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Cerebroside Sulfotransferase Forms Homodimers in Living Cells
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ABSTRACT. Cerebroside sulfotransferase (CST) catalyzes HsilBation of galactose residues in several
glycolipids. Its major product in the mammalian brain is sulfatide, which is an essential myelin component.
Using epitope-tagged variants, murine CST was found to localize to the Golgi apparatus, but in contrast
to previous assumptions, not to the trans-Golgi network. An examination of enhanced green fluorescent
protein (EGFP)-tagged CST suggests that CST forms homodimers and that dimerization is mediated by
the lumenal domain of the enzyme, as shown by immunoprecipitation and density gradient centrifugation.
In order to verify that dimerization of CST observed by biochemical methods reflects the behavior of the
native protein within living cells, the mobility of CST-EGFP was examined using fluorescence correlation
spectroscopy. These experiments confirmed the homodimerization of CST-EGFP fusion proteins in vivo.
In contrast to full-length CST, a fusion protein of the amino-terminal 36 amino acids of CST fused to
EGFP was exclusively found as a monomer but nevertheless showed Golgi localization.

Cerebroside sulfotransferase (CBi§ a type Il membrane  leukodystrophy (MLD), a lysosomal storage disorder that
protein transferring sulfate to thé-®H group of galactose  results from a deficiency in arylsulfatase A (ASA)Y]. A
(1). CST has been purified, and its cDNA was cloned from causative therapy is not available, and patients die after years
humans and mice2( 3). Human and murine CSTs contain  of illness. Recent progress in the therapy of lysosomal storage
two putative N-glycosylation sites (at amino acid positions disorders provided strong evidence for the feasibility of
66 and 312), which are both glycosylated. We described substrate reduction therapy in lysosomal storage disorders
previously that N-glycosylation of Asn-312 and Asn-66 is (12, 13). Thus, inhibition of CST could also be an option
required for the full expression of catalytic activity)( for the treatment of MLD.

Products of CST are lipids, the two most abundant are the  several glycosyltransferases of the Golgi apparatus form
glycosphingolipid 30-sulfogalactosylceramide (sulfatide), homo or heterodimers, and some also form larger oligomers
which is found in h|gh anpentrations in the brain and k|dney (14, 15) Golg| localization of some g|ycosy|transferases
(5, 6), and the glycerolipid 3>-sulfogalactosyl-1-alkyl-2-  correlates with their ability to oligomerize according to the
acyl-glycerol (seminolipid), a major glycolipid in the testis  kin recognition model of Golgi retentiori€). Here, we show
(7). Sulfatide and seminolipid fulfill important functions in  that CST resides in the Golgi apparatus and not in the trans-
various physiological processes, such as regulation of oli- Golgi network (TGN), in contrast to previous assumptions
godendrocyte differentiatior8), formation of paranodes at (17, The transmembrane domain of CST, together with
the nodes of Ranvierd], and spermatogenesis, (7). As  flanking lysine residues, was sufficient to localize a green
shown recently, deficiency in CST results in the complete fiyorescence reporter protein to the Golgi apparatus. More-
absence of sulfatide and seminolipid in mid®)( In the over, we could show in this study that CST forms ho-
absence of sulfatide, oligodendrocyte precursor cells exhib- modimers in living cells.

ited a significant acceleration of their differentiation into

mature oligodendrocytés vitro andin vivo (8), suggesting MATERIALS AND METHODS

that sulfatide is an inhibitor of oligodendrocyte differentia-

tion. Sulfatide accumulation, however, causes metachromatic AntibodiesAntibodies against HA-tag (clone 12CA5) was
purchased from Roche (Mannheim, Germany), and rabbit
T This work was supported by the Deutsche Forschungsgemeinschaftgnti-EGEP antibody was from Abcam. Mouse monoclonal

through SFB 645 of the University of Bonn. . . . . .
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1 Abbreviations: aManll, a-mannosidase II; ASA, arylsulfatase A; of Kiel, Germany), respectively. Mouse antibody against

BHK, baby hamster kidney; BFA, brefeldin A; CHO, chinese hamster Ppolysialic acid NCAM (PSA-NCAM) was kindly provided
ovary; CST, cerebroside sulfotransferase; DAPI|6-4liamidino-2- by R. Gerardy-Schahn (Medical school, Hannover). Cy2- and

phenylindole; EGFP, enhanced green fluorescent protein; ER, endo-cy3_conjugated goat anti-rabbit immunglobulines were from
plasmic reticulum; HA, hemaglutinin; MLD, metachromatic leukod- .
ystrophy: MPR300, 300 kDa mannose 6-phosphate receptor; TGN, Jackson Immuno Research Laboratories (West Grove, PA).

trans-Golgi network. Dulbecco’s modified Eagle’'s medium (DMEM), DMEM/
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Table 1: Oligonucleotides Used to Generate EGFP Fusion Proteins with CST Mutants

construct primers PCR template

pCST-EGFP GCCTCGAGCCATGACTCTGCTGCCARAGAAGCC pcDNA3.1/ze0/CST
GCGGTACCCCACCTTAGAAAGTCCCTAAGG

pCST(1-36)EGFP | GCCTCGAGCCATGACTCTGCTGCCARAGRAGCC pcDNA3.1/zeo/CST
GCGGATCCTGGAGGTACCACATAGGAGTAC

pCST(1-63)EGFP | GCCTCGAGCCATGACTCTGCTGCCARAGAAGCT pcDNA3.1/ze0/CST
GCGAATTCGTGGCTGCCACTGGCTCATTGG

pCST(10-36)EGFP | CATGGCTCGAGATCTGAGTCC pCST(1-36)EGFP
AAGTCCAAGGCCAAGGGGTTAC

@ The restriction sites introduced for sub-cloning are underlined, and the plasmid DNA used as the template for the PCR is shown.

Nut Mix F12 (1:1), fetal calf serum, penicillin, and strep- using the Lipofectamine Plus protocol as provided by the
tomycin were from Invitrogen (Karlsruhe, Germany). manufacturer (Invitrogen, Karlsruhe, Germany). CHO and
Plasmid Constructions.he generation of the pTRE-CST- COS-7 cells were transfected using ExGen 500 (MBI
HA plasmid has been describet).(A plasmid encoding CST  Fermentas, St. Leon-Rot, Germany) following the instruc-
with a C-terminal enhanced green fluorescent protein (CST-tions given by the manufacturer. For immunofluorescence
EGFP) was generated by PCR using the oligonucleotidesstaining, cells were seeded onto glass coverslips in 24-well
shown in Table 1. The PCR product was subcloned into plates (100,000 cells per well) and transfected wifiglof
PEGFP-N3 (Clontech, CA) usinghd and Kpnl. Deletion plasmid DNA and 3.3uL of ExGen 500 in 500uL of
mutants CST(1-36)EGFP and CST(1-63)EGFP were gener-OptiMEM medium (Invitrogen, Karlsruhe, Germany). In
ated by PCR using full-length murine CST cDNA as the some experiments, cells were treated withy@0mL Brefel-
template. The primer pairs used are listed in Table 1. For din A (BFA; Sigma, Taufkirchen, Germany) for 100 min
the construct, CST(10-36)EGFP primers were designed tobefore fixation. Cycloheximide treatment was done using 500
allow amplification of the whole CST(1-36)EGFP and CST- u«g/mL cycloheximide (Sigma) for 4 h.
EGFP plasmids, respectively, except for the deletion to be Indirect Immunofluorescence&ells on glass coverslips
introduced (see Table 1). Oligonucleotides were phospho-were fixed in 4% paraformaldehyde in PBS for 10 min. Cells
rylated using T4 polynucleotide kinase. PCR was done usingwere then washed three times with PBS and permeabilized
Phusion DNA polymerase (Finnzymes/New England Biolabs, with 0.3% Triton X-100 for 15 min. After incubation with
MA) according to instructions provided by the manufac- 0.2% gelatine in PBS for 30 min, cells were incubated with
turer. PCR conditions were 9& for 30 s followed by 25 primary antibodies in 0.2% gelatine in PBS fbh atroom
cycles with 20 s/98C, 30 s/60°C, and 120 s/72C. The temperature. The following primary antibodies were used:
PCR product was phenol/chloroform extracted, ligated, and mouse anti-HA monoclonal antibody 12CA5 (&)/mL),
the template plasmid removed pnl digestion before mouse anti-EGFP (1:500) rabbit antimanosidase Il anti-
transformation. All constructs were confirmed by DNA serum (1:1,000), rabbit anti-rat mannose 6-phosphate receptor
sequencing. (MPR300; 1:500), and rabbit anti-mouse CST antiserum ST2
Generation of Rabbit Polyclonal CST Antiserum (ST2). (1:500). After washing with PBS, cells were incubated with
The peptide KLSSRDKLAEFLQDPDRYYD (corresponding the relevant secondary antibodies: goat anti-sheep (Cy3
to amino acids 186205 of murine CST) was coupled to  conjugated) (1:400), anti-mouse Cy2, and anti-rabbit Cy3,
keyhole limpet hemocyanin (KLH), and additional N- all from Jackson Immuno Research Laboratories (PA).
terminal cystein residues and the peptide-KLH conjugates Immunofluorescence was viewed using a Zeiss LSM 510
were used to immunize White New Zealand rabbits (Lam- META confocal microscope. In some experiments, immu-
mers, Euskirchen, Germany) as describ&®).( For the nofluorescence was viewed using an Axiovert 100 M
immunization protocol, special permission according to the microscope (Carl Zeiss, Jena, Germany), and z-stacks were
German Law on the Protection of Animals was obtained from deconvoluted using the regularized inverse filter algorithm.
the Bezirksregierung Ko. SDS-PAGE and Western BlottingSDS-PAGE and
Cell Culture and Transfection®Vild-type Chinese hamster ~ Western blotting were done as described elsewte The
ovary (CHO) cells (clone CHO-K1) were maintained in following primary antibodies were used: rabbit anti-EGFP
DMEM/Nut Mix F12 (1:1) supplemented with 5% fetal calf (1:5,000) and rabbit anti-CST (ST2; 1:2,000). Anti-mouse
serum, 2 mM glutamine, 100 U/mL penicillin, and 106/ Ig-peroxidase conjugate and anti-rabbit Ig-peroxidase con-
mL streptomycin. Baby hamster kidney (BHK) and green jugate (Jackson Immuno Research Laboratories, PA) were
monkey kidney (COS-7) cells were grown in DMEM used as secondary antibodies. Signal detection was performed
supplemented with 10% fetal calf serum, 2 mM glutamine, after washing the membranes in PBS containing 0.05%
100 U/mL penicillin, and 100 mg/mL streptomycin. Plasmid Tween-20 with horseradish peroxidase-labeled secondary
DNAs were purified by Qiagen plasmid purification columns antibodies using ECL reagent (Amersham Biosciences,
following the instructions given by the manufacturer (Qiagen, Freiburg, Germany).
Hilden, Germany). For transient transfections of BHK cells,  Cell Surface BiotinylationTransfected CHO cells were
2 x 10° cells were seeded on 6-cm dishes and grown washed in ice-cold biotinylation buffer (10 mM sodium
overnight. Cells were transfected with different plasmids phosphate (pH 8.0), 10 mM KCI, and 135 mM NacCl) and



9262 Biochemistry, Vol. 46, No. 32, 2007

incubated in 1 mg/mL sulfo-NHS-SS-biotin (Pierce, Rock-
ford) in biotinylation buffer fo 3 h at 4°C under constant

shaking. After washing again with biotinylation buffer, cells
were lysed in 50 mM imidazol (pH 7.0), 150 mM NacCl,
and 0.5% Triton X-100. Biotinylated proteins were precipi-

Yaghootfam et al.

formed 48 h post-transfection with a ConfoCor instrument
(Zeiss, Jena, Germany). For excitation, the 488 nm line of
an argon laser was focused through a water immersion
objective (C-Apochromat, 63, NA 1.2) into the Golgi
membrane (laser powerpsisnm = 14.2 —109 kW/cn?).

tated using streptavidin-agarose (Pierce). Precipitates werePinhole size was set to 4@m. Emitted fluorescence was

washed with 0.1% Triton X-100, 20 mM Tris-HCI (pH 7.4),

separated from the excitation light with a dichroic filter (FT

and 150 mM NaCl. Unbound proteins were precipitated using 510) and a bandpass filter (EF 515-565). The fluctuations

chloroform/methanol. Samples were separated by -SDS
PAGE and analyzed by Western blot.

Metabolic Labeling and Immunoprecipitatiohransfected
cells were incubated in methionine-free DMEM medium
(Invitrogen, Karlsruhe, Germany) fd. h and then labeled
with [**S]-methionine (specific activity>39 TBg/mmol)

in intensity were detected by an avalanche single photon
counting module. The signal was correlated online to data
acquisition with a digital hardware correlator (ALV-5000,
ALV, Langen, Germany). The illuminated volume element
was positioned on the Golgi membrane both by visual
inspection in thex-/y-direction and by motor aided scanning

(Amersham Biosciences, Freiburg, Germany) in the sameof the fluorescence of the cell in tiedirection.

medium containing 4% dialyzed fetal calf serum. The amount

of radioactivity (80-150uCi) as well as the time for pulse
(5—180 min) and chase incubations varied in different

experiments. Transfected BHK cells were lysed 48 h post-

transfection by the addition of 0.5 mL/dish of lysis buffer A
containing 20 mM Tris-HCI (pH 8), 150 mM NacCl, 1 mM
EDTA (pH 8), and 1% Triton X-100. The protocols for
metabolic labeling with $S]-methionine have been de-
scribed in detailZ0). Mouse CST, CST-HA, and CST-EGFP
were immunoprecipitated with rabbit anti-CST antiserum
(ST2) and mouse anti-HA Ig 12CA5 (Roche, Mannheim,
Germany).

Endoglycosidase H Treatmentransfected cells were
radioactive-labeled with 3})S]-methionine as mentioned
before. Cells were then resuspended in 40Mmf buffer A
containing 20 mM Tris-HCI (pH 6), 150 mM NaCl, and 1%
Triton X-100. The eluted samples were divided in half and
incubated overnight at 37C with or without 50 mU/mL

RESULTS

CST Localizes to the Golgi Apparatusn order to
determine the subcellular localization of CST, we used HA-
and enhanced green fluorescent protein (EGFP)-tagged CST
variants, in which the HA peptide or EGFP protein were
fused to the carboxyl-terminus of murine CST (CST-HA and
CST-EGFP). CHO cells were transiently transfected with
plasmids encoding CST-EGFP or CST-HA. Twenty to 24 h
later, cells were treated with Brefeldin A (BFA) for 100 min,
which induces a redistribution of Golgi enzymes into the
ER, without affecting the TGN22). Cells were fixed and
processed for immunofluorescence using murine antibodies
directed against the HA- (Figure 1A and B) or EGFP-tag
(Figure 1C). Simultaneously, cells were stained with rabbit
antisera directed againstmannosidase Il (Figure 1A) or
the mannose 6-phosphate receptor (MPR300) (Figure 1B and
C), which localizes to the TGN2@). Cells were examined

endoglycosidase H (Roche Molecular Biochemicals) in the by confocal microscopy. A partial co-localization of CST-

presence of protease inhibitors.

HA with a-mannosidase Il could be observed (Figure 1A),

After glycosidase digestion, samples were incubated over-indicating the localization of CST in the Golgi apparatus.

night with mouse anti-HA Ig 12CA5 at 4C, and immuno-
precipitates were recovered and separated by-SPSGE.
Glycerol Gradient CentrifugationTransfected cells were
lysed with buffer A (20 mM Tris-HCI at pH 8, 150 mM
NaCl, 1 mM EDTA, and 1% Triton X-100) and centrifuged
at 2,00@ for 10 min at 4°C. The post-nuclear supernatant
was centrifuged at 100,09@or 30 min at 4°C. Supernatants
were laid on a 11 mL 535% (w/v) (in the case of CST-
EGFP) or +27% (w/v) (in the case of CST(1-36)EGFP)
linear glycerol gradient containing buffer A. Parallel gradients
were laid with 0.6 mg of each of the following molecular

The patrtial co-localization with MPR300 (Figure 1B) sug-
gested that CST-HA might also be present in the TGN. In
order to further discriminate between trans-Golgi and TGN,
cells were treated with BFA. The juxta-nuclear Golgi-like
staining pattern of CST-HA as well as-mannosidase I
disappeared after BFA treatment, and CST-HA staining
appeared as tubular structures (Figure 1A). The staining
pattern of MPR300 did not change after BFA treatment, and
there was no co-localization of CST-HA or CST-EGFP and
MPR300 in BFA treated cells (Figure 1B and C). From these
observations, we conclude that CST localizes to the Golgi

mass markers (purchased from Amersham Biosciences,apparatus in CHO cells but not to the TGN.

Freiburg, Germany): lysozyme (hen egg white; 14.3 kDa),
ovalbumin (44 kDa), albumin (67 kDa), aldolase (150 kDa),

and catalase (240 kDa) in buffer A. Gradients were centri-

fuged for 16 h at 35,000 rpm and°€ in an SW41 rotor
(Beckman, Fullerton, CA) and fractionated in 0.5-mL ali-
quots from the top. Aliquots of each fraction (aQ) were
resolved by SDSPAGE, and proteins were either stained
with Coomassie Brilliant Blue (molecular mass markers) or
detected by Western blotting (see above).

Fluorescence Correlation Spectroscopy (BCSor fluo-

Transmembrane Domain of CST Contains a Golgi Local-
ization Signal In order to evaluate which part of CST
determines Golgi localization, the 36 and 63 most N-terminal
amino acid residues of CST were fused to EGFP, yielding
the constructs CST(1-63)EGFP and CST(1-36)EGFP, re-
spectively (Figure 2A and B). Intracellular localization of
these fusion proteins was examined by immunofluorescence
in transiently transfected CHO cells. Green fluorescence of
both constructs partially co-localized witi-mannosidase
Il (Figure 2C), and the Golgi-like staining pattern was BFA-

rescence correlation spectroscopy, BHK cells were transientlysensitive (data not shown), demonstrating that the 36 most
transfected as described above. All proteins were producedN-terminal residues of CST contain sufficient information
as EGFP fusion proteins. FCS setup and instrumentation wergfor Golgi localization. A Golgi staining pattern was also

described elsewher@1). Briefly, measurements were per-

observed after deleting the cytosolic amino acids92of
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FiGure 2: Transmembrane domain of CST determines Golgi
C anti-EGFP anti-MPR300 localization. (A) Schematic representation of constructs CST(1-

63)EGFP and CST(1-36)EGFP. TM, transmembrane region. The
amino acid residues of the CST(1-36) mutant is shown. Underlined
are the putative transmembrane regions as predicted by the
TMHMM 2.0 program at http://www.cbs.dtu.dk. (B) Western blot

: analysis of cell lysates from CHO cells transiently transfected with
the plasmids pEGFP-N3, CST(1-63)EGFP, CST(1-36)EGFP, or
untransfected cells (control). Membranes were stained with anti-
EGFP antiserum, and bound secondary antibodies were visualized
by enhanced chemiluminescence detection. (C) CHO cells were
transiently transfected with plasmids encoding CST(1-63)EGFP or
CST(1-36)EGFP, fixed with 4% paraformaldehyde, permeabilized,
and stained with rabbit anti-mannosidase llManll). Immun-
fluorescence of the bound secondary antibody and the EGFP signal
were viewed by confocal microscopy. The scale bars arem0
CST-EGFP localized to the cell surface. In accordance with

Ficure 1: Golgi localization of murine CST. CHO cells were  the full-length protein, CST(1-36)EGFP also is mainly
transiently transfected with plasmids encoding CST-HA (A and B) intracellularly localized (Figure 3A). These data confirmed

CST-EGFP

or CST-EGFP (C). Cells were treated for 100 min withudImL : i _ ]
Brefeldin A (+BFA) before fixation and stained with the indicated stable Golgi localization of full-length CST as well as CST

antibodies: (A) mouse anti-HA and rabbit antimannosidase I (1-36)EGFP. To control for surface biotinylation efficiency,
(aManll; medial Golgi marker), (B) mouse anti-HA and rabbit anti- we performed Western blots with an antibody against PSA-

mannose 6-phosphate receptor (MPR300; TGN marker), and (C)NCAM, a cell adhesion molecule expressed by CHO cells.
mouse ant:j—EG_FP and rabbit anti-MPR300. Imfmunlofll_Jorescence Only a minor fraction of PSA-NCAM was not biotinylated,
VTvﬁg glczvlveeb;rzlr;?eafﬂiiss LSM 510 META confocal microscope. confirming efficient cell surface biotinylation (Figure 3B).
As a negative control, we biotinylated cells that were
construct CST(1-36)EGFP, creating construct CST(10-36)- transiently transfected with a vector encodf#fyadrenergic
EGFP (Table 1), which contains only the transmembrane receptor with a C-terminal EGFR4). Because biotinylation
domain and the flanking basic residues (data not shown). can only take place at lysine residues and there is no lysine
In order to examine whether the CST-EGFP fusion protein on the extracellular parts of thg2-adrenergic-receptor,
resides only transiently in the Golgi apparatus and exclude biotinylation of 52-adrenergic-receptor-EGFP2-adr-EGFP)
the possibility that CST-EGFP is predominantly sorted to could not be detected (Figure 3B).
the plasma membrane, we performed cell surface biotiny- Characterization of CST Antiserum SF2polyclonal CST
lation experiments to detect any cell surface located fusion antiserum (ST2) was generated by the immunization of
proteins. As shown in Figure 3A, only a minor fraction of rabbits with a peptide encompassing amino acids—18fb



9264 Biochemistry, Vol. 46, No. 32, 2007

Yaghootfam et al.

&
B g
(o}
L
kDa © ©
A
sta 186205 312 75
(N [T | o -
™
KLSSRDKLAEFLODPDRYY!
37
\WB anti-CST
£
C D O??
FSa, X
[B-me| + - | kDa A Qi A\"é?‘kﬁd
1130 FEEEEEE kpa
-100 CST-> W -' - |54
- - 54 FoLTK = |s0
-40 [lP anti-CST |anti-HA
WB anti-CST 12 3 456 7

A
transfected CST(1-36)
plasmid EGFP CST-EGFP ~popp  |kDa
100
S -
- F72
154
43
-_—-I 34
—‘
= - g
biotinylated | + | - | +| i +| i
B
transfected p2-adr-
plasmid i ecrp | P2
PSA-
NCAM " r
—170
—130
|- 90
[2-adr- =
EGFP — -
| biotin + . + 2

anti-HA

anti-CST merge

Ficure 4: Characterization of rabbit CST antiserum. (A) Schematic
representation of CST protein, indicating the position of the peptide
used for the immunization of rabbits (1:8805). Triangles indicate
N-glycosylation sites at amino acid residues 66 and 312; TM,
transmembrane domain. (B) Total cell lysates (gD of protein

per lane) of CHO and CHO-Sulf cells (expressing murine CST)
were resolved by SDSPAGE and analyzed by Western blotting
(WB) using the CST antiserum ST2. (C) CHO cells stably
transfected with CST (CHO-Sulf) were lysed in 1% Triton X-100,

FiGURe 3: Biotinylation of cell surface proteins. (A) Cells were  and 50ug of protein were separated in 10% SPBAGE in the
transiently transfected with the plasmids indicated on the top. Two presence {-me) or absence—(3-me) of -mercaptoethanol.
days after transfection, cells were incubated in 1 mg/mL sulfo- \yestern blot analysis was performed with anti-CST antiserum. (D)
NHS-SS-biotin (see Materials and Methods). After washing, cells BHK cells transiently transfected with plasmids encoding CST,
were lysed, and the biotinylated proteins were isolated using EGFP, CST-HA cDNAs, and CHO cells stably transfected with
streptavidin-agarose. Samples were separated by $B&E and ~ CcST (CHO-Sulf) were lysed in buffer A containing 1% Triton
analyzed by Western blot using rabbit anti-EGFP. Lanes containing x-100 (Materials and Methods) and immunoprecipitated (IP) with
streptavidin-purified biotinylated proteins are indicated #y CST antiserum or anti-HA antibody, respectively. A 54 kDa protein
whereas the remaining non'b|0tlny|ated intracellular prOteInS that was immunoprecipitated in cells expressing CST (|anes 1, 3’ and

did not bind to streptavidin are indicated by (B) As a positive
control for the biotinylation experiment, Western blots were stained
with an antibody against PSA-NCAM in untransfected CHO cells
(none). Only a minor fraction of PSA-NCAM was not biotinylated.
As a negative control, CHO cells were transfected with a plasmid
expressingf2-adrenergic-receptor-EGFP, which has no lysine
residues on its extracellular parts.

of the murine CST (Figure 4A). ST2 detected a single
polypeptide of 54 kDa in Western blots of lysates from CHO
cells stably transfected with murine CST cDNA (CHO-Sulf)
(4) but not in non-transfected CHO cells (Figure 4B). In
Western blots of CHO-Sulf cells under non-reducing condi-

4) but not in control cells (lane 2). The CST-HA fusion protein
was also immunoprecipitated with the anti-HA antibody from
transiently transfected cells (lane 7). In contrast, cells that were
transfected with untagged CST could not be precipitated with anti-
HA antibody (lane 6). (E) COS cells were transiently transfected
with CST-HA expression plasmid and simultaneously stained with
anti-HA antibody and rabbit CST-antiserum (ST-2). Co-localization
of both antibodies confirmed the specificity of the ST-2 antiserum.
Nuclei were stained with DAPI. The scale bar is 4.

To examine whether the CST antiserum (ST2) is able to
immunoprecipitate CST protein, cells transiently expressing
CST or CST-HA were metabolically labeled witR>$]-
methionine and lysed, and CST was precipitated from the

tions, an additional protein with an apparent molecular mass cell lysates with CST antiserum or anti-HA antibody,
of 110 kDa was detected, suggesting that a minor fraction respectively (Figure 4D). In addition, COS cells were

(<10%) of CST forms disulfide-dependent homodimers transiently transfected with the CST-HA construct and
(Figure 4C). Identical results were obtained when cell lysis processed for immunofluorescence using CST antiserum and
was carried out in the presence of 100 mM iodoacetamide the anti-HA antibodies. This revealed complete co-localiza-
(data not shown). However, it remains to be determined tion of anti-HA and CST antiserum immunoreactivity, further
whether these SDS-resistant dimers are formed by intermo-demonstrating the specificity of the antiserum (Figure 4E).
lecular disulfide bonds or dependent on intramolecular Oligomerization of CSTIn order to examine the quarter-
disulfide bonds. nary structure of CST, co-immunoprecipitations and glycerol



Homodimerization of CST Biochemistry, Vol. 46, No. 32, 2000265

A QR WP R Q ' [ pulse (mi
Q ¥ @C-f‘ CD«X\@GQ o % (»,GQ 'ﬂ%‘i@q C kDa 5 10 puise ('T”_”)
e AP Vi & & S eA = 5 chase (min)
kDa <& PG [@; <& PG ol 100 o W T
C S - T
100 . ey e sgem | CST-EGFP 70-{ %7 s Mg ¥ cstecrP

72 = . e D7 e il

#ﬁ ‘ . e S5 | CST-HA
54 o 54

P anti-HA | anti-CST CST-HA
|EndoH - + | -+ |
P anti-HA
D
B [+ & + % 4 - _|csT-EGFP | EGFP | + | [ 1 | |
e L P CST-EGFP | T
100- 1 : Ng‘gg"Hﬁ P+ ] | I |
g “‘:—”\‘. T . . Bty « CST-EGFP -H, | | | *+ | | I | *]
TECEL S N312Q-HA I S
' 7 N66/312Q-HA | 1T 1+ 1 1T+ ]
e R S E—— i kDa
o ». ] i wew = |+—CST-EGFP
m“ﬁ#gﬁﬁ « GST-HA 70 .
| P anti-HA
Pulse(m]n] 5 15 30 60 180 180 180 3 . - o — CST-HA
chase (min) | - - - - B0 60 60 54- -} e — — NBBQ-HA:
) B . s s s e e N31D0Q-HA

NBE/3120Q-HA >

anti-HA

Ficure 5: Immunoprecipitation of CST oligomers. (A) BHK cells were transiently transfected with expression plasmids containing the
mouse CST-EGFP or CST-HA cDNAs as indicated on the top. As a negative control, cells were transfected with a plasmid containing
EGFP cDNA. CST-HA/CST-EGFP indicates co-transfection of both constructs. Two days after transfection, cells were labeled metabolically
with 100 Ci of [3°S]-methionine fo 2 h and chased for 2 h. CST was immunoprecipitated from cell lysates initially with anti-HA antibody

(left part), and in the next step, supernants of the same samples were precipitated with anti-CST antibody (right part). Immunoprecipitates
were resolved by SDSPAGE, and radioactivity was visualized with a Fuji Bioimager. (B) Time dependence of CST oligomerization.
BHK cells were transiently transfected with expression plasmid containing CST-HA cDNA or co-transfected with CST-EGFP plasmid
(CST-HA/CST-EGFP) as indicated on the top. Transfected cells were pulse labeled for 5 to 180 min witi 85(®°S]-methionine and

chased for different times as indicated. Oligomerization of CST could be clearly observed after precipitation with anti-HA antibody after
15 min of pulse labeling. However, after 5 min a faint co-immunoprecipitated CST-EGFP could be detected. As a control for oligomerization,
BHK cells were transfected separately with CST-HA and CST-EGFP plasmids. Cells were separately lysed and mixed (mix) prior to
immunoprecipitation with the anti-HA antibody. No oligomerization of CST-HA and CST-EGFP could be observed in this case. (C) BHK-
cells were co-transfected with CST-HA and CST-EGPF plasmids. Cells were pulse labele@gjittméthionine for 5 or 10 min, then

lysed and divided in half. The samples were incubated in the absence (lanes 1 and 3) or presence (lanes 2 and 4) of endoglycosidase H
(Endo H) and immunoprecipitated with anti HA-antibody. CST-HA and CST-EGFP were Endo H sensitive. (D) BHK cells were transiently
transfected with expression plasmids encompassing wild-type HA- or EGFP-epitope tagged CST (CST-HA; CST-EGFP) or CST-HA
glycosylation mutants in which the relevant asparagine residues were changed to glutamine, individually (N66Q; N312Q) or in combination
(N66/312Q). Two days after transfection, cells were metabolically labeled withu@D®f [3°S]-methionine fo 1 h and chased for 1 h.
Wild-type mouse CST and CST mutants were immunoprecipitated with anti-HA antibody. Oligomerization of CST could be observed with
all N-glycosylation mutants. Cells transfected with EGFP plasmid served as the negative control.

density gradient centrifugations as well as fluorescence To elucidate whether oligomerization occurs before or after
correlation spectroscopy (FCS) of living cells were per- CST leaves the ER, BHK cells were transiently transfected

formed. To investigate the oligomerization status of CST, with CST-HA- and CST-EGFP-expressing plasmids, respec-

BHK cells were co-transfected with plasmids encoding CST- tively, and pulse-labeled with3§S]-methionine for 5 to

HA or CST-EGFP cDNA and metabolically labeled with 186 min. As shown in Figure 5B, CST-EGFP fusion pro-
[2°S]-methionine. Cells were lysed in buffers containing 1% ,_. ) r T . .
Triton X-100 followed by immunoprecipitation with anti- tein was clearly co-immunoprecipitated with the HA

HA antibody 12CA5 or anti-CST antiserum ST2 (Figure 5). ar?tlbody' after .15 min of p‘.“?e labeling. However,' after 5
The left part of Figure 5A shows samples that were min a faint co-immunoprecipitated CST-EGFP fusion pro-

immunoprecipitated initially with anti-HA antibody. In the €in could be detected. As a control, cells were separately
next step, supernants of the same samples were incubateffansfected with CST-HA and CST-EGFP fusion proteins,

with anti-CST antiserum ST2, as indicated on the right. and lysates were combined before immunoprecipita-
Fusion proteins of 54 kDa (CST-HA) or 81 kDa (CST- tion (Figure 5B, mix). Under these conditions, CST-EGFP

EGFP), as expected from the calculated molecular massesvas not co-immunoprecipitated with CST-HA, demonstra-

of these proteins, were precipitated. ting that oligomers did not form after cell lysis.

When BHK cells were co-transfected with CST-HA and In addition. endoal id H (Endo H dt
CST-EGFP expression plasmids, both proteins of 54 and 81 . . ' glycosidase (En 0 ) was used 1o
kDa were detected in the anti-HA immunoprecipitates (Figure digest h|gh-mannose—type oligosaccharides of anti-HA im-
5A, CST-HA/CST-EGFP). Because the CST-EGFP fusion Munoprecipitates of CST-HA and CST-EGFP co-expressing
protein does not contain a HA-tag, the presence of this BHK cells. Figure 5C shows the Endo H digestion of pulse-
protein in the HA-immunoprecipitates can only be explained labeled proteins. The samples were immunoprecipitated after
by oligomerization of CST-HA and CST-EGFP polypeptides. Endo H treatment with anti-HA antibody. When cells were
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Ficure 6: Glycerol gradient centrifugation of CST-dimers. Transiently transfected BHK cells expressing mouse CST-EGFP (used in A)
or CST(1-36)EGFP (used in B) were lysed in buffers containing 1% Triton X-100 as indicated. The post-nuclear fraction was centrifuged
at 100,00@ for 30 min. Supernatants were applied to-a35% (A) or 1-27% (B) glycerol gradient subjected to centrifugation as described

in the Materials and Methods section. Glycerol gradient fractions and the 10QeDéts were examined by 10% SBBAGE and Western

blot analysis with anti-CST antiserum (A) or anti-EGFP antiserum (B). The arrows show positions of molecular mass markers: lysozyme
(hen egg white; 14 kDa), ovalbumin (44 kDa), albumin (67 kDa), aldolase (150 kDa), and catalase (240 kDa).

pulse labeled for 10 min and chased for 5 min, CST-HA EGFP. No monomers of CST-EGFP were detected (Figure
and CST-EGFP were sensitive to endoglycosidase H, strongly6A). Analysis of the 100,009pellet, however, showed that
suggesting that oligomerization of CST occurs in the ER. part of the CST-EGFP protein was insoluble in Triton X-100,
We recently showed that N-glycosylation of CST is which might be due to the formation of large aggregates
necessary to form a fully active enzymd).( Two N- (Figure 6A; pellet). Whereas in the presence of the strong
glycosylation sites at N66 and N312 are present and used inionic detergentiN-laurylsarcosine CST-EGFP was solubilized
murine CST (Figure 4A). To determine whether the removal completely (data not shown). The same result was obtained
of N-glycosylation sites affects dimerization of the enzyme, with the native, untagged CST protein (data not shown). The
CST-HA mutants lacking single (N66Q-HA) or both (N66/ glycerol gradient experiment was also done with construct
312Q-HA) N-glycosylation sites, respectively, were tran- CST(1-36)EGFP in the presence of 1% Triton X-100. Figure
siently transfected separately or co-transfected with wild- 6B shows that in contrast to CST-EGFP, CST(1-36)EGFP
type CST-EGFP and immunoprecipitated from cell lysates migrated exclusively as a monomer. The same result was
using anti-HA antibody. Because the CST-EGFP fusion obtained with CST(1-63)EGFP (data not shown). These
protein is not HA tagged, its presence in the immunopre- results show that CST-EGFP forms homodimers and that
cipitation is indicative of oligomerization. Figure 5D shows dimerization is mediated by the CST lumenal domain.
that the removal oN-glycans did not interfere with the ability Fluorescence Correlation Spectroscopy of CST iirlg
to co-immunoprecipitate the CST-EGFP fusion protein. Cells To prove that dimerization of CST also occurs in living
Moreover, preliminary experiments with CST protein, in cells, we used fluorescence correlation spectroscopy (FCS).
which the transmembrane region was deleted, also showed=CS allows one to measure the mobility of fluorescent
dimerization after immunoprecipitation with the wild-type molecules in defined small volumes within a cell. The
CST, when both constructs were co-transfected in BHK or autocorrelation function of the temporal fluctuations of the
COS-7 cells (unpublished data). fluorescence signhal measured in the small volume allows one
CST Is a HomodimerTo determine the degree of CST to calculate the diffusion times and subsequently the mo-
oligomerization, cells transiently expressing CST-EGFP (81 lecular mass of the fluorescent particles. Soluble EGFP was
kDa) were homogenized in lysis buffer containing 1% Triton found to diffuse in the cytosol of these cells with a diffusion
X-100, and afterward, a 100,098upernatant was subjected time constantrp of 0.45+ 0.12 ms (i = 35) and a count
to centrifugation through a glycerol density gradient in the rate (brightness) of 2.05- 0.2 counts per molecule,
same lysis buffer. After centrifugation, fractions were col- corresponding to a calculated diffusion coeffici@nt= 2.19
lected and analyzed by Western blot with anti-CST (ST2) x 1077 cn¥/s in agreement with previous reports).
antiserum as indicated in Figure 6. In the presence of 1% The lateral mobilities of CST-EGFP and CST(1-36)EGFP
Triton X-100, CST-EGFP was found in fractions-81. fusion proteins and EGFP were investigated in BHK cells
According to the size of proteins used as standards (aldolasgFigure 7; Table 2). The intracellular fluorescence profile
150 kDa and catalase 240 kDa), the localization of the 81 obtained by moving an illuminated volume element of a
kDa CST-EGFP fusion protein suggests dimerization of CST- sharply focused laser beam in tkalirection through the
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value was not significantly different from the brightness of
EGFP alone (see above), indicating that CST(1-36)EGFP
exclusively forms monomers. Table 2 shows the com-

CST-EGFP (i = 55) Bli ;ggi 8-‘718 Xl%gs ;8i g;’;" parison of diffusion coefficients of EGFP, CST-EGFP, and
2= X ° CST(1-36)EGFP.

CST(1-36)EGFP 1= 11) D;=1.45+0.17x 107 91+ 3%
— 9

EGFP (1= 35) D=2.19+05x 107 100%

Table 2: Comparison of Diffusion Coefficients

molecule diffusion coefficient cis abundance

Our data provide strong evidence that murine CST
cell clearly indicated the position of the Golgi membranes l0calizes to the Golgi apparatus but not to the TGN. Farrer
in cells transfected with CST-EGFP as well as CST(1-36)- €t &l 7) suggested that on the basis of the effect of BFA
EGFP. The volume element was placed on the peak intensityon sulfatide synthesis, CS_T is localized in the TGN. In t.he
indicating the presence of Golgi membranes, and the lateralPr€Sence of BFA, sulfatide but not galactosylceramide
mobilities of the fusion proteins were determined. The Synthesis was strongly reduced, suggesting uncoupling of
autocorrelation curve of the CST-EGFP fusion protein was € two reactions by the BFA block). Our data, which
clearly shifted toward higher diffusion times when compared &'¢ based on direct immunodetection of the enzyme rather
with that of the truncated CST(1-36)EGFP construct (Figure than its enzymatic activity, however, show that CST local-

7), which migrated exclusively as a monomer (Figure 6B). izatiqn is affected by BFA. Moreoyer, an gxamination of
For CST-EGFP, a quantitative evaluation of the autocorre- deletion mutants of CST-EGFP fusion proteins showed that

lation curves revealed a dominating average diffusion time @Mino acid residues 86 that include the transmembrane

constantrp; = 1.254+ 0.08 ms 1 = 55) (accounting for 70 dom(_’;\in _contain sufficignt information for stable_ Golgi
-+ 8% of all CST-EGFP fusion proteins) and an even slower localization and that addlthnal parts of jche stem region, oth_er
minor fraction of molecules withp, = 43.64-+ 19.09 ms parts of the Iumenal domain, or the amino-terminal cytosolic
(n = 55) (30+ 8%). Compared to that of EGFP, an increased (@il aré not required.
count rate of 2.8 0.45 counts per molecule was calculated ~ Co-immunoprecipitation experiments demonstrated that
for CST-EGFP, excluding the possibility that this protein CST is present as an oligomer. To determine the stochiometry
forms higher oligomers as a dimer. By contrast, different Of this oligomer, glycerol gradient centrifugation experiments
diffusion time constants were measured for CST(1-36)EGFP were performed. We used CST-EGFP fusion proteins in these
with a major average diffusion time constapt = 0.69+ experiments, and the results suggest that these fusion proteins
0.09 ms (] = 11) accounting for 91 3% of the molecules form dimers. When the CST lumenal domain was removed,
and a small fraction of molecules displaying a slow diffusion the resulting construct CST(1-36)EGFP appeared exclusively
time constantp, = 39.90+ 24.30 ms i = 11) of 9+ 3% as a monomer. This shows that the dimerization of CST-
(Figure 7). EGFP depends on the CST lumenal domain. Western blot
Figure 7 shows the autocorrelation functid®[¢]) as a analysis of stably transfected CHO cells under non-reducing
function of variabler, the time interval between different ~ conditions showed that only a minor fraction of CST formed
fluorescence intensity values. A brightness of 1490.56 disulfide bond-dependent dimers. Because almost all CST

counts per molecule was found for CST(1-36)EGFP. This Migrated as dimers in glycerol gradients, it can be concluded
that most CST dimers are noncovalently bound. Interestingly,

our data show that the oligomerization of CST is not
dependent on N-glycosylation sites or the transmembrane
domain of the protein.

0.8 Fluorescence correlation spectroscopy (FCS) is a proper
method to obtain evidence for protein behavior by assessing
06 the diffusion properties of the protein. Autocorrelation
Grl analysis and molecule brightness analysis (count rate) are
0.4 complementary techniques. The autocorrelation function
depends on the diffusion behavior and therefore mass and
0.2 shape of the fluorescent particle. The count rate (brightness)
is a measure of the number of fluorescent molecules within
004 each moving particle.

FCS of CST-EGFP revealed that this molecule was mobile
in Golgi membranes. For the major component accounting
for about 70% of the molecules, a diffusion coefficient of
FiGUrRe 7: Detection of CST dimers using fluorescence correlation p, = 7 97 x 10°8 cnm?/s was calculated. This value was in

spectroscopy (FCS). Representative normalized autocorrelation .
curves are shownH) indicates autocorrelation of CST-EGFP in the range measured previously for the lateral mobilities of

Golgi membranes of BHK cells with a diffusion time constant of the fz-adrenergic receptor and the GARAeceptor in the

7p1 = 1.254 0.08 ms ( = 55) andrp, = 43.64+ 19.09 ms (1 = plasma membran{, 26). In accordance with its monomeric
55); (@) shows autocorrelation of CST(1-36)EGFP bound to the status, the truncated CST(1-36)EGFP construct diffused
Golgi membrane of BHK cells withrp, = 0.69+ 0.09 ms = considerably faster in Golgi membranes widh = 1.45 x

11) and1p; = 39.90+ 24.30 ms § = 11). G[] indicates the 7 . .
autocorrelation function as a function of variabléInset) Position 10°7 cn/s than CST-EGFP. This 1.8-fold difference of the

of the illuminated volume element on the Golgi membrane of BHK diffusion coefficients suggests a 6-fold mass difference,
cells expressing CST-EGFP. The scale bar iard which is considerably larger than the mass difference

102 1072 - 0

10 10
T [ms]
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between the two proteins (81 kDa for CST-EGFP vs 31 kDa
for CST(1-36)EGFP). The measured diffusion coefficients
are consistent with our observation that CST-EGFP forms
dimers. The difference of the diffusion coefficients between

CST(1-36)EGFP and CST-EGFP is in good agreement with 7.

the calculated difference in molecular mass assuming mon-
omeric CST(1-36)EGFP and dimeric CST-EGFP. Moreover,

the brightness of the diffusing dimers of CST-EGFP was 8.

significantly higher than the brightness of CST(1-36)EGFP
and EGFP monomers. Thus, CST-EGFP forms diniers
vivo.

The fact that the average brightness over all diffusing
species was increased by only 50% may be explained by 10
fluorescence quenching due to the presence of a larger protein
domain fused to the EGFP domain. A significant fraction of
30% of the CST-EGFP molecules diffused even slower with
D, = 2.29 x 10°° cn¥/s. These molecules may represent
CST-EGFP, which underwent interactions with other mem-
brane proteins, the cytoskeleton, or membrane microdomains.
Because the brightness for both diffusion time constants in
the case of CST-EGFP is the same, our data strongly support
the view that CST exists exclusively as a homodimeric
protein in the Golgi apparatus of living cells and does not
form higher homo-oligomers. Probably part of the Triton
X-100 insoluble CST corresponds to the slower diffusing
fraction of CST molecules.

In summary, our biochemical and biophysical approaches 14-

suggest that CST forms dimers, and we identified that the
transmembrane region of CST is sufficient for stable Golgi
targeting of a monomeric EGFP reporter protein. Dimeriza-
tion of several proteins appear to be necessary for exit from
the ER @7). Whether dimerization of CST is required for
ER export remains to be determined because it is not possible
to ascertain whether the CST(1-36)EGFP protein completely
mimics the trafficking of the native CST protein. Similarly,
hetero-oligomerization, which might be mediated by specific
residues in the lumenal domaig), has been suggested to
be responsible for Golgi retention of glycosyltransferases
(16). In addition, we were able to show that monomeric CST-
(1-36)EGFP and CST(1-63)EGFP proteins were exclusively
localized to the Golgi apparatus.

15
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