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Plant heterotrimeric G protein B subunit is associated with membranes
via protein interactions involving coiled-coil formation
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Abstract GP subunits from animals are anchored to membranes
via Gy subunits. No Gy has been identified in plants to date.
Using differential centrifugation of Arabidopsis and broccoli
extracts, GB was highly enriched in the microsomal pellet.
Treatment of microsomes with detergents and salts indicates that
plant G is located at the membrane surface and attached to
membranes by hydrophobic interactions. Analysis of transgenic
plants expressing GB—GFP fusion proteins showed that muta-
tions in the heptad repeat domain of Gf severely diminished their
membrane association. We propose that plant GB is anchored to
membranes by an unknown protein similar to animal G by Gy,
via coiled-coil formation. © 2000 Federation of European Bio-
chemical Societies. Published by Elsevier Science B.V. All
rights reserved.
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1. Introduction

Heterotrimeric GTP-binding proteins (G proteins) consist
of three subunits, a, B, and vy, and function as major signal
transducers between G protein-coupled receptors (GPCRs) at
membranes and intracellular effectors. The stimulation of a
receptor at the extracellular face of the plasma membrane
leads to an exchange of Go-bound GDP for GTP and sub-
sequent dissociation of the complex into Go. and the tightly
associated Gy dimer [1,2]. Both Ga-GTP and Gfy can then
activate distinct signaling effectors [1-3].

G proteins composed of different o, B, and y subunits have
been shown to transduce various signals within the same cell
[4-6]. Around 17 different Ga, five different Gf, and at least
10 different Gy subunits have been characterized in animals
but only one gene encoding Go and one gene encoding a Gf
homologue have been identified in Arabidopsis thaliana [6-8].
Genes that encode Go. and G-like proteins have been iso-
lated from several other diploid plant species [9]. Only in some
tetraploid or hexaploid species like tobacco, soybean and oat
two or three genes of G or Ga subunits have been found [9].
Recently, one GPCR homologue has been identified in Arabi-
dopsis [10,11]. However, no plant Gy homologue has been
isolated to date.
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There is much indirect experimental evidence for G proteins
regulating different signaling pathways such as light regula-
tion, pathogen response, the activity of ion-channels and hor-
mone signaling in higher plants [12-17]. Using patch clamp
techniques, direct evidence has been obtained that plant Go
protein regulates Ca>* channels in vitro [18]. Analysis of the
recently identified daikoku dwarf mutants in rice indicates that
Go may be involved in gibberellin signaling and may play an
important role in plant development [19,20]. In contrast, there
are no data concerning possible functions of plant G or its
biochemical properties and localization.

Go subunits are anchored to membranes through a myris-
toyl or/and palmitoyl moiety attached at the amino terminus
whereas G subunits are tethered to membranes by interac-
tion with Gy, which by itself is localized to the membrane via
a prenyl group at the carboxyl terminus. These posttransla-
tional modifications are required for proper localization and
function of the G protein complex [21,22]. One characteristic
feature of the GPy dimer structure is a two-stranded coiled-
coil formed between the amino termini of B and vy [23,24]. The
primary structures of G proteins show a highly conserved
heptad repeat domain at the amino terminus which enables
the formation of the By coiled-coil [25].

In this report we characterize biochemically the interaction
of the plant GB homologue with membranes and provide
evidence for the existence of a Gy-like protein in plants. Sub-
cellular fractionation of Arabidopsis and broccoli extracts and
solubilization studies using microsomes treated with different
salts and detergents show that plant G} is a membrane-asso-
ciated protein. Furthermore, these studies indicate that G is
associated with membranes by interaction with another, yet
unknown, protein. Using transgenic tobacco plants that either
express wild-type GBGFP or GBGFP fusion proteins which
are mutated at the amino terminus we show that the heptad
repeat domain of plant Gf is crucial for its association with
membranes.

2. Materials and methods

2.1. Production of antisera

The full-length AtGf cDNA encoding G from A. thaliana [8] was
cloned into the vector pQE9 and expressed as an amino terminal
6 X His fusion protein in Escherichia coli M15 [pRep4] cells. The car-
boxy terminal region of NrGo cDNA (GenBank accession no.
Y08154) spanning from amino acid residues 182 to 384 was cloned
into the vector pQE11 and the resulting amino terminal 6 X His fusion
construct was expressed in E. coli BL21 cells. Both His-tagged pro-
teins were purified from E. coli extracts under denaturing conditions
using a Ni-NTA column (Qiagen) as described by the manufacturer.
The purified proteins precipitated during dialysis against 10 mM Tris—
HCI (pH 7.0), were collected, and resuspended in a buffer (0.2% SDS/
0.1 M Na-Phosphate, pH 7.4). These AtGp and NtGo antigen solu-
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tions were used to inject chinchilla bastard rabbits for raising anti-
AtGp and NtGo antibodies, respectively.

2.2. Affinity purification of the antibodies

The purification of anti-AtGf} antibodies was performed according
to [26] with some modifications. Briefly, 60 pug of 6 X His-G} antigen
were transferred to PVDF membranes by Western blotting (10 pug per
lane) and the corresponding protein band was cut out. This strip was
blocked in blocking buffer (500 mM NaCl, 20 mM Tris—HCI, 4% skim
milk powder, 0.05% NaNj, pH 7.4), incubated for 8 h at room tem-
perature with 300 pl of anti-AtGf serum diluted 1:10 in blocking
buffer and washed as described below. The antibodies were eluted
in 3 ml 0.1 M glycine, pH 2.5, neutralized with 90 ul 2 M Tris (pH
not adjusted) and stabilized with 3 ml 2 X blocking buffer. For immu-
nolabelling of Western blots the purified antibodies were used 1:10
diluted. The anti-NtGa antibodies were purified using the basic pro-
tocol described for anti-AtGp except that the elution was performed
with 1.5 ml 50 mM glycine, pH 2.8, and the eluate was neutralized
with 32 ul 1 M Tris-HCI, pH 9.5. The specificity of the affinity-puri-
fied anti-NtGo. antibodies was tested on a Western blot as described
for anti-AtGp antibodies (see also Fig. 1). In these tests anti-NtGo
antibodies recognized one band at 45 kDa in Arabidopsis and broccoli
extracts that corresponds to the size of the AtGo protein from Ara-
bidopsis [27].

2.3. Isolation of microsomal membrane fraction

All steps of the homogenization and isolation procedure were per-
formed on ice or at 4°C. Microsomal fractions were isolated from
homogenized broccoli or Arabidopsis tissue by differential centrifuga-
tion as described by [28] in three centrifugation steps: at 5000X g
(pellet P1) 15000 g (pellet P2) and 100000X g (microsomal pellet
P3 and supernatant S3). The microsomal pellet (P3) was resuspended
by mixing and sonication (Branson sonicator, 3X5 s at level 1) in
resuspension buffer (50 mM Tris-HCI (pH 7.5), 1 mM EDTA, 10
mM KCl, 10 mM MgCl,, 0.5 mM DTT, 10% glycerol, 5 mM 6-
aminocaproic acid, 2 mM benzamidine) at 0.2 ml buffer/g fresh
weight, aliquoted and stored at —20°C.

2.4. Solubilization of microsomal proteins

If not stated otherwise, 0.1 ml of broccoli microsomes was treated
with different compounds or detergents (all from Sigma), incubated
for 20 min on ice and centrifuged for 30 min at 100000 X g. The non-
soluble pellets were resuspended in 0.1 ml resuspension buffer and,
together with the soluble supernatants, directly applied for Western
blot analysis. If necessary, detergents and salts were removed from
samples by TCA and the precipitated protein pellet was dissolved in
fresh resuspension buffer. The concentrations of detergents are given
in fold critical micellar concentration (CMC) in aqueous solution at
25°C as described by the manufacturers. The given CMCs of the
applied detergents are as follows: Triton X-100, 0.2 mM (Sigma/Al-
drich); n-dodecylmaltoside, 0.18 mM (Roche Molecular Biochemi-
cals); CHAPS, 4.1 mM (Sigma/Aldrich).

2.5. Generation of transgenic tobacco plants

The WT-AtGS cDNA from Arabidopsis was amplified using amino
terminal and carboxy terminal specific primers which carried BamHI
and Smal restriction enzyme sites respectively. The point mutations
resulting in L20/24E-AtGf were generated from AtGf cDNA by over-
lap-extension polymerase chain reaction (PCR) using two overlapping
primers that introduced the mutations and the amino terminal and
carboxy terminal primer mentioned above. The PCR products were
cloned into the BamHI and Smal sites of the pBIN 35S-mGFP4 bina-
ry vector [29] and the inserts were sequenced. Agrobacterium tumefa-
ciens LBA 4004 was transformed with these pBIN constructs and the
resulting lines were used for leaf disc transformation of tobacco SR1
plants [30]. The plants were propagated in sterile conditions on Mur-
ashige and Skoog medium with B5 vitamins (Duchefa), containing 3%
sucrose and 100 pg/ml kanamycin.

2.6. Protein gels and Western blots

Total protein concentrations in fractions were measured after
[31,32]. All chemicals were purchased from Sigma. Protein samples
were separated by 10% SDS-PAGE and electroblotted onto a poly-
vinylidene fluoride (PVDF) membranes (Millipore). The protein
bands were visualized by staining with Ponceau S (Sigma). Immuno-
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labelling and detection were performed using the ECL system kit ac-
cording to the manufacturer (Pharmacia/Amersham).

3. Results

3.1. Plant GB is a membrane-bound protein and highly enriched
in broccoli flowers

The affinity-purified anti-AtGp antibodies detected a single
band at about 40 kDa in A. thaliana extracts on Western blots
(Fig. 1B). A band of the same size was also detected in broc-
coli extracts (Fig. 1A). These antibodies were used in further
experiments.

Homogenates from whole plants of Arabidopsis and from
broccoli flowers were subjected to differential centrifugation,
and the individual fractions were tested by Western blot anal-
ysis. GB was present in pellets P2 (15000 g) and highly en-
riched in microsomal pellets P3 (100000 X g) from both broc-
coli and Arabidopsis extracts (Fig. 1). The microsomal pellets
P3 correspond to the crude membrane cell fraction [28]. Some
G protein was also present in the P1 pellet from broccoli, but
Gp was not detectable in soluble cytosolic fractions (S3) from
either Arabidopsis or broccoli flower extracts. Interestingly,
GP protein is present in distinctly higher amounts in micro-
somes from broccoli flower tissue than in microsomes from
the whole plant extracts of Arabidopsis. Therefore, we decided
to use broccoli microsomes as the starting material for further
biochemical characterization of plant G protein.

3.2. Solubilization of G with salts and urea

To study the biochemical properties of Gf interaction with
membranes the crude broccoli microsomes were treated with
different chemicals, separated into soluble and non-soluble
fractions and analyzed by Western blotting. Raising the ionic
strength by increasing the KCl concentration in the resuspen-
sion buffer up to 0.5 M resulted in increased interaction of Gf3
with membranes (Fig. 2A). In contrast, GB could be partially
washed away from membranes with 2 M NaBr or with an
alkaline 0.1 M Na,CO; solution adjusted to pH 11.0 (Fig.
2C,D), treatments which are known to strip away peripheral
membrane proteins without disrupting the lipid bilayer of
membranes [33,34]. G was also partially solubilized by urea
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Fig. 1. Distribution of Gf in subcellular fractions from broccoli (A)
and Arabidopsis (B) after differential centrifugation. P1, P2 and P3
correspond to 5000Xg, 15000Xg and 100000X g pellets, S3 to
100000 X g supernatant, respectively. 30 pg of total protein per lane
was separated by 10% SDS-PAGE, blotted onto a PVDF mem-
brane and labelled with affinity-purified anti-AtGf antibodies. Mo-
lecular mass sizes in kDa are given on the right.
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Fig. 2. Microsomal pellet fractions from broccoli flowers were
treated with different compounds and re-centrifuged. The resulting
supernatant and pellet fractions were analyzed on Western blots
with anti-Gf antibodies in (A-D), and with anti-Go. and anti-Gj
antibodies in (E) (see Section 2). Equal amounts (30 pg) of total
protein per lane were loaded. A: Lanes 1, 3, 5, and 7 show the
supernatant fractions after treatment with 0, 10, 100, and 500 mM
KCl, lanes 2, 4, 6, and 8 show the corresponding pellet fractions.
B: In lanes 1-4 soluble fractions after 0, 1, 2, and 4 M urea treat-
ment are shown, lanes 5-8 represent the corresponding non-soluble
pellets. Lanes A9 and B9 show controls before the treatments. C:
Membranes were washed with 0.1 M Na,CO; pH 11.0. Lanes 1
and 2 show the soluble and non-soluble Gf in the absence of
Na,COs3, lanes 3 and 4 the corresponding fractions after Na,COs3
treatment. D: Treatment of membranes with 2 M NaBr. Lane 1:
non-treated membranes; 2: soluble fraction without 2 M NaBr; 3:
soluble fraction after 20 min incubation in 2 M NaBr. E: The blot
from B re-probed with anti-Go antibodies.

(Fig. 2B,E). The 45 kDa band in Fig. 2E represents the Go.
protein on a re-probed Western blot showing also Gf to dem-
onstrate that Go. is not dissociated from membranes by urea.

3.3. Solubilization of G with different detergents

We also tested solubilization profiles of plant G with de-
tergents, which are commonly used for purification of native
protein complexes. Concentrations are given in relation to the
CMC of a detergent in distilled water at 25°C (Fig. 3). Triton
X-100 solubilized a significant amount of Gf only at concen-
trations 75 times higher than the specific CMC. With
50X CMC n-dodecylmaltoside the solubilization of G was
greater. Interestingly, GB was solubilized more efficiently
with sub-CMC concentrations of the zwitterionic detergent
CHAPS (Fig. 3).

3.4. Plant G interacts with membranes via the amino terminal
heptad repeat domain

In order to test if plant GB may be attached to membranes
in a similar manner to animal G subunits, we mutated AtGf
at two critical positions within its heptad repeat domain (Fig.
4A). Corresponding mutations in animals have been described
to disrupt the interaction between GP and Gy and lead to
mislocalization of Gf [23,35]. The L20/24E-AtGf3 and WT-
AtGB were fused to GFP and transgenic SR1 tobacco plants
were produced that expressed the fusion genes under control
of a constitutive 35S promoter. Whole plants of randomly
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selected transgenic lines were homogenized and fractionated
by differential centrifugation; the resulting microsomal and
soluble fractions were analyzed by Western blots. Fig. 4 shows
that anti-AtGp antibodies recognize in three out of four W7-
AtGBGFP lines a band at 65 kDa, which correlates with the
predicted size of the GBGFP fusion protein. In the corre-
sponding soluble fractions there was either no or distinctly
less wild-type GBGFP detectable. In contrast, the mutated
GBGFP fusion protein of L20/24E-AtGBGFP lines was more
abundant in soluble fractions than in microsomes. When all
subcellular fractions from differential centrifugation where
tested, WT-GBGFP was highly enriched in the P2 and P3
fractions whereas the L20/24E mutant protein was mainly
present in the soluble S3 fraction (Fig. 4C,D).

4. Discussion

A single band at 40 kDa was detected with the affinity-
purified anti-AtGp antibodies in A. thaliana extracts. We con-
clude that the observed immunological reaction represents in-
deed the G protein because 41Gf seems to be a single copy
gene in Arabidopsis and the size of the band corresponds to
the predicted size of AtGp peptide [8]. The fact that the anti-
bodies recognize a protein of the same size in broccoli, a
species closely related to Arabidopsis, indicates that these anti-
bodies are specific for plant G proteins.

Subcellular fractionation showed that GP is a membrane-
associated protein since it was highly enriched in microsomal
pellet fractions of Arabidopsis and broccoli but was not de-
tectable in soluble supernatant fractions (Fig. 1). The higher
amounts of Gf protein in broccoli flowers may originate from
stronger expression of the Gf gene in floral meristems as has
been shown for plant Ga [36].

Treatments of microsomal membranes with 2 M NaBr and
Na,CO; (pH 11.0) show that G} is a peripheral membrane
protein. Urea is a chaotropic agent which denatures proteins
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Fig. 3. Western blot analysis showing solubilization profiles of G
with different detergents. The solubilization tests were performed on
ice. Lanes 1-4 represent soluble, lanes 5-8 the corresponding non-
soluble fractions. The concentrations are given in fold CMC of the
detergent (see Section 2). The same amount of protein was loaded
in each lane. A: Lanes 1+5, 2+6, 3+7, and 4+8 show Gf in super-
natant and pellet fractions after treatment with 0, 0.25, 7.5, and
75X CMC of Triton X-100 respectively. B: Lanes 1+5, 2+6, 3+7,
4+8 correspond to supernatant and pellet fractions after solubiliza-
tion of membranes with 0, 0.5, 5, and 50 X CMC of n-dodecylmalto-
side respectively. C: Lanes 1+5, 2+6, 3+7, 4+8 correspond to mem-
branes treated with CHAPS at 0, 0.25, 10, and 50 X CMC.
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Fig. 4. Subcellular localization of wild-type and mutant G fused to GFP in extracts from transgenic tobacco plants. A: Alignment of amino
terminal heptad repeats from different G subunits, adapted from [23] (4. thaliana AtGP, U12232; maize Gf, U12233; bovine GB1, M13236;
mouse GB5 L34290). Positions 1 and 4 of each heptad repeat are designated with letters a and d, respectively. The numbers on the right give
the position of the last amino acid residue in the corresponding peptide sequence. The asterisks show the positions where leucine residues at
position 20 and 24 of AtGf have been replaced by glutamate. B: Microsomes P3 and soluble fractions S3 from different tobacco lines. Lane
1: non-transformed tobacco SR1. Lanes 2-5: transgenic WT-GBGFP lines 2, 3, 4 and 6. Lanes 6-9: transgenic L20/24E-GBGFP lines 71, 75,
76 and 79. C and D: Subcellular distribution of WT-GBGFP transgenic line 6 and L20/24E-GBGFP transgenic line 71 after differential centri-

fugation (see also Fig. 1).

and, at high concentrations, can also destabilize the mem-
brane bilayer. However, at lower concentrations urea may
solubilize peripheral membrane proteins that are attached to
membranes by protein interactions without disrupting the lip-
id bilayer. The solubility of Gf} in urea at concentrations low-
er than 4 M suggests the association of G with membranes
through another anchoring protein [37]. The fact that plant
Go,, which presumably is anchored to membranes via the
palmitoyl moiety at its amino terminus, was not solubilized
at these urea concentrations indicates that the microsomal
membranes were not disrupted (see Fig. 2E and Section 2).
The results obtained with KCI suggest hydrophobic interac-
tions between plant G and membranes since raising the ionic
strength with salts like KCI stabilizes hydrophobic protein
interactions [38]. These findings correlate with the situation
for G proteins in animals, where the membrane association
of the GBy dimer is increased in high KCI concentrations [39].

According to the three-stage hypothesis of membrane sol-
ubilization with detergents, membrane components pass from
non-solubilizing to solubilizing conditions through a transi-
tion stage II [40]. In this stage detergent-saturated membranes
are thought to coexist with mixed lipid—detergent micelles at
detergent concentrations close to the CMC. Therefore, in or-
der to fully solubilize integral proteins or protein complexes
from membrane vesicles, the detergent concentration should
be distinctly higher than its CMC [41,42]. At concentrations
below the CMC detergent may only permeabilize the vesicles
or solubilize some peripheral proteins [43], for example those
which interact with membranes via post-translational hydro-
phobic modifications. Interestingly, with the non-ionic deter-
gents Triton X-100 and n-dodecylmaltoside, G was only
solubilized at concentrations far above the specific CMCs.
Similar results were obtained when solubilization with Triton
X-100 and n-dodecylmaltoside were performed at room tem-
perature (data not shown), indicating that the low solubility
of G was not due to low temperatures. In contrast, G} was
solubilized at concentrations below the CMC when treated
with the zwitterionic detergent CHAPS. There are two possi-

ble interpretations for these results. Firstly, GB might be an-
chored to membranes via an integral protein and CHAPS
would disrupt the interaction between G and the anchor.
The second explanation might be that plant Gf and its anchor
are localized in membrane domains which are poorly soluble
with non-ionic detergents. We cannot exclude the first possi-
bility because we do not know the interacting partner(s) of G
and it is unknown whether the membrane vesicles are still
intact at concentrations of CHAPS below the given CMC.
Nevertheless, we favor the hypothesis that the putative Gf
anchor is a peripheral protein since the solubilization profiles
of plant Ga correlate with the results obtained for G (data
not shown). Additionally, the presence of several mammalian
G proteins in membrane domains which are poorly solubilized
by non-ionic detergents has been described [44,45].

The 65 kDa band that is detectable with the anti-AtGf
antibodies in extracts from SR1 tobacco plants transformed
with 35S AtGBGFP constructs clearly represents the GBGFP
protein since the apparent size corresponds to the predicted
size of the fusion protein and, in addition, no such band has
been detected in extracts from non-transformed tobacco SR1
plants. Low amounts of GBGFP are also present in the solu-
ble fraction S3 of WT-GBGFP lines 6 and 3. This may be
explained by the fact that lines 6 and 3 express the fusion
protein in excess and therefore some factors important for
the membrane targeting of Gf may become limiting. The
interaction of the mutant L20/24E-GBGFP protein with mem-
branes seems not to be completely destroyed but severely at-
tenuated. The total amount of GBGFP in different extracts
from L20/24E-GBGFP lines appeared to be lower than in the
extracts from WT-GBGFP lines. This may be paralleled in
animals, where Gf protein is rapidly degraded if overex-
pressed alone or if its interaction with Gy is prevented [23].
The differences in subcellular distribution of GBGFP between
WT- and L20/24E-GBGFP lines indicate that plant Gf inter-
acts with its putative membrane anchor by formation of a
coiled-coil.

In sum, the experiments described here clearly characterize
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the plant GB homologue as a peripheral, membrane-associ-
ated protein. In addition, we provide evidence for the exis-
tence of a Gy-like protein and thus for a heterotrimeric G
protein complex in plants. However, no plant Gy homologue
has been identified to date. This may be partially due to the
small size and the very low degree of conservation of Gy sub-
units among species. Another possibility is that Gy in plants
may have a different structure. It is astonishing that despite
the fact that more than 70% of the Arabidopsis genome has
been sequenced only one Go, one G [7,8], and one putative
GPCR homologue have been identified [10,11]. Thus, the va-
riety of signal transduction pathways that are discussed to be
regulated by trimeric G proteins in plants may be to a large
extent determined by different Gy subunits. Therefore, some
additional structural motifs which are not present in Gy sub-
units of animals and fungi may be present in plant Gy.

Acknowledgements: We would like to thank Elke Faller for excellent
technical help, Brigitte Traier for help with the production of the
antisera, Elfi Schiefermayr and Gabor Igloi for excellent sequencing
and oligonucleotide service, Peter Beyer for helpful discussions, and
Randy Cassada for critical reading of the manuscript. This work was
supported by a Grant from the Sonderforschungsbereich 388 of the
Deutsche Forschungsgemeinschaft to G.N. and T.M.

References

[1] Clapham, D.E. (1996) Nature 379, 297-298.

[2] Lambright, D.G., Sondek, J., Bohm, A., Skiba, N.P., Hamm,
H.E. and Sigler, P.B. (1996) Nature 379, 311-319.

[3] Sternweis, P.C. (1994) Curr. Opin. Cell Biol. 6, 198-203.

[4] Kleus, C., Scherubl, H., Hescheler, J., Schultz, G. and Wittig, B.
(1992) Nature 358, 424-426.

[5] Kleus, C., Scherubl, H., Hescheler, J., Schultz, G. and Wittig, B.
(1993) Science 259, 832-834.

[6] Gudermann, T., Schoneberg, T. and Schultz, G. (1997) Annu.
Rev. Neurosci. 20, 399-427.

[7]1 Ma, H., Yanofsky, M.F. and Meyerowitz, E.M. (1990) Proc.
Natl. Acad. Sci. USA 87, 3821-3825.

[8] Weiss, C.A., Garnaat, C.W., Mukai, K., Hu, Y. and Ma, H.
(1994) Proc. Natl. Acad. Sci. USA 91, 9554-9559.

[9] Bischoff, F., Molendijk, A., Rajendrakumar, C.S.V. and Palme,
K. (1999) Cell. Mol. Life Sci. 55, 233-256.

[10] Josefsson, L.G. and Rask, L. (1997) Eur. J. Biochem. 249, 415-
420.

[11] Plakidou-Dymock, S., Dymock, D. and Hooley, R. (1998) Curr.
Biol. 8, 315-324.

[12] Beffa, R., Szell, M., Meuwly, P., Pay, A., Vogeli-Lange, R., Me-
traux, J.-P., Neuhaus, G., Meins Jr., F. and Nagy, F. (1995)
EMBO J. 14, 5753-5761.

[13] Li, W. and Assmann, S.M. (1993) Proc. Natl. Acad. Sci. USA 90,
262-266.

[14] Warpeha, K.M.F., Hamm, H.E., Rasenick, M.M. and Kauf-
mann, L.S. (1991) Proc. Natl. Acad. Sci. USA 88, 8925-8929.

P. Obrdlik et al.IFEBS Letters 476 (2000) 208-212

[15] Neuhaus, G., Bowler, C., Kern, R. and Chua, N.-H. (1993) Cell
73, 937-952.

[16] Bowler, C., Yamagata, H., Neuhaus, G. and Chua, N.-H. (1994)
Gen. Dev. 8, 2188-2202.

[17] Hooley, R. (1999) Plant Physiol. Biochem. 37, 393-402.

[18] Aharon, G.S., Gelli, A., Snedden, W.A. and Blumwald, E. (1998)
FEBS Lett. 424, 17-21.

[19] Ashikari, M., Wu, J., Yano, M., Sasaki, T. and Yoshimura, A.
(1999) Proc. Natl. Acad. Sci. USA 96, 10284-10289.

[20] Fujisawa, Y., Kato, T., Ohki, S., Ishikawa, A., Kitano, H., Sa-
saki, T., Asahi, T. and Iwasaki, Y. (1999) Proc. Natl. Acad. Sci.
USA 96, 7575-7580.

[21] Wedergaertner, P.B., Wilson, P.T. and Bourne, H.R.J. (1995)
J. Biol. Chem. 270, 503-506.

[22] Fishburn, C.S., Herzmark, P., Morales, J. and Bourne, H.R.
(1999) J. Biol. Chem. 274, 18793-18800.

[23] Pellegrino, S., Zhang, S., Garritsen, A. and Simonds, W.F. (1997)
J. Biol. Chem. 272, 25360-25366.

[24] Sondek, J., Bohm, A., Lambright, D.G., Hamm, H.E. and Sigler,
P.B. (1996) Nature 379, 369-374.

[25] Lupas, A. (1996) Trends Biochem. Sci. 21, 375-382.

[26] Smith, D.E. and Fisher, P.A. (1984) J. Cell Biol. 99, 20-28.

[27] Weiss, C.A., White, E., Huang, H. and Ma, H. (1997) FEBS
Lett. 407, 361-367.

[28] Schaller, G.E. and DeWitt, N.D. (1995) Methods Cell Biol. 50,
129-148.

[29] Haseloft, J., Siemering, K.R., Prasher, D.C. and Hodge, S. (1997)
Proc. Natl. Acad. Sci. USA 94, 2122-2127.

[30] Horsch, R.B., Fry, J.E., Hoffman, N.L., Eichholtz, D., Rogers,
S.G. and Fraley, R.T. (1985) Science 227, 1229-1231.

[31] Lowry, O.H., Rosenbrough, N.J., Farr, A.L. and Randall, R.J.
(1951) J. Biol. Chem. 193, 265-275.

[32] Schacterle, G.R. and Pollack, R.C. (1973) Anal. Biochem. 51,
654-655.

[33] Fujiki, Y., Hubbard, A.L., Fowler, S. and Lazarow, P.B. (1982)
J. Cell Biol. 93, 97-102.

[34] Hurt, E. and Hauska, G. (1981) Eur. J. Biochem. 117, 591-599.

[35] Pronin, A.N. and Gautam, N. (1993) FEBS Lett. 328, 8§9-93.

[36] Weiss, C.A., Huang, H. and Ma, H. (1993) Plant Cell 5, 1513-
1528.

[37] Haizel, T., Merkle, T., Turck, F. and Nagy, F. (1995) Plant
Physiol. 108, 59-67.

[38] Porath, J., Sundberg, L., Fornstedt, N. and Olson, 1. (1973)
Nature 245, 465-466.

[39] Kiihn, H. (1980) Nature 283, 587-589.

[40] Kragh-Hansen, U., le Maire, M. and Magller, J.V. (1998) Bio-
phys. J. 75, 2932-2946.

[41] Tanford, C. and Reynolds, J.A. (1976) Biochim. Biophys. Acta
457, 133-170.

[42] Schurholz, T. (1996) Biophys. Chem. 58, 87-96.

[43] Kreibich, G., Debey, P. and Sabatini, D.D. (1973) J. Cell Biol.
58, 436-462.

[44] Lisanti, M.P., Scherer, P.E., Vidugiriene, J., Tang, Z.L., Herma-
nowski-Vosatka, A., Tu, Y.-H., Cook, R.F. and Sargiacomo, M.
(1994) J. Cell Biol. 126, 111-126.

[45] Rehm, A. and Ploegh, H.L. (1997) FEBS Lett. 416, 39-44.



