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Fragmentation of a Golgi-Localized Chimeric Protein Allows Detergent
Solubilization and Reveals an Alternate Conformation of the Cytoplasmic Ddmair

Carolyn S. Sevier and Carolyn E. Machamer*
Department of Cell Biology and Anatomy, The Johns Hopkingétsity School of Medicine, Baltimore, Maryland 21205
Receied July 22, 1997; Résed Manuscript Receéd October 16, 1997

ABSTRACT. Golgi resident proteins maintain their localization despite a continual protein and lipid flux
through the organelle. To study Golgi retention mechanisms, we have focused upon the chimeric protein
Gml. This protein contains the Golgi transmembrane domain targeting signal from the infectious bronchitis
virus M protein and the lumenal and cytoplasmic domain of the vesicular stomatitis virus glycoprotein
(VSV G). The GmL protein is targeted to the Golgi where it forms an unusually stable detergent-resistant
oligomer. The formation of oligomeric structures may aid retention of Golgi resident proteins. Thus,
determining the stabilization mechanism may shed light on Golgi protein retention. Previous work
determined that the transmembrane domain is required for the targeting and oligomerization of Gm1, but
it is the cytoplasmic tail that stabilizes the complexes [Weisz, O. A., Swift, A. M., and Machamer, C. E.
(1993)J. Cell Biol. 122 1185-1196]. However, further study of the oligomer has been difficult due to

its insolubility. Here we report that fragmenting the Gm1 protein into several pieces facilitates solubilization
by sodium dodecyl sulfate (SDS). By analyzing the fragments produced after cleavage, we determined
that the stability of the oligomer is not caused by covalent linkage of Gm1 to itself or other proteins. The
fragment corresponding to the transmembrane domain and tail of Gm1 had an enhanced mobility in SDS
gels relative to the same fragment of the parent VSV G protein. The enhanced migration of the tail
fragment does not reflect sequence differences or post-translational modification, but correlates with Golgi
localization and oligomerization. We suggest that the enhanced mobility of the Gm1 tail fragment reflects
an altered conformation which serves to stabilize the detergent-resistant oligomers.

Proteins destined for secretion or delivery to the plasma However, although significant advances have been made in
membrane follow a common pathway through the cell. the understanding of protein transport and the signals
Newly synthesized proteins move from the lumen and involved, few details are known about the mechanisms used
membrane of the endoplasmic reticulum (ER¥ough the to target individual proteins to specific destinations along
cisternae of the Golgi complex to the cell surface. Originally the exocytic pathway (such as the ER and the Golgi
it was proposed that arrival of proteins at the cell surface complex).
occurs by defaultX). In the absence of a signal which Our interests center on dissecting the process of protein
identifies the protein as a resident of an organelle in the targeting to the Golgi apparatus. This organelle consists of
exocytic pathway, a protein will move with the “bulk” flow  a polarized stack of flattened, disk-shaped cisternae arrangec
of lipids and proteins to the cell surface. This view is hear the microtubule organizing center. As proteins and
presently undergoing modification as groups have found thatlipids pass through the Golgi apparatus, they undergo post-
several proteins are selectively sorted and concentrated priofranslational modification and are subsequently sorted and
to export from the ERZ, 3). Recently, rapid progress has packaged into vesicles destined for secretory granules,
been made toward understanding the steps of protein!ySOsomes, or the plasma membrane (reviewed inFef§.
movement along the secretory pathway (reviewed irdyef We would I!ke to understand the S|gnals_ that target proteins
to the Golgi apparatus, and the mechanism by which Golgi-
localized proteins maintain their steady-state distribution
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KDEL (Lys-Asp-Glu-Leu) ER localization signal back to the recombinant vaccinia virus vTF7-3 encoding T7 RNA
ER if they are transported to the Golgi complex (reviewed polymerasel6) at a multiplicity of infection of 16-20. After

in ref 8). Proteins localized by a mechanism of retention 30 min of adsorption at 37C, the inoculum was replaced
maintain their steady-state distribution by interacting with with 0.75 mL of serum-free medium containingug of a
neighboring proteins and/or lipids that prevent the protein vector (pAR2529) encoding the appropriate gene behind the
access to transport vesicles of the exocytic pathway. An T7 promoter and 15L of LipofectACE (GIBCO BRL,
example of this occurs in the Golgi complex, where resident Gaithersburg, MD). When 6-cm dishes were infected with
Golgi proteins interact with each other to form oligomeric VvTF7-3, 2.25 mL of serum-free medium with 4§ of vector
structures 9, 10). The interaction between Golgi proteins and 45uL of cationic lipid were used. Expression was
was originally believed to be mediated by the transmembraneanalyzed 3-4 h postinfection. Proteins expressed included
domains, yet now it appears that the regions flanking the Gm1 and Gm1 with point mutations in the m1 doma®n (
transmembrane domain promote oligomer formatioh 12). 15, 17) and VSV G CS2 18), which have been described

In order to gain a detailed understanding of the signals Previously. Mutant Gm1 proteins were named by appending
and mechanisms involved in the targeting of Golgi proteins, the original amino acid (in single-letter code) followed by
we have used the infectious bronchitis virus (IBV) M protein the new amino acid.

(formerly referred to as E1) as a model. When the M protein ~ Radiolabeling and ImmunoprecipitationHeLa cells

is expressed in mammalian cells in the absence of other viralexpressing VSV G, Gm1, or mutant VSV G or Gm1 proteins
proteins it is targeted to thes Golgi (13). Structurally, the  were starved in serum-free, methionine-free DME for 15 min
M protein consists of a shoN-glycosylated amino-terminal ~ prior to labeling for the indicated time with-[**S] in vitro
domain, three membrane spans, and a long carboxyl-terminafcell labeling mix (Amersham Corp., Arlington Heights, IL)
cytoplasmic tail. The first membrane-spanning domain (m1) in serum-free, methionine-free DME. Cells were chased for
of the M protein is sufficient to retain the M protein in the various times in DME containing 5% fetal calf serum and a
Golgi when tested in the context of a single transmembrane 3-fold excess of unlabeled methionine. For treatment of cells
protein (L4). In addition, the m1 domain can confer Golgi Wwith deoxymannojirimycin (Boehringer Mannheim, India-
localization to a plasma membrane protein. When the napolis, IN), a 1.0 mM final concentration of drug was added
membrane-spanning domain of a plasma membrane proteinfo the labeling medium. Cells were lysed in detergent
the vesicular stomatitis virus glycoprotein (VSV G), is solution (50 mM Tris, pH 8.0, 1% NP-40, 0.4% deoxycho-
replaced with m1, the resulting chimera (Gm1) is retained late, 62.5 mM EDTA) with 0.13 TIU/mL aprotinin, and
in the Golgi (L5). proteins were immunoprecipitated with a polyclonal anti-

Upon investigation of the mechanism used to retain Gm1, VSV G antibody and fixecstaphylococcus aurey€albio-
it was observed that Gm1 forms an unusually stable, chem-Novabiochem, La Jolla, CA). Oligosaccharide pro-
heterogeneous oligomer including at least 12 Gm1 subunitsCeSSing was determined as described previously using 0.4
(9). This oligomer is resistant to solubilization by non-ionic MY endoglycosidase H (New England Biolabs, Beverly, MA)
detergents (referred to as Triton X-100-resistant oligomer), (17, 19). After heating at 100°C for 3 min in Laemmli
while a large portion is additionally resistant to solubilization Sa@mple buffer containing 596-mercaptoethanol, proteins
with SDS (SDS-resistant oligomer). Thus, the Gm1 protein Were analyzed on 10% Sb®olyacrylamide gels as de-
has given us the opportunity to study the requirements for scribed R0). Labeled proteins were detected by fluorography
localization to the Golgi complex via a mechanism of ) ) )
oligomerization or retention. It appears that the transmem- Chemical Cleaage Hela cells plated in 6-cm dishes
brane domain is critical for the targeting and oligomerization (60—70% confluent) were transiently transfected with VSV
of Gm1 (forming a Triton X-100-resistant oligomer), butit & GM1, and mutant constructs as described above. Cells
is the VSV G tail that stabilizes the oligomer and is Were metabolically labeled for 90 min, and proteins were
responsible for its SDS resistand®.( immunoprecipitated and separated on a 10% SPp@y-

We have been studying the role of the VSV G tail in acrylamide gel. Proteins were located by autoradiography

oligomer stabilization and detergent resistance of Gm1. Using alnd _exmsbed ;rom t.Tﬁ ghEIa Chelmlc_al cleavage of_a(sjparatglne
chemical fragmentation, we have determined that the extremed'YcINe bonds wi ydroxylamine was carried out as

stability of the detergent-resistant oligomer is not mediated deSCl‘Ibed"ZZ()j wltgos/ometr;odlf;catg)ns. E”gﬂy’ g_el ?leces
by a covalent interaction of the tail with itself or another were swelled in 570 methanol and washe In Tour

protein. Instead, the conformation of the tail differs between changes of 5% methanol. Pieces were then incubated in 50C

; . L of reaction mixture (2 M hydroxylamineICl, 6 M
mutant Gm1 proteins that reach the cell surface, relative to#~ 9! ! : : '
those retained in the Golgi apparatus as a large oIigomericogéaP'd'geﬁckf%{S mll\/l Tris, 4.5 .M LIOH) and plar::eg at ‘;5
complex. Thus the conformation of the tail correlates with h or f 50/ er ctr(]aavalge,Gpllecgs were was g In odur_
localization and oligomerization of Gm1 molecules and may changes of 57 methanol. %€l pieces were submerged in

P, : ; 2x Laemmli sample buffer containing 10%mercaptoet-
be the stabilizing agent of the detergent-resistant oligomers . i .
formed by (I;Irzrlllg g g ! '9 hanol fa 2 h at 37 or £C overnight prior to electrophoresis.

Cleavage on the carboxyl side of tryptophan residues was
EXPERIMENTAL PROCEDURES completed usinQ\l-chIorosuccinimide (NCS) essentially as
describedZ3). Briefly, gel pieces were swelled in distilled
Cells and Transfectian HeLa cells were maintained in  water and washed at room temperature with two changes of
Dulbecco’s modified Eagle’s medium (DME) with 5% fetal distilled water followed by two washes with a urea/water/
calf serum at 37C in 5% CQ. Hela cells plated in 35-  acetic acid (1 g/1 mL/1 mL) mixture. Pieces were then
mm dishes (6670% confluent) were infected with the incubated in 0.015 M NCS in a urea/water/acetic acid (1
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A B > & various rgducing agents, nonreduc_ing conditions, detergents
ﬁ‘u P chaotropic agents, salt concentrations, temperatures of solu:
AT bilization, or sample elutior®). When analyzed by sucrose
- gradient centrifugation, the Gm1 protein migrates as a large,
a heterogeneous Triton X-100-resistant oligomer (approxi-
mately 23S), a portion of which is resistant to solubilization
3 i =20 0y by SDS ). SDS resistance is not a characteristic of either
vava Gre parent protein.
The formation of the SDS-resistant pool of Gm1 was time
— g dependent as demonstrated by pulse-chase labeling wher:
no SDS-resistant Gm1 was observed rafie5 min label
- (Figure 1B). In previous experiments, an approximately 10
min lag was required before SDS-resistant oligomers could
be detected which correlates with the time required for Gm1
GmiH Gem1QH to arrive at the Golgi complex9. The transmembrane
FiGURe 1. Formation of SDS-resistant oligomers by Golgi resident domain is responsible for the Golgi localization and the
proteins. (A) Schematic of the topology for the VSV G, Gm1, formation of detergent-resistant oligomers of Gm1. When

Gm1Ql, and Gm1QH proteins. The membrane bilayer is depicted L .
as two straight lines. All four proteins contain a large lumenal a glutamine in the transmembrane span of Gm1 is changed

domain containing two N-linked glycosylation sites and a short 10 isoleucine (Gm1Ql), the mutant protein is transported to
cytoplasmic tail of 29 amino acids. The VSV G, Gm1, and Gm1 the cell surface5, 17) and no SDS-resistant oligomers are
mutant proteins differ only in the sequence of the transmembrane detected (Figure 1B). However, Gm1 with a tolerated

dom?inst. (BI—% I[nmunoprecipitatior;hof Gml’t\./sv G, andtr%IaI;edll substitution in the transmembrane domain (Gm1QH) is
constructs. Hela cells expressing these proteins were metabolically . . . .
labeled for 5 min and chased for 0 or 60 min. Cells were lysed, retained in the Golgi apparatubq) and forms SDS-resistant

and proteins were immunoprecipitated and separated by-SDS oligomers (Figure 1B).
PAGE. Note the SDS-resistant form of the Golgi-localized proteins  Although the transmembrane domain is required for the

Gml and Gm1QH at the top of the stacking gel (arrow). formation of Gm1 oligomers, the tail is responsible for its
. ) extreme stability. It was originally hypothesized that the tail
9/1 mL/1 mL) mixture for 30 min at room temperature. After egiates the stability of the oligomer via interaction with
cleavagg, pieces were wa_shed in two changes of distilled giher cytoplasmic proteins9f. An attempt was made to
water prior to equilibration in sample buffer withgimer-  jgentify components of the SDS-resistant oligomer. Several
captoethanol for 90 min at room temperature. Pieces Weregjfferent approaches were used to isolate putative compo-
incubated in sample buffer with 10%-mercaptoethanol  nents, including affinity chromatography, radiolabeling of
overnight at £C prior to electrophoresis. Hydroxylamine-  endogenous cellular proteins prior to Gm1 transfection, and
or NCS-treated gel pieces were heated at A@or 3 min cross-linking of Gm1 within microsomes (data not shown).
preceding analysis on a 12.5% polyacrylamide gel. Cleavageyowever, no direct evidence of proteins interacting with the
fragments were detected by fluorography or Western blotting. sps_resistant oligomer has been obtained. In addition, we
Western Blotting Proteins were electrophoretically trans-  hayve previously been unable to rule out a covalent interaction
ferred to nitrocellulose. After blocking in 5% nonfat dry  of the tail with itself or another protein. Because of the
milk in 10 mM Tris, pH 8.0, 150 mM NaCl, 0.05% Tween-  eytraordinary stability of the oligomer and its resistance to
20, the membrane was incubated with a monoclonal antibody so|ybjlization by a variety of conditions, it is difficult to
specific for the VSV G ftail 24). Subsequently, the  getermine whether other proteins or covalent links are present
membrane was treated with alkaline phosphatase-conjugategh, the SDS-resistant oligomer. Thus, we asked if fragmenta-
goat anti-mouse (Bio-Rad Laboratories, Hercules, CA) 0r {jon of the Gm1 protein into several large pieces would
horseradish peroxidase-conjugated sheep anti-mouse (AMsygijitate solubilization by SDS and thus allow examination
ersham Corp.) IgG antibody. Bands were visualized by of the Gm1 tail.
either the addition of alkaline phosphate substrates or the  cpnemical Cleaage Allows Solubilization of SDS-Resistant
use of enhanced chemiluminescence (Amersham Corp.). Oligomer  To break the Gm1 protein into several large
RESULTS fragments, the Gm1 SDS-resistant oligomer was treated with
hydroxylamine under conditions which result in the selective
Gm1 Oligomerization Correlates with Retention in Golgi cleavage between asparagine and glycine resi@d2sTwo
Complex Our current studies have focused on determining such cleavage sites are present in the lumenal VSV G head
the catalyst that promotes the detergent resistance acquiredesulting in three complete cleavage fragments: a C-terminal
by Gm1l upon arrival in the Golgi complex. The only fragment containing the cytoplasmic and transmembrane
difference in primary sequence between VSV G and Gm1 domain plus 75 amino acids of the lumenal domain (15.9
is the transmembrane domain (Figure 1A). The SDS- kDa), an N-terminal piece (19.7 kDa), and the central
insoluble form of the Gm1 oligomer is readily apparent when fragment containing the portion of the lumenal domain that
immunoprecipitates are analyzed by SBflyacrylamide joins the N-terminal and C-terminal fragments (34.7 kDa).
gel electrophoresis (Figure 1B, arrow). A portion of the Gm1 To carry out the hydroxylamine cleavage procedure, Gm1l
protein runs into the gel and migrates as a 70 kDa monomer.and VSV G were expressed in HelLa cells using a vaccinia
However, about 50% remains in the stacking gel. The Gm1 virus-mediated expression system. Cells were radiolabeled
SDS-resistant oligomer is extraordinarily stable and is for 90 min and lysed, and proteins were immunoprecipitated
resistant to solubilization by a variety of conditions, including and separated by SB$AGE (Figure 2A). The VSV G,
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FiGure 2: Fragmentation of the lumenal domain of Gm1 allows

solubilization with SDS. (A) Gm1 and VSV G were expressed in Ficure 3: One oligosaccharide of the SDS-resistant form of Gm1

cannot be accessed by endoglycosidase H. Gm1 was transiently

\Tv:rLea i%ﬁgﬂ@gﬁég;&g&gﬁg |§é?)t;$2tgglIg,yV\gsé%lésEeqrﬁgiﬁgc\);elns expressed in HeLa cells and metabolically labeled in the presence
' e(Ianes 5-8) or absence (lanes-4) of the mannosidase | inhibitor

denotes the SDS-resistant form of Gm1 present at the top of th d i in (AMM). Cell vsed d Gmil
stacking gel. (B) VSV G, Gm1, and the Gm1 SDS-resistant species. eoxymannojirimycin ( )- Cells were lysed, an m-_ was

were excised from a gel comparable to that shown in A and treated|mmunopreC|p|tated. Immunoprecipitates shown in lanes 3, 4, 7,

with hydroxylamine as described in Experimental Procedures. Underalnd t8 v;ere t_reagedt with endoglycostldglse H 1(6909(10 H) prior to
these conditions, hydroxylamine cleaves selectively between ad- E'€CIOpNoresIs. Froteins were separated on a o-pDIgacry-

jacent asparagineglycine residues in the VSV G and Gm1 protein ‘amide gel. SDS-sensitive and -resistant Gm1 were excised from
sequences to generate three complete cleavage fragments. Cleavaggée gel and treated with hydroxylamine as descrlbe(g in Experimental
products were separated on a 12.5% Sip8lyacrylamide gel. The focedures. Fragments were separated on a 12.5% figcry-

SDS-resistant Gm1 is cleaved by this method. The C-terminal Itf”mdfe ge(lj. .Grtr;ll has ttwlohNéIinkeld g[yco]:sylation tsit(()es Whli.Ch are
fragment of Gm1 runs slightly faster than the corresponding oth found In the central hydroxylamine fragment. Uneé oligosac-

: o0 charide in the SDS-resistant form of Gm1 is inaccessible to endo
f{ﬁfg&e&t :t);c;{fs (;/r ghgt’hggesrtgqgihhat the Gm1 tail is not covalently H since it is uncleaved in dMM-treated cells, whereNdglycans

are unprocessed and therefore sensitive to cleavage by endo H.
Gm1, and the Gm1 SDS-resistant species (which remains at
the top of the stacking gel) were excised from a gel M guaniding 2 M hydroxylamine, 15 mM Tris in 4.5 M
comparable to that seen in Figure 2A and treated with LIOH, pH 9.3). However, solubilization of the oligomer was
hydroxylamine. The cleavage products were separated ond direct result of fragmentation. Guanidine alone did not
a second SDSpolyacrylamide gel (Figure 2B). allow solubilization of the oligomer (data not shown).
Hydroxylamine yielded the expected fragments: three Likewise, when gel pieces were treated with 15 mM Tris in
complete cleavage fragments, two partial cleavage productswater, pH 9.3, the Gm1 SDS-resistant oligomer remained at
and the full-length protein. However, most significant was the top of the gel (data not shown). We have been unable
that the hydroxylamine-mediated fragmentation allowed SDS to rule out a role for LiOH in the dissociation of the oligomer.
solubilization of the Gm1 SDS-resistant oligomer. After When pieces were treated with LIOH in the absence of
hydroxylamine cleavage there was a notable decrease in the@duanidine and hydroxylamine, none of the labeled proteins
signal of Gm1 in the stacker as compared with the first gel. (VSV G or Gm1) were recovered in the second gel (data
Solubilization of the fragmented SDS-resistant oligomer was Not shown). However, solubilization by LIOH seems
more complete in some experiments (Figure 3), which unlikely since other basic treatments did not solubilize the
suggested that all of the oligomer could be solubilized after oligomer (data not shown).
fragmentation. It should be noted that the recovery of the Covalent Linkage with Itself or Another Protein Is Not
SDS-resistant Gm1 protein after cleavage was lower than Responsible for SDS Resistance of GrBY facilitating the
the recovery of the SDS-sensitive Gm1 protein. Efficient solubilization of the oligomer, the hydroxylamine cleavage
recovery of protein from the stacking gel, where SDS- of Gm1l allowed us to determine if Gm1l was covalently
resistant Gm1 migrates, is difficult. In addition, the relative linked to itself or other proteins. The hydroxylamine
amounts of N-terminal, central, and C-terminal cleavage cleavage data indicated that SDS resistance does not involve
products of the solubilized SDS-resistant Gm1 were some- a covalent modification of Gm1 with itself or another protein.
what different than those of the SDS-sensitive Gm1 or VSV After hydroxylamine cleavage, the C-terminal products of
G proteins (Figure 2B). However, there were no apparent the SDS-resistant and SDS-sensitive Gm1 ran slightly faster
differences in migration of the fragments from SDS-sensitive than the corresponding fragment of VSV G (Figure 2B). If
and SDS-resistant Gm1. the cytoplasmic tail was covalently bonded with itself or
The hydroxylamine cleavage data suggested that fragmen-another protein, a slower migration of the C-terminal Gm1
tation of Gm1 into several large pieces allowed solubilization piece relative to that of VSV G would have been apparent.
by SDS. The conditions of cleavage are extremely harsh (6 The difference in mobility between the C-terminal fragments
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of VSV G and Gm1 is further supported by subsequent #a.
experiments discussed below. A f & B
& F g

One Oligosaccharide of SDS-Resistant Gm1 Protein Is dﬁ* dﬁﬂ?ﬁﬁ
Inaccessible to Endoglycosidase HProcessing of aspar- .
agine-linked oligosaccharides to a form resistant to cleavage |
by endoglycosidase H (endo H) occurs in thedial Golgi
and serves as a convenient measure of how far a given ! | Sisns
protein has moved in this organelle. Because of the extreme & kD
stability of the SDS-resistant oligomer, the oligosaccharides
on this portion of Gm1 have not previously been analyzed. ~ 43 kiln
The hydroxylamine procedure allowed us to assess the
processing of the oligosaccharides of the Gm1 SDS-resistant
oligomer for the first time. Treatment of the SDS-resistant
oligomer with hydroxylamine after digestion with endo H
resulted in two distinct species corresponding to the central
-4
> -

= 2% kDo

fragment (Figure 3, lane 4). The sizes of these fragments
correlate with a completely endo H-sensitive form (where

both oligosaccharides present in the VSV G head were
cleaved, as seen for SDS-sensitive Gm1 treated with endo
H, Figure 3, lane 3) and a protein with partial sensitivity to

endo H (where selective cleavage of one of the two 4 i
oligosaccharides occurred). This raised the possibility that M = O AR P X B R R B R BN LT B8

-
&3 Kis

t = izt

=3
- & = -

the SDS-resistant portion of Gm1 moved further into the 3YKFPFLYWM|IOGHGEMLDSDBLHLESESH
Golgi than the SDS-sensitive portion, resulting in partial AOVFEHPHIGQDPAASOGLPOODESLEF
oligosaccharide processing. However, this was not the rR D TELEARN P IRLYED wirgs wics

explanation. When the Gm1 oligomer was isolated from . o o el EL v i
cells treated with deoxymannojirimycin (dMM) (which Gml YMLFITAFLLFLTIILGYGTF&T » ¥ H:-*
blocks processing by preventing mannose trimming, leaving CIKLEHTEERQIFTOIEMSEALGE

all oligosaccharides in the endo H-sensitive form) and . .- 4. c.Terminal fragments of Gm1 and VSV G migrate

subjected to cleavage with endo H and hydroxylamine, a gifferently on SDS-polyacrylamide gels. (A) HeLa cells expressing
cleavage pattern the same as that for the oligomer fromGm1 or VSV G were labeled for 90 min, and proteins were

untreated cells was seen (compare lanes 4 and 8, Figure 3)mmunoprecipitated and separated by SIPAGE. VSV G, Gml,

‘e indi ; ; _roci and the Gm1 SDS-resistant species were excised from the gel anc
ghlsllr!dlqates that.t;)lnet()“gosdaccnan?_e of thte SIDfS r?js'\l/lsl\t/lamtreated with 0.015 MN-chlorosuccinimide (NCS) as described in

m s Inaccessible 0_ endo H. To coniro _or Experimental Procedures. NCS cleaves after tryptophan residues,
effectiveness, VSV G, which becomes endo H resistant underand there are 15 potential sites in VSV G and Gm1. Cleavage

normal conditions, was expressed in cells treated with dMM. products were separated on a 12.5% Sip8lyacrylamide gel.
Treatment with dMM blocked the processing of VSV G, ©Open and filled arrows denote the C-terminal fragments of VSV

maintaining both of it?\-glycans in an endo H-sensitive form & @nd Gm1, respectively, as determined by immunoblotting. (B)
A gel comparable to that shown in part A was transferred to

(data not shown). _ nitrocellulose and probed with an antibody against the VSV G tail
C-Terminal Fragments of Gm1 and VSV Guddifferent (24). The antibody recognizes the fragments that are different in

Mobilities on SDS Polyacrylamide Gels The observation  size between VSV G and Gm1. The size difference between the
that the Gm1 SDS-resistant oligomer does not involve a fragments is approximately-2 kDa. (C) Amino acid sequence of

e e . ; i the C-terminal one-third of VSV G and Gml proteins. Arrows
detectable modification of the cytoplasmic tail was verified denote the postulated cleavage sites that generate the C-termina

by a second method. This was accomplished by F'eaVingfragments detected in the blot (panel B). The transmembrane
the Gml or VSV G protein on the carboxyl side of domains of VSV G and Gm1 are shown in bold type.

tryptophan residues witiN-chlorosuccinimide (NCS) and
examining the relative mobilities of the tail fragments. This were transferred to nitrocellulose and probed with a mono-
procedure is similar to the hydroxylamine cleavage proce- clonal antibody specific for the last 11 residues of the G tall
dure. Cleavage of the VSV G or Gml proteins was (24). Two fragments containing the tail sequence were
performed in polyacrylamide gel pieces, and the pieces weregenerated (Figure 4B). On the basis of the mobilities of the
subsequently re-electrophores@3)( The VSV G protein tail fragments of SDS-sensitive Gm1, SDS-resistant Gm1,
contains 15 tryptophan residues all present within the lumenaland VSV G, it is clear that the Gm1 tail is not covalently
domain. Thus, one of the cleavage products contains thelinked to itself or another protein. Even more pronounced
transmembrane domain and the cytoplasmic tail. than seen with hydroxylamine cleavage (Figure 2B), the
When VSV G and Gml1 proteins were treated with NCS SDS-sensitive Gm1 and SDS-resistant Gm1l tail pieces
a number of cleavage products were detected by autorad-migrated faster than the G tail pieces.
iography (Figure 4A). Note that NCS cleavage, like hy- Based on the migration of the fragments compared with
droxylamine cleavage, allowed solubilization of the SDS- molecular mass standards, the two tail fragments ar@ 7
resistant oligomer. Incubation of the oligomer in the reaction and 16-17 kDa. These sizes correlate with the sizes
mixture in the absence of NCS did not allow solubilization expected if NCS cleaves at tryptophan residues proximal to
(data not shown). To determine which of the NCS cleavage the transmembrane domain. For each fragment, there are
products contained the cytoplasmic tail, the NCS fragments two potential tryptophan residues separated by three or four
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Ficure 5: Palmitoylation of VSV G tail does not alter migration
of C-terminal fragment. VSV G, VSV G CS2, and Gm1l were

expressed in HelLa cells; cells were lysed, and proteins were se 0 ;

; . parated on a 12.5% SB§golyacrylamide gel and transferred to

ggggopr%cgltated and sepa:ja%ed bthEB!Zl\GEdVSV Gd’ VSk\]/ cg Nitrocellulose. Proteins were probed with an antibody against the
- and Gm1 were excised from the gel and treated with NCS y/qy; G tail (24). Note that the C-terminal fragments from the

%Iasma membrane proteins VSV G and Gm1QI (open arrows) co-
migrate. Likewise, the Golgi-localized Gm1l and Gm1QH C-
terminal fragments (filled arrows) co-migrate. This suggests that
the different compositions of the transmembrane domains of VSV
G vs Gm1 do not account for differences in mobilities of the tail
fragments. The differences in migration between the various
C-terminal fragments correlate with the localization of the protein
within the cell and its oligomerization.

Ficure 6: Mobility of C-terminal fragments correlates with Golgi
localization. VSV G, Gm1, and related constructs were expressed
in HelLa cells. Cells were lysed, and proteins were immunopre-
cipitated and separated by SBBAGE. VSV G, Gml, and the
SDS-resistant Gm1 were excised from the gel and treated with NCS
as described in Experimental Procedures. Cleavage products were

separated on a 12.5% SBfolyacrylamide gel, transferred to
nitrocellulose, and probed with an antibody against the VSV G tail
(24). The C-terminal fragments of palmitoylated VSV G (open
arrows) co-migrated with the C-terminal fragments of the non-
palmitoylated VSV G CS2. The migration of these fragments was
slowed compared to that of the C-terminal fragments of Gm1 (filled
arrows), which are inefficiently palmitoylated.

amino acids that could be cleaved (Figure 4C). However, hiosphorylated (data not shown). In addition, the different
preferential cleavage of the_more N-termma[ tryptophans in compositions of the transmembrane domains of VSV G vs
VSV G vs the more C-terminal tryptophans in Gm1 cannot gm1 do not account for the differences in mobilities of the
account for the size differences of the tail pieces. The three ;| fragments. When Gm1 with a single point mutation in

or four amino acid differences between the tryptophans is ihe transmembrane domain (Gm1QI) was cleaved with NCS

compensated for by the longer transmembrane domain ofihe (4l fragments co-migrated with the VSV G tail fragments
Gm1l as compared to VSV G. (Figure 6).

Differences in Mobilities of C-Terminal Fragments Cor- e identical mobilites of the Gm1QI and VSV G pieces
relate with Golgi Localization It is unlikely that a post-  4re additionally intriguing considering Gm1Ql is transported
translational modification of the tail could explain the efficiently to the plasma membrane. The tail fragments of
mobility dn‘ferer_lc_es between the VSV G and Gm1 proteins. Gm1QH, which is Golgi-localized and forms detergent-
The VSV G tail is palmitoylated subsequent to exit from yegistant oligomers, migrated like Gm1 (Figure 6). Thus,
the ER @5). Gml is not palmitoylated efficienth2@), even — he gifferences in migration between the various C-terminal

though it reaches the compartment where this modification fragments correlated with the localization of the protein
occurs. However, palmitate addition to the VSV G tail does \ithin the cell and its oligomerization.

not explain the slower mobility of the VSV G pieces relative

to the Gm1 fragments. When a nonpalmitoylated VSV G piscussION

protein containing a cysteine-to-serine mutation in the tail

(18) was cleaved with NCS, the nonpalmitoylated VSV G =~ SDS-Resistant Gm1 Oligomer Is Solubilized by Fragmen-
(VSV G CS2) tail fragments migrated like the wild-type VSV  tation of Lumenal Domain We are interested in the

G pieces (Figure 5). Other post-translational modifications correlation between oligomerization and Golgi localization.

are unlikely to explain the differences in mobility of the tail In addition, we would like to understand what accounts for

fragments. For example, neither the VSV G or Gml tail is the extreme stability of the detergent-resistant oligomers
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formed by Gml in the Golgi apparatus. Previous work gested that the cytoplasmic tail stabilized the oligomer by
determined that the Gm1 transmembrane domain is requirednteracting with other cellular proteins such as cytoskeletal
for Golgi localization and oligomerizatiorl®). The cyto- elements®). However, after solubilization of the oligomer,
plasmic tail stabilizes the oligomers and is responsible for no labeled fragments corresponding to proteins other than
the SDS resistanc®), However, study of the role of the VSV G or Gm1l were detected (Figure 2B). In addition,
tail in stabilizing the SDS-resistant Gm1 oligomer has been several antibodies raised against putative Golgi matrix
difficult in light of the extraordinary stability of the oligomer  proteins or cytoskeletal elements were tested for reactivity
and its resistance to solubilization by a variety of conditions. with the fragmented Gm1 oligomer by blotting. No direct
Here we report a method for dissociating the detergent- evidence of proteins interacting with the SDS-resistant
resistant complex. Chemical fragmentation of the lumenal oligomer was obtained (data not shown).
domain of Gm1l with hydroxylamine or NCS allowed Mobility of C-Terminal Fragments of VSV G and Gml
solubilization. The ability to solubilize Gm1 facilitated the May Reflect Conformational Differenceslhe C-terminal
analysis of the oligomers formed by Gm1 and allowed a fragments resulting from chemical cleavage of VSV G and
closer examination of the features of these SDS-resistantGm1 have different electrophoretic mobilities. All cleavage
oligomers. sites are present in the lumenal domain. Thus, the C-terminal
It is intriguing that cleavage at just two sites in the lumenal fragments contain the transmembrane domain sequence a
domain of Gm1 allows solubilization by SDS. Previous data well as the cytoplasmic tail. The mobility differences
argued against a role for the lumenal domain in the between the VSV G and Gm1 carboxyl-terminal fragments
stabilization of the SDS-resistant oligomer. When the produced by chemical cleavage cannot be ascribed to the
lumenal portion of Gm1 was replaced with a smaller head transmembrane domain composition. The tail fragment of
(human alpha chorionic gonadotropin), oligomers were still a Gm1 protein with a single amino acid change from
able to form 0). The inability of endo H to access one of glutamine to isoleucine (Gm1QI) co-migrated with the VSV
the oligosaccharides in the SDS-resistant oligomer (Figure G tail fragment (Figure 6). In addition, a post-translational
3) suggests a different arrangement of the lumenal domainmaodification of the tail does not appear to account for the
in the SDS-resistant oligomer compared to the SDS-sensitiveslower mobility of the carboxyl fragment of the VSV G
portion of Gm1. However, this may reflect a conformational protein. The VSV G tail is palmitoylated efficiently, unlike
change of the lumenal domain of the SDS-resistant form afterthe Gm1 tail 26). However, when the cysteine in the VSV
exposure to SDS. G protein is mutated to a serine residue, which is unable to
Covalent Linkage Is Not Responsible for SDS Resistance support the addition of palmitaté§), the nonpalmitoylated
of Gm1l The hydroxylamine and NCS cleavage methods carboxyl-terminal fragment co-migrated with the palmitoy-
provided a way to dissociate the SDS-resistant oligomer andlated form of VSV G (Figure 5). The tail does not appear
examine if the unusual stability of the SDS-resistant oligomer to undergo any other post-translational modifications (such
is mediated by a covalent modification of the tail. On the as phosphorylation) that would explain the differences in
basis of the mobility of tail fragments produced by chemical mobilities.
cleavage of Gmi, it is clear that Gm1 does not interact The differences in migration of the cytoplasmic fragments
covalently with itself or another protein (Figures 2B and 4B). produced by chemical cleavage correlated with the localiza-
In fact, the mobility of the Gm1 tail fragment was enhanced tion of the protein within the cell and with detergent-resistant
relative to the VSV G tall piece. oligomerization. The fragments of the plasma membrane
Solubilization of the SDS-resistant form of Gm1 permitted proteins VSV G and Gm1QI ran differently than the Golgi-
us to assess if any differences existed between the SDSdocalized Gm1 and Gm1QH protein fragments (Figure 6).
resistant and SDS-sensitive forms of Gm1. The hydroxy- We suggest that the different mobilities of the VSV G and
lamine fragments of the solubilized SDS-resistant Gm1 co- Gm1 tail fragments result from conformational differences
migrated with the fragments of the SDS-sensitive form of in the cytoplasmic domains. The conformation of the tail
Gml (Figure 2B), suggesting that the SDS-resistant and SDS-could influence the amount of SDS binding which, in turn,
sensitive populations of Gm1 are not distinct. However, after is reflected as an electrophoretic mobility shift. Previous
hydroxylamine cleavage, a difference between the intensitiesobservations support this interpretation. The cytoplasmic
of fragments produced by cleavage of the SDS-resistant Gm1tails of VSV G and Gm1 are differentially sensitive to trypsin
protein compared to SDS-sensitive Gm1 and VSV G was when microsomal membranes containing these proteins are
apparent (Figure 2B). The level of C-terminal fragment was digested 9). Likewise, the trypsin treatment of the plasma
reduced compared to the N-terminal and central fragments.membrane proteins VSV G and Gm1QI produce the same
Conversely, the partial cleavage product corresponding to pattern of bands, which differ from the tryptic fragments
the N-terminal and central fragment was more intense thangenerated after digestion of the Golgi-localized proteins Gm1
the partial product containing the central and C-terminal and Gm1QH (O. A. Weisz and C. E. Machamer, unpublished
regions. We do not attribute these differences to two distinct observation). In addition, since Gm1 reaches the compart-
populations of Gm1. Rather, we suggest the material found ment where palmitate is adde@7), the inefficient addition
at the stacking and separating gel interface contains theof palmitate to the Gm1 tail suggests the cysteine residue is
“missing” central and C-terminal partial fragment as well inaccessible to the palmitoyl transferase. Thus, although the
as the C-terminal fragment, emphasizing the role of the tail sequence is identical, the structure assumed by the cytoplas
in conferring SDS insolubility. mic tail appears to differ.
The ability to solubilize the oligomer also allowed us to ~ The conformational differences between the cytoplasmic
determine if other protein components were present in the domains of the cell surface and Golgi-localized proteins may
oligomeric complex. Initial analysis of the oligomer sug- be a result of a structural change during transit through the
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exocytic pathway. In fact, during intracellular transport, the
VSV G tail increases in accessibility to proteases, suggesting

a modification of the arrangement of the taRg]. A

conformational change in the tail could be prompted by an
association with cytosolic transport machinery. Or, the
varying membrane composition, both lipid and protein,
through the exocytic pathway could affect the orientation of
the protein within the lipid bilayer. The differences in

conformation could also reflect the cellular recognition of
Golgi targeting information within the membrane span of
Gml or Gm1QH which could alter the structure of the

cytoplasmic tail.
Nature of SDS-Resistant OligomerThe cytoplasmic

domain of a protein that forms oligomeric structures in the
Golgi appears to be structurally distinct from the tail of a
protein that resides at the plasma membrane. In light of this
and other data, a role for the tail in promoting and structurally
maintaining the oligomeric complex is suggested. However,
it is still not clear what accounts for the extreme stability of
the oligomer. Thus, a main question remains to be answered.
If nothing is covalently attached to the tail and no other
protein components are in the oligomeric structure, what
interaction is causing this unusually stable oligomer? It is
conceivable that the removal of certain lipids during the
solubilization process results in a collapsed structure that
resists SDS solubilization. We are currently exploring the
role of Gml-associated lipids, as well as assessing the
contribution of the tail, in the formation and stabilization of

the detergent-resistant oligomers formed by Gm1.
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