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In a search for proteins interacting with the resis-
ance protein Cf9 from tomato, a new cDNA was
loned and characterized. Protein sequence database
earches suggested that the 120 residue-N terminal
omain of the encoded protein (named VAP27) is
ighly similar to the VAP33 protein family from ani-
als, to uncharacterized plant proteins, and to a lower

xtent, to the major sperm protein (MSP) from nema-
odes. The second half of the protein is similar to
AMP and to the VAP33 N-terminus comprising a pre-
icted coiled-coil region followed by a transmembrane
egment. The sequence/structure comparison of
AP27 with the crystal structure of AsMSP1 from As-
aris suum, using molecular modeling with the thread-
ng method, suggested that the N-terminus of VAP27
oes possess a MSP-like domain that might participate

n the formation of a protein–protein network. The
oiled-coil region of VAP27 was modeled based on the
tructure of the VAP- and VAMP-containing SNARE
omplex. The coiled-coil region might also be involved
n protein–protein interactions similar to VAP–VAMP
nteractions. © 2000 Academic Press

Key Words: homology modeling; structure/function
nalysis; membrane trafficking; membrane protein;
ransport protein; Cf-9; MSP.

The interaction between the fungal pathogen Cla-
osporium fulvum and its only host tomato complies
ith the gene-for-gene model. Many avirulence genes

Abbreviations used: aa, amino acid; HCA, hydrophobic cluster
nalysis; MSP, major sperm protein; VAMP, vesicle-associated mem-
rane protein; VAP33, VAMP-associated protein of 33 kDa; His,
istidine; Ade, adenine; Leu, leucine; Trp, tryptophan; LacZ,
-galactosidase encoding gene.
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414, Université Montpellier I, 15 avenue Charles Flahault,
-34060 Montpellier Cedex 2, France.

3 To whom correspondence should be addressed. Fax: 31-317-
83412. E-mail: Pierre.deWit@medew.fyto.wau.nl.
286006-291X/00 $35.00
opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
n the host have been identified (reviewed in 1). The
atching gene pair Avr9/Cf-9 has been studied in
uch detail (1). Thus, the Avr9 gene from the fungus is

he only genetic component necessary for the elicita-
ion of active defense responses (including the hyper-
ensitive response) in tomato plants carrying the cor-
esponding Cf-9 gene. These responses eventually
esult in resistance. The Cf-9 encoded protein belongs
o the class 4-resistance protein family, which contains
embrane proteins with extracellular LRRs and a

hort cytoplasmic tail (2). Although for the activation of
efense responses both Avr9 and Cf-9 are required, so
ar we have failed to prove that their encoded proteins
irectly interact by using the yeast two-hybrid assays
nd in vitro biochemical analysis. In addition to our
ttempts to prove direct interaction between Avr9 and
f9 by using the yeast two-hybrid system, we have
een searching for plant proteins interacting with the
f9 protein which could be involved in the signal trans-
uction cascade leading to the induction of plant de-
ense responses. In addition to activation of proteins,
arious mechanisms of protein secretion and protein
ransport might be involved in the expression or acti-
ation of plant defense responses.
An interesting example of such a mechanism is the
AP33 protein family, first described in Aplysia cali-

ornica (3) as a member of the SNARE complex in-
olved in vesicular docking and neurotransmitter exo-
ytosis in nervous cells. VAP33 is a presynaptic plasma
embrane protein that interacts specifically with
AMP, a vesicle membrane protein (3). This specific

nteraction would be responsible for anchorage and
usion of the synaptic vesicle to the plasma membrane.
AP33 homologues have also been isolated from yeast
nd mammals (4, 5). Expression studies in mammals
how that their presence is not restricted to nervous
ells suggesting that this complex may participate in
ore general aspects of membrane trafficking (4, 34,

5). It is anticipated that similar mechanisms also
ccur in plants. Homologues of several SNARE pro-
eins (not VAP33 so far) have been identified in plants



through sequence identity, immunological relatedness
o
t
s
s
p
s
e
a

i
t
n
s
T
c
b
i
y
a
t
i

i
b
t
h
(
e
a
s
c
l
l
s
y
h
t
T
t
l
a

s
p
i
V
r
c
s
t
p
d
m
d
i
w

modeling with the crystal structure of AsMSP1 (18, 19)
a
p
m
d

M

i
g
c
a
S
p
T

l

u
p
(
a
p
s
P
i
G
T
t
t
E
e
s

w
a
m
g
s
c

i
p
T
l

m
(
T
o

s
B
S
f
s
c
s
A
w
r
E
d
i

Vol. 270, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
r by complementation of yeast transport protein mu-
ants (reviewed in 6 and 7). Moreover, it has been
hown that specific SNAREs are involved in all steps of
ecretion, from the endoplasmic reticulum to the
lasma membrane or the vacuole (7). These findings
upport the hypothesis of a system universally used in
ucaryotic cells for intracellular transport, secretion
nd endocytosis (6, 8, 9).
Another example of cellular movement mechanism

mplies the Major Sperm Protein (MSP) from nema-
odes. Unlike most animal sperm, which is flagellated,
ematode sperm cells are amoeboid and crawl in a
olid substrate via an extended pseudopod (10, 11).
his unique motility system resembles that of all
rawling cell types except that they contain no actin
ut MSP, a small protein (14 kDa) that polymerizes
nto filamentous network. No homologues of MSP have
et been found in other cell types of nematodes or other
nimals (10). Nevertheless, in vitro studies have shown
hat MSP can trigger the movement of membrane ves-
cles (10).

Usually straightforward in cases of high sequence
dentity (over 35%), the alignment of all the sequences
elonging to the same structural family with conven-
ional homology search programs (12) becomes more
azardous and tedious at low sequence identity level
below 25%) (13). Additional methods for correct gath-
ring and alignment of sequences are available for the
nalysis of a new protein sequence belonging to a given
tructural family (14, 15). Furthermore, the correct
onservation of the three-dimensional structures may
ead to the identification of a distantly related homo-
ogue from an already determined three-dimensional
tructure (16). Such an approach, with a careful anal-
sis of the deduced structural model has shown to be
elpful for the determination of specific functional fea-
ures in spite of the low sequence identity (16, 17).
hus, by combining both a refined alignment and a
hree-dimensional structure analysis, comparative mo-
ecular modeling may facilitate the experimental char-
cterization of new homologues.
In this work, we have used the yeast two-hybrid

ystem to identify proteins interacting with the Cf9
rotein encoded by the resistance gene Cf-9. We report
n this paper the structure/function analysis of a new
AP protein (VAP27) at the molecular level. The cor-

esponding cDNA was cloned and sequenced from a
DNA library from Nicotiana plumbaginifolia. Protein
equence database searches (12) reveal that VAP27 is
he first member of the VAP33 family identified in
lants. We also show that VAPs do contain a MSP-like
omain (N-terminal half) associated to a VAMP do-
ain (C-terminal half). However, we could not deduce

irectly its precise function due to the low sequence
dentity level. The putative function of this new protein
as investigated using both a comparative molecular
287
nd that of a SNARE complex comprising the soluble
art of a VAMP (20). A putative function of VAP27 in
embrane trafficking and Cf9-dependent resistance is

iscussed.

ATERIALS AND METHODS

Yeast and bacterial strains. The library screening was performed
n yeast strain PJ69-4A (MATa trp1-901 leu2-3,112 ura3-52 his3-200
al4D gal80D LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-LacZ)
onstructed by James et al. (21). Reporter genes carried by this strain
re HIS, ADE and LacZ. Yeast double transformants were grown on
D medium (yeast nitrogen base without amino acids 6.7 g/l) sup-
lemented with the appropriate dropout solution lacking Leu and
rp.
Positive vectors were electroporated and produced in KC8 (hsdR,

euB600, trpC9830, pyrF::Tn5, hisB463, lacDX74, strA, galU, K).

Construction of fusion vectors and DNA manipulation. Vectors
sed in this study are yeast two-hybrid system vectors pGBT9 and
GAD10 carrying LEU and TRP as marker genes, respectively
CLONTECH Laboratories, Inc.). The cDNA library was fused to the
ctivation domain (AD) of GAL4 in vector pGAD10 and was kindly
rovided by Thomas Heizel (Basel). The bait plasmid was con-
tructed as follows: the C-terminus of Cf-9 (EFG domain) (2) was
CR amplified using Pfu polymerase according to the manufacturer’s

nstructions (Stratagene) and primers FLC3 (AAATGAATTCGAA-
ATCAAGTGACAAC) and FLC2 (TTATAGTCGACCTAATATCTT-
TCTTGTGC) carrying an EcoRI and SalI restriction site, respec-
ively. The amplified band was digested with the appropriate restric-
ion enzymes and fused to the binding domain of GAL4 (BD) in the
coRI and SalI sites of pGBT9, giving vector pBD-EFG. Restriction
nzymes and T4 ligase were from GibcoBRL. Primers were synthe-
ized by Amersham-Pharmacia.

Library screening. Bait vector and prey cDNA library vectors
ere sequentially transformed in PJ69-4A according to Ausubel et
l. (22). Positive transformants were selected on SD-Trp-Leu-Ade
edium. Positive colonies were screened for His and LacZ reporter

enes expression. X-Gal assay was performed as previously de-
cribed (23). The size of the cDNA insert was determined by direct
olony PCR on yeast clones.

Isolation and sequencing of plasmid DNA. Plasmid DNA was
solated from yeast strains as described by CLONTECH. Positive
GAD10-X vectors were transferred to and produced in strain KC8.
ransformant strains were selected on M9 minimum medium (24)

acking Trp.
Plasmid vectors were isolated from these clones using the Qiagen
iniprep kit. Positive cDNAs were sequenced using primers G4ADF

TATTCGATGATGAAGATACCCCACCAAACC) and G4ADR (AAG-
GAACTTGCGGGGTTTTTCAGTATCTACG) located on both sides
f the cloning sites in opposite orientation.

Protein sequence comparison and molecular modeling. Protein
equence database searches were performed with the programs
LAST 2.0.9 and PSI-BLAST 2.0.5 (12) with default parameters.
equence alignments and secondary structure predictions were per-

ormed by Hydrophobic Cluster Analysis (HCA) as previously de-
cribed (14, 17). MultiCoil (25) and PAIRCOIL (26) were used to
onfirm the putative coiled-coil region. Alignment refinement was
ubsequently performed using the program TITO (16) where the
sMSP1 (18; PDB1MSP) and the SNARE complex (20; PDB1SFC)
ere used as a template for the N-terminus and the C-terminus,

espectively. Three-dimensional models were built using MOD-
LLER 4.0 (27) and assessed with Verify3D (28). These three-
imensional structures were visualized on a UNIX workstation us-
ng XmMol (29).



R

I

t
(
s
t
c
t
o
o
g
c
a

c
t
e
t
p
s
s
T
p
b
a
e
a
s

a
T

Vol. 270, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ESULTS

solation and Characterization of the 27-6 cDNA

The cDNA clone 27-6 was isolated twice by a yeast
wo-hybrid screen using the C-terminal EFG domain
2) of the tomato resistance gene Cf-9. The E-domain is
upposed to be extracellular, the F-domain represents
he transmembrane segment, while the G-domain is
ytoplasmic. This interaction was confirmed for the
hree reporter genes present in the yeast strain. More-
ver, both fusion vectors failed to induce the expression
f the reporter genes when transformed alone or to-
ether with the empty other vector. However, the
DNA 27-6 and the EFG domain of Cf-9 failed to inter-
ct when swapped in both two-hybrid vectors (i.e. 27-6

FIG. 1. Nucleotide sequence of clone 27-6 (EMBL AJ251365) and
mino acids are shown on the right. The putative starting codon is in
he coiled-coil region is boxed and the transmembrane domain is da
288
DNA fused to the binding domain and EFG fused to
he activation domain). This step is often performed to
liminate false-positive interactions where the interac-
ion is due to a nonspecific structure of the fusion
roteins. However, swapping can also give rise to fu-
ion proteins presenting particular characteristics (in-
tability, aggregation) preventing specific interaction.
he specific interaction of EFG or the complete Cf9
rotein with the 27-6 encoded protein will thus have to
e confirmed biochemically. Furthermore, Northern
nalysis using cDNA 27-6 as a probe showed that the
xpression of the corresponding gene is constitutive
fter challenge of Cf-9 plants with Avr9 (data not
hown).
Clone 27-6 is 1241 base pairs long (Fig. 1) and does

duced amino acid sequence of VAP27. Numbering of the bases and
ld. Amino acids in italic are not considered in the peptidic sequence.
-boxed.
de
bo
sh
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ot present the features of a complete cDNA. More-
ver, the cDNA band detected during a Northern anal-
sis is 1380 bp long. However, the sequence of clone
7-6 presents an ATG in position 37–39. Additional
nformations obtained from sequence comparisons (see
elow) led us to conclude that despite the fact that the
DNA is incomplete, the coding region is most probably
omplete. In the following, the ATG at positions 37 to
9 will thus be considered as the start codon (Fig. 1).
The putative encoded protein containing 240 resi-

ues was named VAP27 and presents an expected mo-
ecular mass of 26.5 kDa. A specific feature of VAP27 is
he presence, at its C-terminus, of a strongly hydropho-
ic stretch of 22 residues, which could represent a
ransmembrane segment, suggesting that VAP27 is a
embrane protein. A coiled-coil region was also pre-

icted upstream the transmembrane domain (Fig. 1).
o typical signal or targeting sequence was observed in

his sequence. According to the P-sort program, VAP27
s likely to be a reticulum or plasma membrane protein
ith its N-terminal domain being cytoplasmic.

equence Comparison

Sequence database screening using the VAP27 pep-
idic sequence as a query was first performed on both
. thaliana protein sequences (BLASTP on Atdb) and
igher plants translated DNA sequences (TBLASTN).
ore than 30 plant sequences showed a high homology
ith VAP27, the best score being against an unknown
rotein from A. thaliana (AC007659, Fig. 2) with a

FIG. 2. Multiple sequence alignment of VAP27 with highly h
AC007659_5); VAP33, human homologue (AF044670); MSP1, AsM
erformed using CLUSTALX and was improved using the structure/s
AP27 residues are shown with dashes and similarities are bold. Con
f each sequence is shown on the right. The MSP domain detected by
omains are dash-boxed.
289
robability of 6.0e-86 and an homology of 204 over 240
esidues. Most of these sequences have been deter-
ined from cDNAs or BACs and are not annotated or

ncode putative or unknown proteins. All these pro-
eins are yet uncharacterized except for MAMI-30 from
. thaliana (U83655; 30) which is induced by osmotic
tress and is membrane-associated.
When VAP27 was compared to a nonredundant se-

uence database, best scores were obtained with the
ame A. thaliana unknown protein sequences. Addi-
ional high scores were obtained with the vesicle-
ssociated membrane protein (VAMP)-associated pro-
ein family VAP33 from mammals and A. californica
Fig. 2). The yeast inositol regulator SCS2 (31) is also
ighly homologous to VAP27. All plant homologues,
APs and SCS2 sequences share in their N-terminus a
ommon highly conserved domain (120 residues, Fig.
). This supported the choice of the starting codon in
AP27. More distantly related to VAP27 are the major
perm proteins (MSP) from nematodes. The homology
pans the N-terminus of VAP27 and about the com-
lete sequence of MSP (127 residues). The first hit was
ith a MSP from Caenorhabditis elegans (U23519)
ith an E value of 7e-25 and 22% identity and 41%
omology over 94 residues.
Similar similarity values have already been ob-

erved when comparing SCS2 or VAP33 homologues
ith MSPs (3, 4, 31). However, these were seen as

nconclusive due to their low sequence identity. Fur-
hermore, known MSP are soluble proteins while

ologous sequences: UPROT, unknown protein from A. thaliana
1 from A. suum (P27439). The multiple sequence alignment was
ence comparison performed using the program TITO. Identities with
ved positions in all four sequences are boxed in grey. The numbering
ART is upperlined, coiled-coil regions are boxed and transmembrane
om
SP

equ
ser
SM
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AP27 and its homologues are predicted or demon-
trated (3, 30, 31) membrane or membrane-associated
roteins.
In order to confirm this primary sequence compari-

on, we performed multiple sequence alignment and
econdary structure predictions using Hydrophobic
luster Analysis (HCA) (14). This analysis suggested

he conservation of the same fold for both the VAP27
nd the AsMSP1 molecules (Fig. 3), derived from the
o-called Ig-fold (32). Despite small insertions or dele-
ions of a few amino acid residues in length, the sec-
ndary structure elements of AsMSP1 appeared con-
erved through HCA in VAP27 (Fig. 3A). Similarly, the

FIG. 3. (A) Alignment of the HCA plot of the sequences of AsMSP
onservation is highlighted with plain bars. (B) Modeled structure of
omparison performed using the program TITO and analyzed usin
tructures in the Ig-like core, coiled-coil region and transmembrane d
-strands.
290
oiled-coil region and the transmembrane segment
ere assigned by prediction using PAIR-Coil, Multi-
oil and HCA as well as by sequence comparison for
xample with VAMP despite the very low sequence
dentity. We further investigated these sequence com-
arisons to check for the existence of a stable MSP
omain in VAP.

tructure/Function Relationship

To ensure the proper alignment of the VAP27 se-
uence with the MSPs, a previously described strategy
sing the software TITO was applied (16). This allows

sp), VAP27 (vap) and VAMP (vamp). Predicted secondary structure
P27. The molecular model was deduced from the structure/sequence
he visualization program XmMol. It shows the conserved tertiary
ain delineated with dashed bars. Thick arrows on (B) represent the
1 (m
VA
g t
om
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uence alignment, and it measures the compatibility of
he aligned sequences with a known three-dimensional
tructure. The recently solved crystal structure of
sMSP1 (18, 19) was used as a template despite the

ow sequence identity (20% over 125 aa). TITO pseudo-
nergy (16) validated the proposed alignment (Fig. 2) of
he VAP27 sequence and the AsMSP structure (Etotal:
26.6 per aligned residues in the monomer). Based on

he refined alignment, a three-dimensional model was
uilt using MODELLER 4.0 (27) and checked using the
rogram Verify3D (28). The global score (residues
–120) in Verify3D reaches ;0.3 (versus ;0.5 for the
rystal AsMSP structure). These values suggest, in
pite of the low sequence identity level, that the pro-
osed fold is correct. AsMSP1 is composed of one Ig-like
omain comprising oligomerization interfaces as ob-
erved in the crystal structures (18). In the VAP27
odel, the structure core is mainly composed of hydro-

hobic residues. Four cysteines occupied distant posi-
ions either on the surface (C53 and C85) or in the
nterior of the structure (C28 and C121). No disulfide
ridge is predicted to stabilize the fold. In MSP, the
ery C-terminus and the first strand are involved in a
ide-by-side dimerisation as deduced from the
DB1MSP crystal packing. Based on the sequence
omparison this dimerisation interface is proposed to
e conserved. In VAP27, it would comprises the resi-
ues 11 to 21, 128 to 129 and the glutamine Q31. The
uried amino acids observed at the interface in the
educed dimeric model are mainly hydrophobic except
or glutamine Q17. In the monomer, these residues
ould be solvent exposed. The glutamine side-chain is
uried in the center of the hydrophobic patch and is
redicted to form stable hydrogen bonds with its coun-
erpart (Q17’) upon dimerisation. Surrounding this
atch, salt bridge or hydrogen bonds (K23-K24-E21-
31’) are also predicted to further stabilize the dimer.
According to the second crystal form, MSP filaments

orm by successive multimerization of the previous
imer. The interface in MSP involves the very
-terminal end (aa 2 to 7) and a stretch of the last

trand (aa 112–119). No major residue changes are
bserved according to our alignment. Little structural
hanges are predicted that would not alter the inter-
ace and prevent the oligomerization. Furthermore, the
nteraction of an MSP and VAP through this interface
ppeared feasible according to our model and the pre-
icted sequence change.
Despite its strict conservation, the role of the motif
TTxN (aa 45–49 in VAP27) remains unclear. It is
artially involved in the stabilization of the overall fold
s the threonine side chains are hydrogen bonded to
eighboring main chain atoms (residues N49, D87 and
88) while asparagine N49 side chain points toward

he aspartate D87. A conserved tyrosine (Y127) also
oints toward this aspartate. A common MSP and VAP
291
otif.
Similarly, the coiled-coil region was modeled onto

he 3D structure of VAMP as observed in the SNARE
omplex PDB1SFC. However, the sequence identity is
uch lower (roughly 10%) and the particular helix-

elix interaction in the coiled-coil render the compar-
tive modeling more difficult. The helix fold was
ainly deduced from the secondary structure predic-

ion and the coiled-coil prediction. The predicted
imerisation of the MSP domain also supports a
imerisation of the coiled-coil region due to the very
lose spatial proximity of the C-terminus of the two
ssociated globular domains. This makes that each
elix forming the coiled-coil to start at close distance
fter the short proline-rich stretch.
However, our sequence and structure analysis can-

ot detect specific motifs leading to precise prediction
f the quaternary structure of the coiled-coil region.
urthermore, the precise nature and number of the
AP27 partners are not known. The formation of
omo- or heterodimers is necessary due to the presence
f hydrophobic residues along the whole coiled-coil re-
ion. The SNARE complex structure indicates that fur-
her oligomerization also involves hydrophilic resi-
ues. Such interactions are likely to be conserved in
AP27 due to its sequence conservation with the other
APs but cannot be shown without further experimen-

al investigations.
The model suggests that VAP27 might form a dimer

r a multimer in its N-terminus and a heterotetramer
n its C-terminus (Fig. 3B).

ISCUSSION

The cloning and sequencing of a new cDNA from
obacco is presented here. VAP27 is the first VAP33-
ike protein identified in plants. We show here that the
APs contain a MSP-like domain in their N-terminus.
his is the first report on the occurrence of such a plant
rotein comprising both a MSP-like domain and a
oiled-coil segment. VAPs are the only proteins re-
orted so far that contain both a MSP-like domain and

VAMP-like domain (transmembrane domain and
oiled-coil region). The refined structure/function anal-
sis of VAP27 and A. suum MSP indicates that the
esidues involved in the fold core are conserved as well
s the seven b-strands. MSP-dependent movement is
nique for nematodes amoeboid sperm cells. It is struc-
urally different from actin but mechanistically simi-
ar. MSP aggregation starts from the leading edge of
he plasma membrane (10). The soluble MSP may thus
nteract with a plasma membrane protein such as
APs through their MSP-like domain. This hypothesis

s supported by our finding of uncharacterized peptidic
equences from C. elegans that contain an MSP domain
ut are much longer than the MSP domain itself
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legans peptidic sequences have been previously anno-
ated as similar to VAP33 (AF024499, 374 aa) and
CS2 (Z70754.1, 304 aa). Alternatively, plants may
roduce soluble MSP-like proteins. Actually, we found
n the Atdb database uncharacterized sequences that
re homologous to MSPs with a similar length
giu3738316, 149 aa; giu3738318, 110 aa; giu4982497,
20 aa). Our hypothesis is also supported by the recent
iscovery that a mouse VAP33 is associated with the
ndoplasmic reticulum and microtubules (36). Little is
nown about proteins interacting with the proteins
ncoded by resistance genes such as the Cf9 protein.
AP27 interacts with the EFG domain of Cf9, which

odes for the C-terminal membrane localized domain of
he protein. It is not known yet whether it interacts
ith the extracellular (E) or the intracellular domain

G). Immunoprecipitation using antibodies raised
gainst Cf9 and VAP33-like proteins would be inter-
sting to see whether both Cf9 and VAP27 will colocal-
ze in membrane or microsomal fractions of Cf9 tomato
lants. Induction of a plant VAP33 homologue under
biotic stress have been previously described (30).
oreover, other components of the vesicle trafficking
achinery interact with the movement protein of the

auliflower mosaic virus (CaMV; 33). The role of the
f9-VAP27 complex in defense responses or in signal

ransduction leading to plant defense after activation
y the fungal peptide elicitor Avr9 is unknown yet.
evertheless, our data confirm that this system, in-

olved in protein trafficking and vesicle movement is
idely occurring in eucaryotes and that MSP is not a
nique system in nematode sperm. The VAPs might be
general link between vesicles and membrane compo-
ent (VAMPs) to soluble components analogous to
SPs. According to this scheme, VAP27 will be an

ssential go-between vesicle motility and membrane
usion element.
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