytoplasmic face of the vesicles (Fig. 6).
This is consistent with its lack of highly hydrophobic and po-
tential transmembrane domains (Fig. 5A). The basis of the
high affinity of p29 to the TGN membranes is not known.
Protease p29 may belong to a “nonconformist” class of integral
membrane proteins containing C-terminal or C-terminal-prox-
imal anchor sequences that insert by a posttranslational signal
recognition particle-independent pathway (33). These tail-an-
chored proteins, which include cytochrome b and synaptobre-
vin, face the cytoplasm with their C-terminal insertion se-
quence (typically 16 to 20 amino acids) embedded within the
membrane (32, 33, 51). Alternatively, monotopic binding by
amphipathic a-helix has been suggested for several viral pro-
teins which lack continuous hydrophobic anchor sequences.
The amphipathic a-helix strategy has been proposed for com-
ponents of picornavirus and several plant virus replication
complexes (49). Poliovirus protein 3A localizes to the ER when
expressed in isolation, and its precursor behaves as an integral
membrane protein, the binding region being mapped to a C-
terminal hydrophobic region of only 7 amino acids. However,
the exact binding mechanism is not known (4, 59). Similar to
P29, 3A also shows a cytosolic topology. Interestingly, CHV1-
p29 protein sequence predicts an amphipathic a-helix at its
C-terminal end (data not shown).

Intracellular localization of deletion derivatives. Previous
deletion analyses of CHV1 infectious cDNA clones used to
identify virus-encoded symptom determinants concluded that,
while nonessential for viral replication or hypovirulence, p29
does contribute to specific phenotypic changes in CHV1-in-
fected fungal strains, including reduction of host pigmentation
and significant reduction of asexual sporulation (10). More-
over, Suzuki and coworkers (57) mapped the p29 symptom
determinant domain within the N-terminal region between
Phe-25 and GIn-73. Mutations of the CHV1-EP713 infectious
cDNA involving cysteine-to-glycine substitutions identified
conserved p29 Cys-70 and Cys-72 as crucial in p29-mediated
phenotypic modulations (57).

In this study we have shown that p29 membrane association is
independent of its symptom determinant domain. Transforma-
tion of uninfected C. parasitica with full-length p29 and p29A1-24
resulted in suppression of asexual sporulation and pigment for-
mation (data not shown). Deletions p29A1-73 and p29A1-134,
as well as GFP alone, resulted in no effect on the fungal
phenotype, yet all deletions integrated into the membrane
(Fig. 8). These findings are consistent with the report (10) that
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p29-mediated symptom expression is independent of its pro-
tease activity. Symptom expression was mapped to the N-ter-
minal region of p29, while its proteolytic activity was found in
its C-terminal domain. Our results are consistent with previous
reports (9, 54) that p29 causes loss of host asexual sporulation
and colony pigmentation without the need for other viral pro-
teins.

Our results show that the CHV1 replication complex asso-
ciates with membranes derived from the TGN of C. parasitica
and that the CHV1 p29 protease is an integral membrane
protein, with most of the protein exposed to the cytoplasmic
face of the TGN vesicles. Membrane association determinants
were shown to be within the C-terminal domain of p29 (Met-
135-Gly-248) and N-terminal deletions of p29 until Met-135
did not affect its intracellular localization in EP67, suggesting
that the C-terminal region is enough to direct p29 to the TGN
vesicles in the absence of other viral elements. However, a
possible accessory contribution of the N-terminal region to this
membrane association cannot be ruled out. The finding that
most of the p29 protein is localized to the cytoplasmic face of
TGN vesicles may provide clues as to how this protein is
involved in causing some of the virus-induced host symptoms.
With its cytoplasmic orientation, p29 is available for interac-
tion not only with other viral elements but also with fungal
elements as well. These interactions or abolishment of specific
fungal interactions by p29 could be the cause of the fungal phe-
notypic changes observed and deserves further examination.
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