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Reevaluating the effect of Brefeldin A (BFA) on ganglioside synthesis: the location
of GM2 synthase cannot be deduced from the inhibition of GM2 synthesis by BFA

William W.Y oung, Jr, Maria Laura Allende and the arrangement of these enzymes, i.e., that the enzymes are
Ewa JaskiewicZ distributed across the Golgi stack in the order in which they act.
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synthesis might be arranged in an assembly line manner. A
2present address: Institute of Immunology and Experimental Therapy, modified version of an assembly line model was proposed
Wroclaw, Poland recently in which synthesis of lactosylceramide, GM3, and GD3

Brefeldin A reversibly disassembles the Golgi complex, caus- 0CCUrs in the trans Golgi whereas synthesis of more complex
ing mixing of the Golgi cisternae with the ER while the trans 9angliosides occurs in the trans Golgi network (TGN) (Lannert

Golgi network persists as part of a separate endosomal mem- etal., 1998).

brane system. Because of this compartmental separation, e (Younget al., 1990) and others (Van Echtral., 1990)
Brefeldin A treatment has been used to map the sub-Golgi previously reported that Brefeldin A (BFA) blocked the synthesis
locations of several Golgi enzymes including GM2 synthase. °f GM2, GD2, and GA2, the products of GM2 synthase. BFA
We previously proposed that GM2 synthase might be located inhibits protein secretion by causing the breakdown of the Golgi
in a distal portion of the Golgi complex which in the presence complex and the microtubule-dependent retr_ograd_e transport of
of Brefeldin A would be separated from the substrate ganglio- G0!gi components back to the endoplasmic reticulum (ER);
side GM3 present in the mixed ER-Golgi membrane system. similarly, BFA causes fusion of early epdosor_nal compartments
In the present study we show using GM2 synthase chimeras @nd the trans-Golgi network (TGN; reviewed in Hunzieal.,

that GM2 synthesis was blocked by Brefeldin A when GM2 1992). Therefore, we spepu!atgd that the inhibition of GM2
synthase was distributed throughout all Golgi subcompart- Synthase product synthesis indicated that GM2 synthase was
ments or even when it was restricted to the medial Golgi. located late in the secretory pathway and that BFA physically
Because these findings opposed our speculation regarding a SeParated the GSL substrates in the ER-Golgi mix from GM2
distal location of this enzyme, we sought an alternative ex- Synthase in the TGN-endosome membrane system. Using a
prevent its homodimerization, or inhibit its in vitro activity. ~ Several glycosyltransferases (Sheteal., 1990; Lockeet al.,
Brefeldin A did result in the conversion of a portion of mem-  1992; Sampattet al., 1992; Sherwood and Holmes, 1992;
brane bound GM2 synthase into a soluble form which has Holmes and Greene, 1993; Uhlln-Hansen a}nd_Yanaglshlta, 1993;
minimal capability to produce GM2 in whole cells. However, ~Farreretal., 1995; Rosales Fritz and Maccioni, 1995).

this conversion was not sufficient to explain the nearly total Subsequent to our BFA study, GM2 synthase was cloned
loss of GM2 production in intact cells in the presence of Bre- (Nagataet al., 1992). Upon stable transfection of epitope tagged
feldin A. Nevertheless, the results of this study indicate that GM2 synthase into CHO cells, we localized the enzyme to all
Brefeldin A—induced inhibition of ganglioside synthesis can- Cisternae of the Golgi as well as to the TGN by immunoelec-

not be used to deduce the location of GM2 synthase. tronmicroscopy (Jaskiewiet al., 1996b). This finding appeared

at odds with our previous speculation described above for a TGN
Key words:Brefeldin A/gangliosides/glycosphingolipid/ location for GM2 synthase (Younet al, 1990). However,
glycosyltransferase/GM2 synthase/Golgi Lannertet al. discounted our localization results in their modified

assembly line model for GSL biosynthesis (Lanatdt., 1998),

by suggesting that our results could have been artefactual due to
either overexpression of GM2 synthase or mislocalization caused
by the presence of the epitope tag. Because of these discrepancies
The spatial organization of glycosyltransferases and othér the present report we sought to clarify the effect of BFA on
enzymes of the Golgi apparatus is poorly understood. Historicaliyanglioside synthesis. The results indicate that BFA inhibited
the subdivision of the Golgi stack into cis, medial, and tran&M2 synthesis even if GM2 synthase was located in the medial
portions was based primarily on the locations of key enzymé&Solgi. We conclude that, although BFA treatment results in the
required for N-linked glycosylation (Kornfeld and Kornfeld, separation of early and late compartments of the secretory
1985). This distribution gave rise to an assembly line model fgrathway, additional effects must contribute to the BFA-induced

Introduction

0 1999 Oxford University Press 689



W.W.Young, Jr., M.L.Allende and E.Jaskiewicz

1 myc 544

A e
7

GNT /GalNAcT/myc

1

1ip33/GalNAcT/myc

Fig. 1. GM2 synthase and hybrid proteins. GM2 synthase/myc: the sequence
encoding the ten amino acid myc epitope recognized by the 9E10 MoAb
(Evanet al, 1985) was fused to the carboxy terminal sequence of GM2
synthase. GNT/GM2 synthase/myc: the sequence for the cytoplasmic and
transmembrane domains plus the first 12 lumenal amino acids of
N-acetylglucosaminyltransferase | (GNT) were fused to the lumenal domain
of GM2 synthase/myc. lip33/GM2 synthase/myc: the sequence for the
cytoplasmic domain of the lip33 form of human invariant chain was fused to
the transmembrane and lumenal domains of GM2 synthase/myc. TM,
Transmembrane domain.

inhibition of ganglioside synthesis. Therefore, the location ¢ {4
GM2 synthase cannot be deduced from the inhibition of GM
synthesis by BFA.

Results Fig. 2. BFA-induced disruption and recovery of the Golgi apparatus. Clone

iatrilg It C5 cells stably expressing GM2 synthase/myc were grown on coverslips and
Effect of BFA on GM2 Synthase distribution incubated in the presenae) or absenceatb) of 1 pg/ml BFA for 2 h at

We first compared the immunofluorescence staining patterns ozfg;giJ\?n?fn‘éﬁfjrﬁgégdﬁ%eiiﬁ yﬁeﬁ?ﬁ?ﬁﬁaﬁ%%r@%&% ‘é";h serum
GM2 synthase/myc (Figurg with those of the well character- gea‘tee medium. Cells were then fixed and permeabilized as described in
ized medial Golgi enzymei-mannosidase Il (Dunphy and materials and method€ells were incubated in succession with primary
Rothman, 1983) to verify that BFA produced the redistribution ofantibodies , c, e: rabbit anti-mannosidase b; d, f: MoAb 9E10 anti-myc)
transfected GM2 synthase expected of a Golgi enzyme. In contréfd then with secondary antisesad, e: FITC-goat anti-rabbit

medium the staining patterns produced by anti-mannosidase ggmunoglobulln;b, d, f: FITC-goat anti-mouse immunoglobulin). Scale bar,
(Figure 2a) and anti-myc (Figur@b) were very similar. Both Hm-
consisted mainly of a cluster of punctate, perinuclear structures

characteristic of the Golgi of CHO cells, as we have described

previously (Jaskiewicet al, 1996b). In the presence of BFA the

staining by anti-mannosidase Il (Fig@®& was largely redistrib- C5 B5 E6

uted into a weak focal staining of the nuclear envelope and .

diffuse reticular pattern characteristic of the ER. Anti-myc GM3- _ = — = = =
staining in the presence of BFA (Figl@d) also consisted of the ~ GM2- — —

diffuse reticular pattern plus nuclear membrane staining expecte

for relocation of a Golgi membrane protein to the ER. In addition BFA: = + - + - o
there was also a focal, perinuclear staining similar to Golgi

staining in many cells (Figurad). This latter pattern probably

reflected GM2 synthase/myc molecules in the TGN because other

residents of the TGN have been shown to redistribute in thejg. 3. Effect of BFA on the synthesis of GM2 ganglioside. Cells were
presence of BFA into a stable structure surrounding the microtuabeled with H] palmitate in the presence or absence pfi/ml of BFA as
bule organizing center (Ladinsky and Howell, 1992; Mi#fiesl.,  described irMaterials and methoddhe purified GSL were analyzed by
1992). Thus, GM2 synthase in control and BFA-containing medi&gh performance thin layer chromatography (HPTLC) in solvent A.
exhibited the behavior expected for a membrane protein of the

Golgi cisternae and TGN, consistent with the distribution we ) o i
reported previously (Jaskiewiet al., 1996b). inhibited by incubation in the presence of BFA (FigeThus,
the block in GM2 synthesis that we previously observed in cells

Effect of BFA on GM2 biosynthesis endogenously expressing GM2 synthase (Yatady, 1990) was

reproduced in cells expressing cloned GM2 synthase/myc.
To determine the effect of BFA on GM2 synthase activity irHowever, in the case of C5 cells we showed previously by
transfected cells, we first tested CHO clone C5 which stablynmunoelectronmicroscopy that GM2 synthase/myc was present
expresses GM2 synthase/myc (Jaskiewtcal, 1996b). C5 cell in all Golgi cisternae as well as the TGN (Jaskievatal.,
monolayers metabolically labeled witiH] palmitate in control  1996b). Therefore, our previous hypothesis that BFA separated
medium produced doublets of both gangliosides GM3 and GM3M3 substrate in an early compartment from GM2 synthase in a
(Figure3) as we reported previously (Jaskiewétzl., 1996b). late compartment could not explain the nearly complete inhibi-
In striking contrast, the labeling of GM2 was almost totallytion of GM2 synthesis in C5 cells.
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Previously we reported that GM2 synthase/myc was capable
of synthesizing GM2 in intact cells when the enzyme was A

restricted to the medial Golgi by using the GNT/GM2 synthase/ 12 34 12 3 4
myc construct (Figurd), as in transfected CHO cell clone B5 250 - 250 -
(Jaskiewiczet al., 1996b). We next asked if GM2 synthesis in - T e
clone B5 cells could be blocked by BFA. Clone B5 expresses a 98 - 98 -

chimeric protein consisting of the transmembrane domain and g4 -
flanking regions of GIcNAc transferase | (GNT) fused to the

lumenal domain of GM2 synthase/myc. GIcNAc transferase | is 50 - 50 -

generally regarded as a medial Golgi enzyme (Dunphy and

Rothman, 1985; Roth, 1987), and in fact we previously localized

the GNT/GM2 synthase/myc chimera primarily to the medial

Golgi of clone B5 cells (Jaskiewia al., 1996b). In control Fig. 4. Effect of BFA on GM2 synthase/myc homodimer formation and

f : cleavage to a soluble form. A. Clone C5 cells expressing GM2 synthase/myc
medium clone BS cells prOduced both GM3 and GM2 (F@)Jre were grown in the absence (lanes 1 and 3) or presence (lanes 2 and 4) of 1

as we previously reported (Jaskiewiez al., 1996b)_- In .the ug/ml BFA for 4.5 h and extracted with detergent. The extracts were
presence of BFA, only a trace of GM2 was synthesized in clongactionated by SDS-PAGE in the presence (lanes 3 and 4) or absence (lanes

B5 cells (Figure3). Thus, BFA blocked GM2 synthesis when 1 and 2) of 598-mercaptoethanoBtME), Western blots stained with

GM2 synthase was located in the medial Golgi in star nti-myc 9E10, and bands visualized by enhanced chemiluminescence. B.
! lone C5 cells were grown in the absence (lanes 1 and 3) or presence (lanes

opposition to _opr p-revu.)us. hypothesis that BFA inhibition of 2 and 4) of Jug/ml of BFA and harvested, and membrane pellets (lanes 1
GM2 synthesisin vivo indicated a TGN location of GM2 and 2) and supernatants (lanes 3 and 4) were prepared by freeze-thaw as
synthase. described irMaterials and method#\liquots were run under nonreducing
We previously constructed a third GM2 synthase chimera jrgonditions on SDS-PAGE gels followed by Western blotting with anti-myc.
which we replaced the cytoplasmic domain of GM2 synthase with
that of lip33 (Figure ), a mutant form of human invariant chain
which has an ER retention signal (Jaskievéital, 1996b). In  rapie 1. GM2 synthase activitin vitro
clone E6 cells expressing this chimera, GM2 synthase was
retained in the ER, was unable to produce GM2 in intact cells, bie| extract Addition of BFA to assay _ Activity (nmol/mg/h)
was active when assayiedvitro (Jaskiewiczt al., 1996b). Since Cortol - a1
synthesis of GM3 occurs in the Golgi, we reasoned that treatment '
of E6 cells with BFA could resultin GM3 substrate from the Golgi + 8.7
being brought into contact with GM2 synthase in the ER, possiblygra - 21.4
resulting in GM2 synthesis. Precedents for other GalNAc
transferases being able to function not only in the ER but also in
the mixed ER-Golgi membrane system created by BFA SUPPQEbnfiuent monolayers of CHO clone C5 cells stably expressing GM2
the feasibility of this approach; namely, O-linked specificsynthase/myc were incubated for 4.5 h in the presence or absengg/ofl 1
GalNAc transferase 1 and 2 were capable of initiating proteiBFA. Enzyme activity was determined as describedaterials and
O-glycosylation when they were relocated to the ER (Roétger methodsThe values aroe the mean of duplicate analyses with individual
al., 1998), and the ribophorins, which are restricted to the Eﬁ?‘”es being within 10% of the mean.
were shown to be O-glycosylated in the presence of BFA (lvessa
et al., 1992). In fact a weak doublet of GM2, representing 6% .
the labeled GM3, was produced by E6 cells when they wefel€CtS Of BFA on the life cycle of GM2 synthase
labeled with palmitate in the presence of BFA (Fig8yeln  We have shown that GM2 synthase forms a disulfide bonded
contrast no GM2 was produced by E6 cells in control mediurhromodimer in the ER (Zhet al., 1997) which then moves to the
(Figure3) as we reported previously (Jaskiewitzl., 1996b).  Golgi and is proteolytically cleaved to produce a soluble catalytic
The preceding results with E6 cells indicate that BFA-inducedomain that is released from the cell (Jaskiewtcal., 1996a).
redistribution of intracellular compartments can lead to GM\Iso, we have found that this soluble form is very inefficient at
synthesis. However, conversion of GM3 to GM2 was inefficienproducing GM2 product in intact cells as compared to its
asitalso was when C5 and B5 cells were treated with BFA (Figureembrane bound counterpart despite the fact that the soluble
3). This inefficiency suggested the possibility that GM2 synthaskrm retains activity in vitrqZhu et al., 1998). In the following
might simply be inhibited by the conditions in the mixedexperiments we tested if BFA altered some aspect of this normal
ER-Golgi membrane system produced by BFA. To explore thiife cycle of GM2 synthase. Western blotting under non-reducing
possibility we assayed for GM2 synthase activityvitro.  conditions with anti-myc demonstrated that GM2 synthase
Surprisingly, thein vitro GM2 synthase activity of extracts of continued to be produced as homodimers in the presence of BFA
BFA treated cells was more than twice as great as that fro(Rigure4A, lane 2) similar to GM2 synthase from cells grown in
control cell extracts (Tablg.[This effect was not the result of the control medium (FigurdA, lane 1). Under reducing conditions
presence of BFA in the assay (Tablewhich produced a slight GM2 synthase grown in control medium produced a doublet
increase in activity, but was consistent with the accumulation efhich we have shown to consist of an upper band containing
GM2 synthase in the BFA treated cells due to the BFA-inducel-linked chains that are sialylated and endo-glycosidase H
block in secretion as seen in Western blots (see FHigyranes resistant and a lower band that is nonsialylated and endo-H
2 and 4 below). Thus, the block of GM2 synthase activity in intactensitive (FigurelA, lane 3; Jaskiewicet al., 1996a). In the
cells was not due to simple degradation or irreversible inhibitiopresence of BFA GM2 synthase consisted of a single band
of GM2 synthase activity in the mixed ER-Golgi membraneunning at or slightly faster than the lower band of the control
system. sample (FigurelA, lane 4). A similar shift to faster migrating
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species was visible under nonreducing conditions as watnable. Clearly, it is well documented that BFA can lead to
(compare FigurdA, lanes 1 and 2). The faster migration was theseparation of early from late portions of the secretory pathway
result of the inhibition of sialylation of N linked chains by BFA (Hunzikeret al., 1992); therefore, in clone C5 and perhaps in cells
as shown previously (Chege and Pfeffer, 1990). Also, the grea&xpressing endogenous GM2 synthase that portion of the enzyme
intensity of the band in the presence of BFA was expected becalseated in the TGN would be blocked by BFA from coming in
we have shown elsewhere that retention of GM2 synthase in tbentact with GM3. However, GM2 synthase located in the Golgi
ER led to an increase in the intracellular content because the rapigternae in clone C5 and clone B5 would not be expected to be
turnover due to proteolysis in the Golgi was prevented €Zhl,  separated by BFA from the site of GM3 synthesis; therefore,
1997). additional effects besides compartmental separation must con-
As mentioned above, the lumenal domain of GM2 synthasgibute to the BFA-induced inhibition of GM2 synthesis in these
thatis released as a soluble form as a result of proteolytic cleavaggis.
possesses minimal GM2 synthesizing activity in intact cells (Zhu BFA-induced redistribution of compartments has the potential
et al., 1998). Therefore, it was possible that in the ER-Golgb result in the fusion of compartments containing enzymes and
membrane system produced by BFA GM2 synthase might Bibstrates that do not normally contact each other in control
cleaved to a soluble catalytic domain which would be non-funanedium; such appears to be the case for the BFA-induced
tionalin vivo. As a first step to testing this possibility, we lookedoroduction of a modest amount of GM2 in clone E6 cells in which
at the recovery of the Golgi following washout of BFA by GM2 synthase is restricted to the ER (FigByeHowever, the
immunofluorescence. For boti-mannosidase Il and GM2 inefficiency of GM3 to GM2 conversion in those cells is similar
synthase/myc, recovery of the Golgi staining pattern was partigd the trace of GM2 synthesis remaining in both clone C5 and B5
at 30 min (data not shown) and virtually fully restored at 2 keells treated with BFA (Figur®; this similarity in all three clones
(Figure 2, e and f, respectively). Thus, GM2 synthase/myguggests some common feature(s) of the mixed ER-Golgi
appeared to be behaving similarly to the prototypical Golginembrane system produced by BFA that prevents efficient GM2
markera-mannosidase Il, suggesting that GM2 synthase/mygynthesis. The more basic pH of the ER as compared to the Golgi
might not be cleaved to a soluble form by BFA. is unlikely to be a factor in the BFA-induced inhibition of GM2
To obtain independent evidence for cleavage of GM2 synthasgnthesis because the pH optimum of GM2 synthase of 7.4-7.9
in the presence of BFA, we separated the soluble and membraiger et al, 1990; Hashimotet al, 1993) is closer to the pH of
fractions of clone C5 cells lysed by repeated freeze—thaw cyclgfe ER than that of the Golgi (Llop$ al., 1998). A direct effect
and analyzed their content of GM2 synthase/myc by Westeth GM2 synthase itself also appears unlikely. Assay of GM2
blotting. In control medium the membrane fraction (FigtBe  synthase activity in extracts of BFA-treated cells indicated that the
lane 1) contained the doublet of GM2 synthase/myc ban@zyme was neither degraded nor irreversibly inhibited by BFA
characteristic of C5 cells (compare Figut®, lane 1). The treatment (Tablg). The only effect of BFA on the life cycle of this
soluble fraction of the cell lysate from control medium contame@nzyme that we could detect was the cleavage of a portion of
at most a trace of soluble GM2 synthase/myc (FigBrdane 3)  membrane bound GM2 synthase to a soluble form which is
as expected because the soluble enzyme would be secreted figagtive in intact cells (Figur). However, because only a minor
the cells shortly after cleavage (Jaskievétal., 1996a). percentage of the enzyme was cleaved, this conversion could not
~ The membrane fraction of BFA-treated cells contained aBypjain the nearly total inhibition of GM2 production in BFA
increased amount of GM2 synthase/myc as compared to contflated cells.
(comp_are Fig_uréB,_Ianes 2 and 1 respectively). As expected for gpa disrupts the Golgi secretory pathway by preventing the
material retained in the BFA-induced ER-Golgi system, thgjnding of the small GTP-binding protein  ADP-ribosylation
majority of this reactivity comigrated with the endo H sensitiveggctor (ARF) and the coatomer coat proteins to Golgi membranes
neuraminidas_e resistan_t lower band of control cells which Wonaldsoret al., 1992; Helms and Rothman, 1992). Uncoating
have shown is present in the ER (Jaskiewical, 1996a). The o Golgi membranes is followed by tubulation and absorption of
soluble fraction from BFA-treated cells contained soluble GM%;olgi membranes into the ER (Sciagyal., 1997). However,
synthase/myc which, like the corresponding membrane fractiopymnants of the Golgi membranes remain as permanent, distinct

comigrated primarily with the lower band from control cellSgyctyres separated from the ER cisternae (De Lemos-Chiarandi-
(Figure 4B, lane 4). However, the amount of soluble GM2; ot 5| “1992: Hendrickst al., 1992; Hidalgeet al., 1992).

synthase/myc constituted only a small portion of the total GM?ncomplete mixing of GM2 synthase in such remnants with
synthase/myc, and therefore conversion of the enzyme t0,anqiioside GM3 may contribute to the inefficient synthesis of
soluble form could not account for the total inhibition of GM25\ 2 gpserved in the presence of BFA. Alternatively, one
production in BFA treated cells. In conclusion although we could, -\ ion of ARF that is blocked by BFA is the activatic;n of
not discem the cause of the BFA-induced inhibition of GM2,p5pholipase D on Golgi membranes, resulting in the conver-
synthesis, these results indicate that the effect must be the regylf, phosphatidylcholine to phosphatidic acid (Ktistak.,
of other factors in addition to the compartmental separation Qlggs) |t js possible that this change in phospholipid metabolism
GM2 synthase from its substrate ganglioside GM3. within the Golgi could effect the biosynthesis of gangliosides,
perhaps by altering enzyme interactions with its GSL substrates.
Our understanding of the details of GSL biosynthesis is
incomplete. Clearly, the ceramide backbone is produced in the ER
In the present study we have shown that BFA inhibited GMPMandonet al., 1992; Rotheet al., 1992) while glucosylcera-
synthesis when GM2 synthase was distributed in all cisternae wiide is synthesized on the cytoplasmic face of both early and late
the Golgi stacks as well as the TGN in CHO transfected clone @Bolgi membranes (Costt al., 1986; Futerman and Pagano,
cells or when GM2 synthase was restricted to the medial Golgi 1991; Jeckekt al., 1992; Schweizest al., 1994a). Based on
clone B5 (Figured). Therefore, our earlier speculation that suctearlier subcellular fractionation data (Trinchera and Ghidoni,
inhibition implied a distal location for this enzyme is no longerl989; Trincheraet al., 1990), the next steps of synthesis of

Discussion
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lactosylceramide and ganglioside GM3 were thought to occur imas not produced in control medium. The fact that a modest
the early Golgi while GM2 synthase was proposed to be amount of GM3 was converted to GM2 in the presence of BFA
component of the TGN, based in part on our speculation (Yourigdicated that GM2 synthase was capable of producing GM2
et al, 1990) arising from BFA results (Van Echietnal, 1990; when located in the ER. These findings suggest that in control
Young et al., 1990). A recent revision of this model based omedium the reaction did not occur probably due to lack of GM3
subcellular fractionation of rat liver Golgi proposes that biosynin the ER. Thus, the retrograde traffic of GM3 from the cell
thesis of lactosylceramide, GM3 and GD3 occurs in the trarsurface to earlier compartments of the secretory pathway (Riboni
Golgi while all further steps of ganglioside synthesis, includinget al, 1997) does not appear to extend to the ER at least in CHO
GM2 synthesis, occur in the TGN (Lannettal, 1998). That cells.
revised model conflicted with our immunoelectron microscopic We conclude that the inhibition of ganglioside synthesis by
data which indicated that GM2 synthase was located in all Gol§iFA cannot be used to deduce the location of GM2 synthase. The
cisternae as well as the TGN (Jaskieweical., 1996b). However, mechanisms by which BFA inhibits GM2 synthase activity may
Lannertet al discounted our results by suggesting that they coulde clarified by studies with a set of BFA-resistant mutant CHO
have been artefactual due to either overexpression of transfeceed lines (Yanet al., 1994). Finally, the present report should
GM2 synthase or mislocalization due to the presence of thovide a note of caution about using the results of studies with
epitope tag. Our present results suggest that the inhibition BFA (Shite et al., 1990; Locket al., 1992; Sampastt al., 1992;
ganglioside synthesis by BFA is not informative about thé&herwood and Holmes, 1992; Holmes and Greene, 1993;
location of GM2 synthase and that such BFA inhibition result§/hlin-Hansen and Yanagishita, 1993; Faeteal, 1995; Rosales
can no longer be used to support the revised assembly line mol&tz and Maccioni, 1995) to draw conclusions about the locations
proposed by Lanneet al (Lannertet al., 1998). of other Golgi enzymes. This is not to suggest, however, that the
A second model for the synthesis of complex GSL is that thiédings or conclusions of these other reports are incorrect. The
responsible enzymes are organized in functional complexes fitdings reported here may be selective for glycosyltransferases
hetero-oligomers. This possibility was speculated upon bipvolved in GSL synthesis or could even be unique to GM2
Roseman as early as 1970 (Roseman, 1970). Initial data for @¢nthase.
functional association of enzymes involved in glycoprotein
synthesis came in 1981 from Ivatt who suggested that su@fiaterials and methods
complexes would provide a mechanism for the preferential use of . )
substrates when enzymes of potentially competing synthefichimeric constructs, cell culture, and transfection

pathways coexisted in the same Golgi cisterna(e) (Ivatt, 19813M2 synthase/myc, GNT/GM2 synthase/myc, and lip33/GM2
Based on precursor—product relationships, Caputto’s growgnthase/myc constructs have been described elsewhere (Jaskie
proposed the existence of functional complexes of gangliosidgicz et al., 1996b) and are illustrated in FigureCells were
specific enzymes in 1976 (Caputt al., 1976). Similarly, stably transfected, and clones were isolated and grown in
Makita’'s group suggested that the GalNAc transferases requirgdminimal essential medium containing 10% (v/v) fetal calf
for synthesis of globoside and Forssman glycolipid existed in gerum plus glutamine and 0.4 mg/ml of active geneticin (G418;
functional complex (Kijimoto-Ochiaet al., 1980). Solid evi- GIBCO, Grand Island, NY) at 3T as previously described
dence for functional complexes was provided recently by th@askiewiczt al., 1996b).
report that in yeast Golgi the enzymes involved in the mannosyla-
tion of glycoproteins exist in two distinct physical complexesantibodies
which reflect functional associations (Jungmann and Munr
1998). This landmark paper represents a solid precedent for
possibility that such complexes may exist in other organisms al
in other glycosylation pathways. At present there is no fir
experimental data supporting the existence of complexes of G&
synthetic enzymes. Nevertheless, it is possible that BFA cou
disrupt the organization of such complexes by indirect means
Although the focus of GSL metabolism has beed@movo
biosynthesis via the classical Golgi pathway described above, lidirect immunofluorescence was performed as described previ-
factin recent years it has become increasingly clear that recyclingsly (Zhuet al., 1997). Cells were grown on ethanol sterilized
pathways are of considerable importance at least in certain celver slips for 48 h, fixed for 15 min at room temperature in
types. In addition tade novosynthesis there are two other freshly prepared 2% p-formaldehyde (EM Science, Gibbstown,
pathways for incorporation of sugar into GSL (Gilladal., NJ)in PBS pH 7.4, rinsed in serum-free medium, and permeabil-
1996, and references therein). First, catabolism of sphingomyelired at room temperature for 20 min in 0.1% Triton X-100 in PBS.
and GSL in the lysosomes will produce sphingosine which can Iggells were incubated in succession, each step for 45 min at room
reutilized in the ER to produce ceramide and in turn GSL in themperature with intervening washing, with 1% BSA in PBS,
Golgi. Second, intact or partially hydrolyzed GSL from theprimary antibody, and secondary antibody. Primary antibodies
plasma membranes can recycle via the endosomes to the Golgik@re the undiluted culture supernatant of anti-myc 9E10 (&van
resynthesis of more complex GSL. Tettamanti’'s group has shovah, 1985) and rabbit anti-mannosidase Il diluted 1:1000.
that both of these pathways are effected by BFA in cerebell®econdary antisera were FITC-goat anti-mouse immunoglobulin
granule cells (Riboni et al., 1994). At present, however, théCappel, Durham, NC) and FITC-goat anti-rabbit immunoglobu-
relative importance of these recycling pathways to overall GSlin (Cappel). Coverslips were mounted in Vectashield mounting
synthesis in CHO cells remains to be determined. With regard toedium (Vector Laboratories, Burlingame, CA), sealed with nall
GSL recycling, it is of interest to note that in clone E6 cellpolish, and examined with an Optiphot fluorescence microscope
(Figure3) in which GM2 synthase is restricted to the ER GM2(Nikon, Melville, NY).

Jybridoma cells producing monoclonal IgG1 anti-myc 9E10
van et al., 1985) were obtained from the American Type
ulture Collection. Rabbit serum against rat liver Galghan-
sidase Il was obtained from Dr. Kelley Moremen (University
Georgia).

Immunofluorescence
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