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The trans-Golgi network GRIP-domain proteins form α-helical homodimers
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A recently described family of TGN (trans-Golgi network) pro-
teins, all of which contain a GRIP domain targeting sequence,
has been proposed to play a role in membrane transport. On
the basis of the high content of heptad repeats, GRIP domain
proteins are predicted to contain extensive coiled-coil regions that
have the potential to mediate protein–protein interactions. Four
mammalian GRIP domain proteins have been identified which
are targeted to the TGN through their GRIP domains, namely
p230, golgin-97, GCC88 and GCC185. In the present study, we
have investigated the ability of the four mammalian GRIP domain
proteins to interact. Using a combination of immunoprecipitation
experiments of epitope-tagged GRIP domain proteins, cross-
linking experiments and yeast two-hybrid interactions, we have
established that the GRIP proteins can self-associate to form

homodimers exclusively. Two-hybrid analysis indicated that the
N- and C-terminal fragments of GCC88 can interact with them-
selves but not with each other, suggesting that the GRIP domain
proteins form parallel coiled-coil dimers. Analysis of purified
recombinant golgin-97 by CD spectroscopy indicated a 67 % α-
helical structure, consistent with a high content of coiled-coil se-
quences. These results support a model for GRIP domain proteins
as extended rod-like homodimeric molecules. The formation of
homodimers, but not heterodimers, indicates that each of the
four mammalian TGN golgins has the potential to function in-
dependently.

Key words: dimer, golgin, GRIP domain protein, homodimer,
trans-Golgi network, yeast two-hybrid.

INTRODUCTION

A large number of long coiled-coil proteins have been identified on
intracellular organelles, in particular the Golgi and endosomes [1].
On the basis of their high content of coiled coils, these molecules
are predicted to adopt a rod-like or extended fibrous structure.
Members of the family of coiled-coil proteins specifically located
on the Golgi (termed golgins), such as p115 and GM130, have
been shown to be important as tethering molecules and in the
biogenesis of membranes of the Golgi stack [1–5]. A number of
golgins specifically associated with the TGN (trans-Golgi net-
work) have recently been identified [6,7] based on the presence
of a modestly conserved, 45-residue Golgi targeting sequence
located at the C-terminus, called the GRIP domain [8–10].

The importance of the TGN golgins is highlighted by the
finding that these GRIP domain proteins are conserved throughout
evolution, as functional GRIP targeting sequences have been iden-
tified in yeast, plants and protozoan parasites [10–12]. Alteration
in the levels of TGN golgins has been shown to result in abnor-
malities in TGN structure and/or a block in membrane transport
pathways, indicating that they may play a role similar to the
golgins of the Golgi stack, as either matrix components and/or in
vesicular tethering [7,13,14].

There are four mammalian GRIP domain proteins which have
been identified and all are localized to the TGN of HeLa cells
[7]. The mammalian TGN golgins include a 230 kDa peripheral
membrane protein (p230, also known as golgin-245), shown to
be specifically associated with buds/vesicles of TGN membranes
[15–18], golgin-97 [19], GGC88 and GGC185 (GCC stands for
Golgi-localized coiled-coil protein) [7]. Like other members of
the golgin family, the sequence of GRIP domain proteins indi-
cates a high percentage (75–85%) of α-helical heptad repeats,
sequences typical of coiled coils. The prediction of coiled-coil
domains suggests that the TGN golgins probably exist as dimers

or oligomers. An important question is whether such dimers/
oligomers are homo-oligomers or whether different members of
the GRIP family can associate to form hetero-oligomers. This is a
relevant issue in defining whether the TGN golgins can function
independent of each other or whether their activities are closely
linked. In the present study, using a combination of approaches,
we have investigated the interaction between different members of
the TGN golgin family and have analysed the structural properties
of one family member.

EXPERIMENTAL

Antibodies

Epitope-tagged proteins were detected with the monoclonal
antibody anti-Myc (9E10) [20] and monoclonal antibody anti-
FLAG (M2) (Sigma, Castle Hill, NSW, Australia). Horseradish
peroxidase-conjugated rabbit anti-mouse Ig and porcine anti-
rabbit Ig were obtained from Dako (Carpinteria, CA, U.S.A.).
Rabbit antibodies to GCC88 have been described in [7]. Sheep
anti-rabbit Ig-FITC, sheep anti-mouse Ig-FITC and sheep anti-
human IgG-FITC were purchased from Silenus Laboratories
(Melbourne, VIC, Australia).

Cell culture and transfection

HeLa and COS cells were maintained as monolayers in
Dulbecco’s modified Eagle’s medium, supplemented with 10 %
(v/v) foetal calf serum, 2 mM glutamine and 100 µg/ml penicillin/
streptomycin, in a humidified 37 ◦C incubator with 10% CO2.
Transient transfections of cells were performed using FuGENETM

transfection reagent (Roche, Castle Hill, NSW, Australia) as
described previously [6].

Abbreviations used: DTSSP, dithiobis(sulphosuccinimidyl propionate); TGN, trans-Golgi network.
1 To whom correspondence should be addressed (email pgleeson@unimelb.edu.au).
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Mammalian expression vectors

pCIneoGCC88, Myc-tagged GCC185, Myc-tagged GCC88 and
Myc-tagged p230 have been described previously [7,9,21]. To
generate full-length golgin-97 with a triple Myc tag at the N-
terminus, the golgin-97 cDNA was subcloned into the vector
pCMU-MYC. Constructs encoding the full-length GCC88, p230,
golgin-97 and GCC185 with a triple FLAG epitope at the N-ter-
minus were generated by cloning into pCMU-FLAG vector [22].

Immunofluorescence

Cells were processed for immunofluorescence as described pre-
viously [21] and examined by confocal microscopy using a Bio-
Rad MRC-1024 imaging system.

Immunoblotting

Cell extracts were diluted in 50 mM Tris/HCl (pH 6.8) containing
100 mM dithiothreitol, 2 % (w/v) SDS and 10% (v/v) glycerol
and subjected to SDS/PAGE. Proteins were then transferred on
to PVDF membranes, and the membrane was dried. Antibodies
were diluted in PBS containing 5 % (w/v) skim milk powder and
incubated on the membrane for 1 h, followed by three 10 min
washes with 0.05% Tween 20/PBS. Membranes were then incu-
bated with peroxidase-conjugated anti-mouse and bound anti-
bodies detected by enhanced chemiluminescence (Lumi-Light;
Roche) as described previously [18].

Cross-linking

Subconfluent cultures of HeLa cells were either untransfected
or transfected with pCIneo-GCC88 24 h before harvesting. The
cells were washed with PBS and harvested using a cell scraper,
then lysed with 1% Igepal CA-630 (Sigma) in PBS on ice for
30 min. The extract was centrifuged at 700 g for 10 min, and the
supernatant was incubated with 0.05–1.0 mM 3,3′-DTSSP [3,3′-
dithiobis(sulphosuccinimidyl propionate); Pierce Biotechnology,
Rockford, IL, U.S.A.] for 30 min at room temperature (25 ◦C).
The reaction was stopped by the addition of Tris/HCl (pH 7) to a
final concentration of 50 mM and incubation for 15 min. Cross-
linked extracts were analysed by non-reducing SDS/PAGE and
immunoblotting.

Co-immunoprecipitation of mammalian GRIP proteins

HeLa cells were co-transfected with pairs of Myc and FLAG con-
structs. After 24–48 h, monolayers were washed with PBS,
harvested and resuspended in lysis buffer (1 % Igepal in PBS) con-
taining a protease inhibitor cocktail (Roche Diagnostics,
Mannheim, Germany) for 30 min at 4 ◦C. The extract was clarified
by centrifuging at 13000 g for 10 min. Anti-Myc monoclonal
antibodies were then added to the supernatant at a final concen-
tration of 2–4 µg/ml, and the mixture was gently rotated for
2 h at 4 ◦C. Protein G–Sepharose beads (Amersham Biosciences,
Uppsala, Sweden) were added to a concentration of 4 % (v/v)
and the mixtures rotated for 30 min. The Protein G–Sepharose
beads were collected by centrifuging at 2000 g for 5 min and
washed four times with lysis buffer. Bound proteins were eluted
by boiling the beads in SDS/PAGE loading buffer and analysed by
immunoblotting with either anti-Myc or anti-FLAG antibodies.

Yeast two-hybrid analysis

pHybLex-GCC88, pHybLex-GCC88aa1-330, pHybLex-GC-
C88aa331-775, pGAD-GCC88 and pGAD-GCC88aa441-775 were
obtained by subcloning the full-length [7] and partial GCC88

cDNAs, isolated from full-length GCC88 cDNA by digestion with
restriction enzymes, into the polylinker sites of pHybLex/Zeo
(LexA-binding domain; Invitrogen) and pGAD GH (GAL4
activation domain; Clontech, Palo Alto, CA, U.S.A.) respectively.
The pHybLex/Zeo and pGAD GH constructs were co-transformed
in to the Saccharomyces cerevisiae reporter stain L40 [23] using
a lithium acetate method [24]. Transformants were selected on
synthetic medium lacking leucine and containing 300 µg/ml
zeocin. HIS3 reporter gene activation was detected by analysing
growth on a medium lacking histidine and leucine and containing
zeocin and 7.5 mM 3-aminotriazole. Constructs were initially
analysed to ensure absence of autoactivation of HIS3 reporter
gene. LacZ reporter gene activation was assessed using the liquid
β-galactosidase assay [25]

Expression and purification of His-tagged golgin-97

Full-length golgin-97 was cloned into the pET28a expression
vector (Clontech), which contains a His tag and T7 epitope at the
N-terminus. Recombinant protein was expressed in Escherichia
coli BL21(DES) strain grown in Luria–Bertani broth containing
kanamycin and chloramphenicol. Overnight cultures were diluted
in Luria–Bertani broth and kanamycin and incubated for 1 h
at 30 ◦C before recombinant protein expression was induced
with 0.1 mM isopropyl β-D-thiogalactoside by incubation at
30 ◦C for 3–4 h, with shaking. Bacteria were lysed by freeze–
thawing followed by sonication, and cell lysates prepared by the
addition of 1% sarkosyl in PBS for 30 min at 4 ◦C. His-tagged
golgin-97 was purified by cobalt affinity chromatography. Weakly
bound or non-specific proteins were eluted from the TALON
cobalt affinity column with PBS containing 10 mM imidazole,
before eluting His-tagged proteins with PBS containing 200 mM
imidazole. Eluted samples were dialysed against PBS and protein
concentration was determined by measuring absorbance A at
280 nm (mass absorption coefficient ε = 0.335 mg · ml−1 · cm−1).

CD spectroscopy

CD spectra of pure golgin-97 (0.42 mg/ml) dissolved in PBS
(pH 7.4) were recorded on an Aviv 62DS CD spectrophotometer
between the wavelengths 205 and 250 nm at a temperature of
20 ◦C. Data were collected using a step size of 0.5 nm and a
slit bandwidth of 1.5 nm in a 1 mm path-length quartz cuvette.
Signal averaging time was 2.0 s and ellipticities were reported as
�ε in units of M−1 · cm−1. CD spectra were fitted using a data-
base comprising 43 soluble proteins (IBasis 4) employing the
programs CDSSTR, CONTINLL and SELCON3 [26], which
are included in the CDPro package available at http://lamar.
colostate.edu/s̃reeram/CDPro/.

RESULTS

The four mammalian GRIP domain proteins can interact to form
homo-oligomers, but not hetero-oligomers

To determine whether the four mammalian GRIP proteins inter-
act to form oligomers, a series of co-immunoprecipitation experi-
ments was performed using epitope-tagged constructs. Myc-
and FLAG-tagged full-length constructs were generated for each
of the four TGN golgins as described in the Experimental section.
Immunoblotting of HeLa cells transfected with each construct
showed that each of the four Myc-tagged and four FLAG-tagged
golgins were the expected size, with only low levels of degradation
detected (Figure 1). Each of the Myc- and FLAG-tagged TGN
golgins localized predominantly to the juxtanuclear Golgi region
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Figure 1 Expression of full-length Myc- and FLAG-tagged GRIP domain
proteins

HeLa cells were transfected with Myc- or FLAG-tagged GCC88, golgin-97, GCC185 or p230,
as indicated. Extracts of transfected cells were analysed by immunoblotting with (A) mono-
clonal anti-Myc antibodies and (B) monoclonal anti-FLAG antibodies, as indicated, using a
chemiluminescence detection system.

of transfected HeLa cells, as detected by immunofluorescence
(Figure 2), suggesting that the proteins were folding correctly.

Details of the domain structure of untagged golgin-97 and
GCC88 are shown in Figure 3(A) to illustrate the extensive coiled-
coil regions and the C-terminal GRIP domain. The strategy
for the co-immunoprecipitation experiments is outlined in Fig-
ure 3(B). HeLa cells were transfected with pairs of Myc- and
FLAG-tagged constructs. The transfected cell lysates were then
immunoprecipitated with anti-Myc antibodies and the precipitates
were immunoblotted with anti-Myc or anti-FLAG. To ensure that
the anti-Myc antibody did not cross-react with any of the FLAG-
tagged constructs, HeLa cells were initially transfected with
FLAG–GCC88, FLAG–golgin-97, FLAG–GCC185 or FLAG–
p230, and immunoprecipitation was performed using anti-Myc
antibodies. Immunoblotting of the total cellular extracts with anti-
FLAG showed that abundant levels of the FLAG-tagged proteins
had been produced, yet no FLAG-tagged proteins were detected
in the anti-Myc immunoprecipitate, indicating that there was no
cross-reactivity between the anti-Myc antibody and the FLAG-
tagged proteins (results not shown).

In the example shown in Figure 3, HeLa cells were transfected
with Myc–golgin-97 together with either FLAG–golgin-97 or
FLAG–GCC88. Immunoblotting of the total lysates revealed
that all recombinant proteins were produced in abundant levels.
FLAG–golgin-97, but not FLAG–GCC88, was detected in the
anti-Myc immunoprecipitate. This result indicates that golgin-97
can self-interact, but cannot interact with GCC88.

This approach was extended to analyse interactions between
all possible pairings of the four GRIP domain proteins, as shown
in Figure 4. Each of the panels of Figure 4 shows the interaction

Figure 2 Localization of Myc- and FLAG-tagged GRIP domain proteins in
transfected HeLa cells

HeLa cells were transfected with constructs encoding either Myc- or FLAG-tagged GRIP domain
proteins, as indicated, fixed, permeabilized and stained with anti-Myc or anti-FLAG monoclonal
antibody followed by FITC goat anti-mouse Ig. Scale bar, 10 µm.

of one of the Myc-tagged golgins with the FLAG-tagged pro-
teins. In each case, and as expected, the Myc-tagged golgin was
detected in the blot of the anti-Myc immunoprecipitate. Of the
four FLAG-tagged constructs that were co-transfected with Myc–
GCC88, only FLAG–GCC88 was detected in the immunoprecip-
itate (Figure 4A). Similarly, of the four constructs co-transfected
with Myc–golgin-97, only FLAG–golgin-97 was present in the
immunoprecipitate (Figure 4B). FLAG–p230 and FLAG–
GCC185 were co-transfected with Myc–GCC185, and only
FLAG–GCC185 was present in the immunoprecipitate (Fig-
ure 4C). Finally, Myc–p230 co-precipitated FLAG–p230
(Figure 4D). Collectively, these results reveal that the four GRIP
domain proteins are able to self-associate as homo-oligomers,
and that this interaction is specific as no hetero-oligomers were
observed between any of the pairs tested.

GCC88 from HeLa cells is a dimer

To investigate the size of the oligomers, we analysed the behaviour
of one of the TGN golgins, namely GCC88, in more detail.
Endogenous GCC88 of HeLa cells was detected by immunoblot-
ting with anti-GCC88 antibodies as a monomer of 88 kDa
(apparent molecular mass 105 kDa; Figure 5). In addition, we
observed a weakly stained band of approx. 210 kDa with the
anti-GCC88 serum, but it was absent from the preimmune serum.
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Figure 3 Co-immunoprecipitation of epitope-tagged GRIP domain proteins

(A) Strategy for determining interactions between GRIP domain proteins. HeLa cells were
co-transfected with pairs of Myc- and FLAG-tagged constructs and extracts of transfected cells
were immunoprecipitated with anti-Myc antibody. The immunoprecipitate was then blotted with
anti-FLAG and anti-Myc antibodies. (B) Co-immunoprecipitation of Myc–golgin-97 with either
FLAG–golgin-97 or FLAG–GCC88. (C) HeLa cells were co-transfected with pairs of Myc-
and FLAG-tagged constructs, as indicated, and extracts of transfected cells were analysed di-
rectly (Total) or immunoprecipitated with anti-Myc antibody (IP). Samples were blotted with
anti-FLAG or anti-Myc antibodies, as indicated.

This approx. 210 kDa band may represent an SDS-resistant dimer
of GCC88. To investigate further the ability of GCC88 to form
dimers, HeLa cell extracts were treated with the chemical cross-
linker, DTSSP, before analysis by immunoblotting with anti-
GCC88 antibodies. After cross-linking with 0.05 mM DTSSP,
the 105 kDa monomeric band of GCC88 was no longer detected
and a broad band of approx. 200–230 kDa was very prominent,
consistent with the formation of covalently cross-linked GCC88
dimers (Figure 5). A similar experiment was also performed using
HeLa cells transfected with recombinant GCC88 to increase the
level of expression of this TGN golgin. In untreated transfected
cell extracts, the 105 kDa monomeric band of GCC88 was de-
tected together with the approx. 210 kDa band as well as ad-
ditional weakly stained bands around 200 kDa. In transfected
cell extracts treated with 0.05 mM DTSSP, GCC88 migrated ex-
clusively with an apparent molecular mass of approx. 200–
210 kDa (Figure 5). The broad nature of this band may reflect
the behaviour of the dimer in SDS/PAGE under non-reducing
conditions. No components were detected in either untransfected
or cell extracts transfected with preimmune serum (Figure 5).
Therefore GCC88 can form a dimer.

GCC88 forms a parallel coiled-coil dimer

On the basis of the above, GCC88 probably forms a coiled-coil
homodimer. Coiled-coil dimers may be orientated in a parallel
(head-to-head) or anti-parallel (head-to-tail) fashion [27]. To
distinguish between these possibilities, we utilized the yeast two-
hybrid assay to analyse interactions between full-length GCC88
and a number of N- and C-terminal truncation mutants. A number
of GCC88 constructs were cloned into the bait vector pHybLex,
which contains the LexA DNA-binding domain, and the prey
vector pGAD-GH, which contains the GAL4 activation domain.
The reporter yeast strain L40 was transformed with pairs of
constructs, and grown on selective medium. Interactions between
GCC88 fusion proteins were assessed by HIS3 and LacZ reporter
gene activation, measured by the ability of transformed yeast
to grow in a medium lacking histidine and by assaying for β-
galactosidase activity.

Strong interaction was observed between the full-length
GCC88 constructs, LexA-GCC88 and GAD-GCC88, confirming
that GCC88 forms homodimers (Figure 6), and consistent with
the cross-linking and immunoprecipitation experiments. The N-
terminal construct LexA-GCC88aa1-330 (refer also to Figure 3A
for GCC88 constructs) interacted, albeit weakly, with the full-
length GCC88 construct GAD-GCC88, and the C-terminal con-
struct GCC88aa441-775 strongly interacted with the full-length
construct LexA-GCC88, indicating that these truncated constructs
probably contain sufficient number of coiled-coil domains to
dimerize. Next, interactions between these truncated constructs
were examined to determine the orientation of GCC88 dimer.
The C-terminal construct, LexA-GCC88aa331-775 showed strong
interaction with the C-terminal construct GAD-GCC88aa441-775,
while the N-terminal construct LexA-GCC88aa1-330 did not interact
with the C-terminal construct. This indicates that GCC88 is able
to form parallel dimers but not anti-parallel dimers. Control
transformations with empty vectors in combination with each
of the constructs tested confirmed that the interactions observed
were specific.

Analysis of golgin-97 constructs by two-hybrid analysis also
demonstrated, as expected, an interaction between the full-length
golgin-97 constructs, LexA-golgin-97 and GAD-golgin-97, but
not between LexA-golgin-97 and GAD-GCC88, again indicating
the specific formation of homodimers (results not shown).

Analysis of purified His6-tagged golgin-97 by CD

The high content of heptad repeats of the TGN golgins predicts
extensive coiled-coil regions. To analyse directly the α-helical
content of GRIP domain proteins, recombinant full-length pro-
teins were generated for structural analysis. The two smaller TGN
golgins, namely GCC88 and golgin-97, were expressed in bacteria
as His6-tagged proteins; however, only His6-tagged golgin-97 was
expressed at a high level to allow purification at sufficient material
purity for analysis (Figure 7A).

To determine the degree of secondary structure in a sample
of pure recombinant His-tagged golgin-97, CD spectroscopy was
conducted in aqueous solution under physiological conditions.
The data plotted as �ε versus wavelength are shown in Fig-
ure 7(B). The CD spectrum of golgin-97 reveals double minima
at approx. 210 and 222 nm (Figure 7B), which is charac-
teristic of the α-helical structure. This assertion is confirmed
by non-linear least-squares analysis using the program CDSSTR
(1), which yielded a best-fit to 67% α-helical structure with
an r.m.s.d. (root mean-square deviation) of 0.277 (Figure 7B,
solid line). Similar analyses were obtained using the programs
CONTINLL and SELCON3 [26]. The CD data are consistent
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Figure 4 The GRIP domain proteins form homo-oligomers

HeLa cell monolayers were co-transfected with (A) Myc–GCC88, (B) Myc–golgin-97, (C) Myc–GCC185, (D) Myc–p230 and FLAG-tagged full-length GRIP domain proteins, as indicated. The cells
were harvested and complexes containing the Myc-tagged proteins were immunoprecipitated with anti-Myc antibodies. Samples of total extract (Total) and immunoprecipitate (IP) were analysed
by immunoblotting with monoclonal anti-Myc or anti-FLAG antibodies, as indicated, followed by horseradish peroxidase-conjugated anti-mouse Ig antibodies. Immunoblots were developed by a
chemiluminescence detection system. Loadings represent approx. 2 % of input and 20 % of immunoprecipitate.

Figure 5 Cross-linking of cytosolic GCC88

Untransfected HeLa cells, or pCI-GCC88 transfected HeLa cells, were extracted and extracts
treated with the indicated concentrations (mM) of the cross-linker DTSSP and analysed by
non-reducing SDS/PAGE followed by immunoblotting with rabbit anti-GCC88 antibodies or
preimmune serum as indicated, using a chemiluminescence detection system.

with the predominantly coiled-coil structure predicted from the
golgin-97 protein sequence.

DISCUSSION

GRIP domain proteins have emerged as important components of
the TGN involved in maintaining the highly complex structure
of the TGN and in the regulation of the membrane traffic
[28]. Mammalian cells express four TGN golgins; however, it

is not known if each TGN golgin has a specific function or
if their functions are redundant. In defining the function of the
mammalian GRIP proteins, it is important to ascertain whether
they exist as homo-oligomers or whether different members of
the GRIP family can associate to form hetero-oligomers. In the
present study, we have demonstrated that the TGN golgins can
self-interact to form parallel homodimers. First, GCC88 can be
cross-linked yielding a product of approx. twice the size of the
monomer. Secondly, immunoprecipitation experiments using
epitope-tagged GRIP domain proteins demonstrated that all four
TGNgolginscanself-interact,but not interact with any of the other
three members. Thirdly, analysis of yeast two-hybrid interactions
has established that the GRIP proteins can self-interact to form
parallel coiled-coil homodimers; and fourthly, analysis of purified
recombinant full-length golgin-97 confirmed the high content
of α-helical structure. The formation of homodimers, but not
heterodimers, indicates that each TGN golgin has the potential
to function independently from the other members of the GRIP
family.

The Golgi membrane binding of each of the four mammalian
GRIP domain proteins is G-protein-dependent [7,28]. Recruit-
ment of p230 and golgin-97 to the TGN is mediated through
an interaction with Arl1, a member of the ARF/Arl small G-
protein family. The structure of the Arl1-GTP complexed with
the GRIP domain of p230/golgin-245 has recently been solved by
crystallography by two groups [29,30]. These studies provided
insight into the structural basis for the GTPase-dependent
recruitment of the GRIP domain to TGN membranes. Of particular
relevance to the present study was the finding that the isolated
GRIP domain forms a homodimer that interacts with two Arl1-
GTP molecules, a result consistent with our findings on the
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Figure 6 Dimerization of GCC88 constructs analysed by yeast two-hybrid interactions

The indicated GCC88 constructs were generated as fusions with the DNA-binding protein LexA in pHybLex/Zeo and the GAL4 activation domain in pGAD GH. GCC88 refers to the full-length
775-amino-acid sequence, and the amino acid numbers denote truncated constructs. The pHybLex/Zeo and pGAD constructs were co-transformed into yeast reporter strain L40. Transformants were
initially selected on medium lacking leucine and containing zeocin. The interaction between LexA and GAL4 fusions was assessed by HIS3 reporter gene activation as measured by the ability of
transformants to grow on medium lacking histamine and by LacZ reporter gene activation using the liquid β-galactosidase assay. β-Galactosidase activity is given in Miller units. Assays were
performed in triplicate.

Figure 7 CD spectrum of purified His6-tagged golgin-97

(A) Purified His6-tagged golgin-97 analysed by SDS/PAGE and stained with Coomassie Blue.
(B) CD spectrum of purified His6-tagged golgin-97 (0.42 mg/ml). The change in ellipticity, �ε

(M−1 · cm−1), is plotted as a function of wavelength (nm) for golgin-97 (0.42 mg/ml) dissolved
in PBS (open symbols). The data are superimposed with the non-linear best-fit using the
program CDSSTR [26], yielding 67 % α-helix, 12 % β-strand, 9 % turn and 12 % unordered
structure (—) with an r.m.s.d. of 0.277.

behaviour of the full-length molecule. Furthermore, the structure
of the Arl1–GRIP domain complex predicts that the coiled-coil
regions of these TGN golgins are orientated to face away from
the lipid bilayer. Dimerization of the GRIP domain is critical for
Golgi targeting, since mutations which disrupt the formation of
GRIP domain dimers also result in loss of Golgi targeting [29,30].
On the basis of structural requirements for the interaction of Arl1-
GTP and the p230 GRIP domain, those authors proposed that the

full-length GRIP domain proteins form parallel homodimers. In
the present study, we have confirmed this prediction and directly
demonstrated that the full-length TGN golgins form parallel
homodimers. The structure of the TGN golgins would predict
that recruitment to TGN involves two C-termini in close proximity
to the TGN membranes, with the long homodimeric coiled-coil
domain orientated away from the membrane.

Given the high content of the α-helix, TGN golgins probably
form extended rod-like molecules. For example, with a 67%
α-helical content and assuming a rod-like shape, golgin-97 is
predicted to be 75 nm in length. As the C-terminal GRIP domain
interacts with membranes, the N-terminus of the molecule has the
potential to form contacts between membranes or other structures
at some distance from the GRIP attachment site. The N-terminal
domains of the different mammalian TGN golgins do not show any
sequence similarity and, therefore, may have distinct properties.
Given the formation of homodimers, it is now important to define
the nature of the interactive partners with the individual members
of the TGN golgin family.
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