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he integral endoplasmic reticulum (ER) membrane
protein Shr3p is required for proper plasma
membrane localization of amino acid permeases

(AAPs) in yeast. In the absence of Shr3p AAPs are
uniquely retained in the ER with each of their twelve
membrane-spanning segments correctly inserted in the
membrane. Here, we show that the membrane domain of
Shr3p specifically prevents AAPs from aggregating, and
thus, plays a critical role in assisting AAPs to fold and
correctly attain tertiary structures required for ER exit.
Also, we show that the integral ER proteins, Gsf2p,

T

 

Pho86p, and Chs7p, function similarly to Shr3p. In cells
individually lacking one of these components only their
cognate substrates, hexose transporters, phosphate trans-
porters, and chitin synthase-III, respectively, aggregate
and consequently fail to exit the ER membrane. These
findings indicate that polytopic membrane proteins de-
pend on specialized membrane-localized chaperones to
prevent inappropriate interactions between membrane-
spanning segments as they insert and fold in the lipid
bilayer of the ER membrane.

 

Introduction

 

The mechanisms enabling polytopic membrane proteins,
comprised of multiple transmembrane segments (TMS), to
properly integrate and fold in the membrane of the ER in eu-
karyotes or in the cell membrane of prokaryotes are not well
defined. Early in the secretory pathway of eukaryotic cells,
integral plasma membrane (PM) proteins are inserted into
the lipid bilayer of the ER (Lecomte et al., 2003; Turner,
2003; Alder and Johnson, 2004; Rapoport et al., 2004). Poly-
topic proteins fold concomitantly with insertion to attain native
conformations that enable them to be recognized as cargo,
and are incorporated into ER derived COPII-coated vesicles
that target to the Golgi (Antonny and Schekman, 2001; Bar-
lowe, 2003; Bickford et al., 2004). The hydrophobic amino
acids within NH

 

2

 

-terminally localized TMS are sufficient to
target membrane proteins to the ER where they interact with
and enter a protein-conducting channel, or translocon, with a
hydrophilic core. One of the most striking properties of the
translocon is its ability to facilitate the insertion of TMS into
the lipid bilayer of the ER membrane, a process that occurs
laterally through an opening in the channel wall (Heinrich et
al., 2000).

A highly conserved heterotrimeric complex of membrane
proteins, i.e., the Sec61 complex in eukaryotes and SecY com-
plex in bacteria forms the protein-conducting channel. The
crystal structure of the 

 

Methanococcus jannaschii

 

 SecY trans-
locon has recently been determined (van den Berg et al., 2004).
In contrast to previous models of the translocon, the protein-
conducting channel appears to be exclusively contained within
SecY, the largest subunit of the heterotrimeric complex and the
Sec61p homologue. According to this new information, the
protein-conducting channel, although perhaps quite flexible, is
too small to accommodate multiple TMS. Despite unresolved
questions regarding the structure of an active Sec61/SecY
translocon in vivo (Alder and Johnson, 2004; Rapoport et al.,
2004), these new structural findings highlight persistent ques-
tions regarding how hydrophobic TMS of partially integrated
polytopic proteins avoid inappropriate inter- and intramolecular
interactions before the complete translocation and insertion of
remaining TMS. Such inopportune interactions would likely
hamper proper folding, and it has been suggested that membrane-
localized chaperones exist to prevent such disadvantageous
interactions (Lecomte et al., 2003; Alder and Johnson, 2004;
Rapoport et al., 2004). In bacteria, the membrane protein YidC
appears to play a chaperone-like role in the folding of lactose
permease (LacY; Nagamori et al., 2004). To date, no such
proteins have been identified in eukaryotes.

We use yeast amino acid permeases (AAPs) as models to
address how polytopic membrane proteins insert into the ER
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membrane, fold, and subsequently enter ER-derived transport
vesicles. The AAPs of 

 

Saccharomyces cerevisiae

 

 make up a
conserved family of 18 proteins with 12 TMS (Gilstring and
Ljungdahl, 2000). AAPs belong to the secondary transporter
amino acid/polyamine/organocation protein family, members
of which are found in bacteria, archaea, fungi, plants, and ani-
mals (Saier, 2000). All but one of the yeast AAPs function at
the PM using the H

 

�

 

 gradient to drive the translocation of
amino acids into the cell. One member of the AAP family with
a large NH

 

2

 

-terminal extension, Ssy1p, functions as a core
component of the SPS-sensor of extracellular amino acids
(Forsberg and Ljungdahl, 2001).

AAPs are initially inserted into the ER membrane after
which they are cotransported together with other secreted pro-
teins from the ER to the Golgi via COPII-coated transport vesi-
cles (Kuehn et al., 1996). The integral ER membrane compo-
nent Shr3p is an accessory protein (Herrmann et al., 1999; Lee
et al., 2004; Nyman et al., 2004) that is required for AAPs to
exit the ER (Ljungdahl et al., 1992). The secretory block ob-
served in cells carrying mutations in 

 

SHR3

 

 is specific, other
membrane-bound and secretory cargo exit the ER and are tar-
geted to their correct intracellular locations (Ljungdahl et al.,
1992; Kuehn et al., 1996). Shr3p itself does not exit the ER
(Kuehn et al., 1996). Shr3p is a well-conserved protein in
fungi, and homologues function similarly and interchangeably
in 

 

Schizosaccharomyces pombe

 

 (Martínez and Ljungdahl, 2000)
and 

 

Candida albicans

 

 (Martínez and Ljungdahl, 2004).
Shr3p is not required for insertion of AAPs; each of the

TMS of the archetypal general AAP (Gap1p) integrates into the
ER membrane in the correct orientation independently of
Shr3p (Gilstring and Ljungdahl, 2000). The AAPs that accu-
mulate in the membrane of the ER of 

 

shr3

 

 null mutant cells do
not induce the ER stress response pathway (Gilstring et al.,
1999), indicating that the accumulated AAPs do not expose se-
quences that bind Kar2p, the homologue of mammalian BiP
(Rutkowski and Kaufman, 2004). Despite having proper mem-
brane topologies and not inducing ER stress, the AAPs in cells
lacking Shr3p fail to be included in prebudding complexes and
COPII transport vesicles (Kuehn et al., 1996, 1998).

Consistent with its specialized role in promoting the exit
of AAPs from the ER, Shr3p physically associates with Gap1p,
but not with other polytopic membrane proteins, such as
Sec61p, Gal2p or Pma1p, in a transient complex that can be pu-
rified from detergent solubilized membranes (Gilstring et al.,
1999). In addition, the COPII coatomer components Sec13p,
Sec23p, Sec24p, and Sec31p copurify with the hydrophilic
COOH-terminal domain of Shr3p (Gilstring et al., 1999).
Based on the complete repertoire of interactions, it has been
proposed that Shr3p functions to initiate the formation of trans-
port vesicles in the vicinity of AAPs (Gilstring et al., 1999),
perhaps by facilitating the presentation of ER exit sequences
present in the COOH-terminal portion of AAPs (Malkus et al.,
2002; Miller et al., 2003). Alternatively, it has been suggested
that Shr3p acts as a “mismatch” chaperone (Levine et al.,
2000). Mismatch chaperones are hypothetical entities that have
been postulated to prevent inappropriate interactions between
PM proteins during their residence in the ER, a membrane that

is thought to be thinner than the average length of the hydro-
phobic TMS of PM proteins.

Here, we show that the primary function of Shr3p is to
prevent the aggregation of AAPs thereby enabling them to fold
correctly within the ER membrane. We also report that three
additional ER components, Gsf2p, Pho86p, and Chs7p, act
similarly to Shr3p, and their presence specifically prevents
the aggregation of defined sets of polytopic membrane pro-
teins, their cognate substrates. Strikingly, in cells lacking one
of these ER proteins, we observe all-or-nothing effects, i.e.,
nearly quantitative aggregation and cross-linking that is limited
to their cognate substrates. Our findings suggest that these ER
proteins act as highly specialized membrane-localized chaper-
ones that facilitate the folding of polytopic membrane proteins
into their native tertiary membrane conformations, a requisite
for ER exit.

 

Results

 

The membrane domain of Shr3p is 
critical for function

 

Shr3p consists of two discrete domains, a membrane domain
with four hydrophobic segments each predicted to span the ER
membrane, and a hydrophilic COOH-terminal domain (Fig. 1
A). The membrane domain is important for binding AAPs and
the hydrophilic COOH-terminal is required for interacting with
cytoplasmically localized COPII coatomer (Gilstring et al.,
1999). To gain a more precise understanding of the signifi-
cance of these domains we determined the in vivo topology
of Shr3p. A topological reporter construct (Gilstring and
Ljungdahl, 2000) was inserted in-frame into the hydrophilic
NH

 

2

 

- and COOH-terminal domains and each of the three hy-
drophilic loops (L1–L3) that separate the four hydrophobic
segments of Shr3p (I–IV; Fig. 1 A). The resulting five gene-
sandwich-fusions encode functional proteins that are capable
of restoring amino acid uptake when introduced into 

 

shr3

 

�

 

cells. The glycosylation state of the fusion proteins was moni-
tored in samples before and after incubation with endoglycosi-
dase H. The results indicate that the topological reporter was
efficiently glycosylated only when introduced into loops L1
and L3, indicating that these loops are oriented toward the ER
lumen (Fig. 1 B). These results show that each of the hydro-
phobic segments of Shr3p span the membrane and that the NH

 

2

 

and COOH termini are oriented toward the cytoplasm. The ex-
perimentally determined in vivo topology of Shr3p is consis-
tent with its known biochemical activities (Kuehn et al., 1996;
Gilstring et al., 1999).

The relative importance of the two domains of Shr3p was
examined by constructing the 

 

shr3

 

�

 

CT

 

 allele encoding a trun-
cated protein lacking the entire hydrophilic COOH terminus
(Fig. 1 C). This allele was introduced into a 

 

shr3

 

�

 

 null mutant
and the ability of the expressed Shr3

 

�

 

CTp to restore amino
acid uptake was initially assessed using growth-based assays.
The 

 

shr3

 

�

 

CT

 

 allele restored sensitivity to toxic amino acid an-
alogues including ethionine, fluoro-phenylalanine, and azeti-
dine carboxylate (AzC; Fig. 1 C, compare dilution series 

 

�

 

CT

 

with 

 

�

 

). To obtain a more quantitative measure of complemen-
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tation, we assayed the rates of uptake of four representative
amino acids (Table I). Uptake was determined at 4 

 

�

 

M sub-
strate concentrations, a concentration that enables the activity
of distinct high affinity AAPs to be monitored. The pleiotropic
effect of the 

 

shr3

 

 null mutation was clearly evident; the uptake
rate of each of the amino acid was reduced to 

 

�

 

4% of wild-
type (

 

SHR3

 

). Consistent with the ability to restore sensitivity to

toxic amino acid analogues, the strain carrying the 

 

shr3

 

�

 

CT

 

 al-
lele exhibited remarkably robust rates of uptake that varied be-
tween 30 and 50% of wild-type activity.

We directly examined the intracellular location of a func-
tional Gap1p-GFP fusion protein in 

 

SHR3

 

 wild-type, 

 

shr3

 

�

 

CT

 

,
and 

 

shr3

 

�

 

 null mutant strains (Fig. 2). The induced expression
of the P

 

GAL-GAP1-GFP

 

 construct (provided by B. André,
Free University of Brussels, Brussels, Belgium) resulted in
similar levels of Gap1p-GFP protein in each of the three strains
analyzed (Fig. 2 B). In 

 

SHR3

 

 cells the Gap1p-GFP fluores-
cence exhibited a marked PM rim-staining pattern (Fig. 2 A,
top). In some of the wild-type cells a portion of Gap1p-GFP
fluorescence was found associated with vacuoles (Fig. 2 A,
compare GFP with the Nomarski images). In no instance did
the GFP fluorescence colocalize with the fluorescence associ-
ated with DAPI-stained nuclei. In contrast, the Gap1p-GFP
fluorescence in 

 

shr3

 

�

 

 null mutants exhibited a pattern typical
of ER localized proteins; the fluorescence was mainly re-
stricted to internal membranes closely associated with DAPI-
stained nuclei (Fig. 2 A, bottom). These observations confirm
results from previous localization studies and substantiate that
Shr3p is required for AAPs to exit the ER (Ljungdahl et al.,
1992). The pattern of Gap1p-GFP fluorescence in cells ex-
pressing only the membrane domain of Shr3p (

 

shr3

 

�

 

CT

 

; Fig. 2
A, middle) exhibited a clear PM rim-staining pattern that was
indistinguishable to that observed in 

 

SHR3

 

 wild-type cells.
These results unambiguously demonstrate that AAPs exit

the ER at appreciable rates and correctly localize to the PM in
cells expressing a truncated Shr3p lacking the COOH-terminal
domain. Thus, the ability of Shr3p to interact with COPII
coatomer components via its hydrophilic COOH-terminal do-
main (Gilstring et al., 1999) is not essential for promoting ER
exit. Rather, the data indicate that interactions between the
membrane domains of Shr3p and one or more of the 12 TMS of
AAPs are important. This conclusion is consistent with an ear-
lier study in which we found that the 

 

shr3-23

 

 point mutation,
resulting in an arginine residue replacing threonine 19 in the
first TMS of Shr3p, encodes a nonfunctional protein that is un-
able to interact with AAPs (Gilstring et al., 1999). Together,
the data suggest that the membrane domain of Shr3p possesses
chaperone-like activity.

Figure 1. Structural and functional analysis of Shr3p. (A) Schematic illus-
tration of the predicted membrane topology of Shr3p. The NH2 (NT) and
COOH termini (CT) are predicted to be oriented toward the same side of
the ER membrane. The four hydrophobic segments (I–IV) are separated by
hydrophilic loops L1–L3. The suc2 topological reporter cassette (see
Materials and methods) was inserted at the positions indicated; the numbers
refer to the amino acid immediately preceding the individual cassette
insertions. (B) The experimentally determined in vivo topology of Shr3p.
Extracts from FGY212 (shr3�) cells carrying either plasmids (pJK40-
pJK44) encoding the five fusion proteins or a control vector without insert
(vector, pRS316) were treated with endoglycosidase H as indicated, and
proteins were resolved by SDS-PAGE and immunoblotted with anti-Shr3p
antibody. The orientation of each reporter cassette is indicated (cyt, cyto-
solic; lum, lumenal). (C) The hydrophobic membrane domain of Shr3p is
sufficient for function. The wild-type SHR3 and the COOH-terminally trun-
cated shr3�CT alleles are depicted with sequences encoding the four
putative transmembrane domains (I–IV) are represented by the gray
boxes. Serial dilutions (10-fold) of cell suspensions of strain FGY212
(shr3�) carrying a vector control (�, pRS316), or plasmids expressing
either Shr3p (�, pPL210) or Shr3�CTp (�CT, pJK36) were applied to SD
supplemented with lysine and the indicated toxic amino acid analogue.
Plates were incubated at 30�C for 4 d and photographed. The abbre-
viations of amino acid analogues and concentrations used are as fol-
lows: Ethionine, D,L-Ethionine (60 �g ml�1); f-PA, p-fluoro-D,L-phenylala-
nine (400 �g ml�1); AzC, azetidine-2-carboxylate (500 �g ml�1).

 

Table I. 

 

Amino acid uptake into 

 

SHR3

 

, 

 

shr3

 

�

 

CT

 

, and 

 

shr3

 

�

 

 null 
mutant strains

Substrate

 

a

 

SHR3 shr3

 

�

 

CT shr3

 

�

 

shr3

 

�

 

CT/SHR3

 

units

 

b

 

units units ratio

 

Glutamate 0.230 0.075 0.008 0.33
Proline 0.075 0.043 0.001 0.57
Leucine

 

c

 

1.40 0.784 0.052 0.56
Phenylalanine

 

c

 

1.34 0.705 0.019 0.53

 

a

 

Initial rates of uptake were determined in SUD-grown strain JKY1 carrying
either pPL210 (

 

SHR3

 

), pJK36 (

 

shr3

 

�

 

CT

 

), or pRS316 (

 

shr3

 

�

 

) at a substrate con-
centration of 4 

 

�

 

M in buffer containing 2% glucose (Martínez and Ljungdahl,
2000). Uniformly, 

 

14

 

C-labeled 

 

L

 

-amino acids were obtained from Amersham
Biosciences. Subsamples were removed at 30, 60, and 180 s; the rates of
glutamate and proline were linear throughout the subsampling period.

 

b

 

Unit 

 

	

 

 nmol min

 

�

 

1

 

 mg

 

�

 

1

 

 dry weight.

 

c

 

Approximate rate based on single point measurements at the 30-s time point.
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Shr3p influences the propensity of AAPs 
to be cross-linked

 

To address the possibility that Shr3p functions as a membrane-
localized chaperone we probed the physical status of AAPs in
vivo by examining the susceptibility of Gap1p to form cross-
links in the presence of two membrane-permeable cross-link-
ing reagents, i.e., thiol-cleavable Dithiobis[succinimidyl propi-
onate] (DSP) or UV-activated 

 

N

 

-succinimidyl 6-[4

 

�

 

-azido 2

 

�

 

-
nitrophenylamino]hexanoate (SANPAH; Fig. 3 A). In contrast

to Gap1p in membranes prepared from 

 

SHR3

 

 wild-type cells
(Fig. 3 A, lanes 1–5), Gap1p in membranes from 

 

shr3

 

�

 

 mutant
cells formed extensive cross-links as evidenced by the almost
complete absence of detectable monomeric forms of Gap1p
(Fig. 3 A, lanes 6–10). The propensity of Gap1p to be cross-
linked in 

 

shr3

 

�

 

 mutant cells was specific (Fig. 3 B). Two ER
resident proteins, dolichol phosphate mannose synthase (Dpm1p)
and Sec61p, and the PM hexose transporter Hxt1p did not be-
come cross-linked; each of these proteins consistently migrated
as monomers independent of the presence or absence of Shr3p.
The ability to efficiently cross-link AAPs only in the absence
of Shr3p is consistent with Shr3p having a critical role in en-
abling AAPs to attain native conformations. It should be noted
that whereas the amounts of AAP present as monomers is re-
producible from experiment to experiment, the amounts of AAPs
present as high molecular weight smears is variable. This is a
consequence of well established problems associated with blot-
ting high molecular complexes.

 

Shr3p functions to prevent AAP 
aggregation

 

AAPs insert into the ER membrane with the correct topology
independently of Shr3p (Gilstring and Ljungdahl, 2000). Thus,
the presence of Shr3p is not essential for the topogenic signals
in AAPs to be properly interpreted by the Sec61 translocon. Al-
though AAPs attain their correct topology, our cross-linking
studies suggested that AAPs require Shr3p to fold correctly.
We sought an independent experimental strategy to test this
prediction and considered the possibility that AAPs may aggre-
gate in the absence of Shr3p. The migration of Gap1p in poly-
acrylamide gels under nondenaturing conditions was exam-
ined; membrane preparations were partially solubilized using
the nonionic detergent dodecyl-

 

�

 

-

 

D

 

-maltopyranoside (DM) and
resolved by BN-PAGE (Schägger et al., 1994). Gap1p present
in 

 

SHR3

 

 wild-type membranes migrated as a diffuse band of
monomers (Fig. 4 A, lanes 1 and 3). In contrast, the majority of

Figure 2. Gap1p-GFP localizes to the PM in an Shr3p-dependent manner.
Strain FGY135 (shr3�) carrying plasmid pJOD010 (PGAL-GAP1-GFP) was
cotransformed with plasmids pJK64 (SHR3), pJK65 (shr3�CT), or pRS317
(shr3�, vector without insert). Cells were grown in allantoin media with 2%
raffinose and 0.2% glucose to an OD600 of 2–3, and subsequently sus-
pended in allantoin media with 4% galactose and 1 �g ml�1 DAPI for 5 h.
(A) Cells immobilized in low melting point agar (0.4%) were viewed by
Nomarski optics and the GFP and DAPI fluorescence was examined using an
Axiophot microscope outfitted with a CCD camera. Bar, 5 �m. (B) Extracts
from each of the transformants were prepared, proteins were resolved by
SDS-PAGE, and immunoblotted with monoclonal anti-GFP antibody (Roche).

Figure 3. Gap1p specifically cross-links in the absence
of Shr3p. (A) Extracts from isogenic SHR3 wild-type
(CAY28) and shr3� null mutant (JKY1) strains grown in
SAD at 23�C. Extracts were treated with the indicated
concentration (mM) of DSP (left) or SANPAH (right). The
DSP extracts were treated with DTT and extracts containing
SANPAH were irradiated with UV as indicated. Proteins
were resolved by SDS-PAGE, and immunoblotted with poly-
clonal anti-Gap1p antibody. (B) Immunoblot analysis of
DSP treated extracts as in A with anti-Dpm1p and -Sec61p
antibodies, and extracts from strains grown in SC with
4% glucose with anti-Hxt1p antibodies.
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Gap1p in membranes of shr3� mutant cells migrated as a high
molecular weight smear (Fig. 4 A, lanes 2 and 4). Similar re-
sults were obtained when the migration of a second AAP,
Agp1p (Iraqui et al., 1999), was examined (Fig. 4 B). These re-
sults, consistent with a chaperone-like function, indicate that in
the absence of Shr3p, AAPs aggregate into high molecular
weight complexes.

Next, we asked whether the membrane domain of Shr3p,
which suffices to enable AAPs to exit the ER (Fig. 2), pos-
sessed the chaperone-like activity by examining the aggrega-
tion state of Gap1p in a strain carrying the shr3�CT allele. In
membranes isolated from this strain a significant portion of the
total Gap1p migrated as monomers (Fig. 5 A, lanes 2 and 5).
The decreased efficiency to solubilize monomeric Gap1p in
shr3�CT cells as compared with SHR3 wild-type cells (Fig. 5
A, compare lane 2 with 1, and lane 5 with 4) was not the conse-
quence of diminished levels of Gap1p in shr3�CT cells. Each
extract contained similar levels of Gap1p and the control ER
marker protein Dpm1p (Fig. 5 B). These results are consistent
with the ability of the COOH-terminal truncated protein to re-
store amino acid uptake (Fig. 1 C; Table I). This analysis dem-
onstrates that the membrane domain of Shr3p is sufficient to
enable AAPs to fold correctly and attain native structures com-
patible with ER exit.

Aggregation reflects improper folding in 
the ER
AAPs in SHR3 wild-type cells are predominantly localized to
the PM (Ljungdahl et al., 1992; Gilstring et al., 1999); we
therefore investigated the possibility that the increased propen-
sity of AAPs to cross-link and aggregate in shr3� mutant cells
was merely a consequence of ER retention. We used the tem-

perature-sensitive sec12-1 mutation to prevent AAPs from ex-
iting the ER independently of Shr3p (Nakano et al., 1988).
Subcellular fractionation experiments demonstrate the effec-
tiveness of this approach; after Gap1p expression was induced
and cells were shifted to the restrictive temperature (34�C),
newly synthesized Gap1p cofractionated with the ER mem-
brane marker protein Sec61p in both SHR3 sec12-1 and shr3�

sec12-1 cells (Fig. 6 A, fractions 4–6). In contrast to the ER-
retained Gap1p in SHR3 sec12-1 cells (Fig. 6 B, left, lanes
1–5), Gap1p in shr3� sec12-1 cells became cross-linked in the
presence of DSP or SANPAH (Fig. 6 B, right, lanes 6–10). In
addition, we examined the aggregation state of Gap1p in sec12-1
cells using BN-PAGE. Consistent with the cross-linking re-
sults, monomeric Gap1p was extracted from membranes de-
rived from SHR3 sec12-1 cells (Fig. 6 C, lanes 1 and 3) but not
from shr3� sec12-1 cells (Fig. 6 C, lanes 2 and 4). It is clear
from these observations that the formation of AAP cross-links
and AAP aggregation in shr3� mutants are not a consequence
of an altered subcellular distribution.

Gsf2p, Pho86p, and Chs7p function 
similarly to Shr3p
In addition to AAPs, several polytopic PM proteins in yeast
have been reported to require the assistance of accessory
proteins to exit the ER. Three “Shr3p-like” accessory pro-
teins have been described. These proteins, Gsf2p, Pho86p, and
Chs7p, specifically facilitate the functional expression of the

Figure 4. Shr3p prevents AAP aggregation. (A) Extracts from isogenic
SHR3 wild-type (CAY28) and shr3� null mutant (JKY1) strains grown in
SAD at 23�C were prepared and solubilized with DM at the indicated
concentrations (�g DM �g�1 protein). Solubilized proteins were separated
by BN-PAGE and immunoblotted with anti-Gap1p antibody. (B) Agp1p in
extracts from strains PLY127 (SHR3) and FGY212 (shr3�), carrying plas-
mid pJK60 (STP1�131) (Andréasson and Ljungdahl, 2002) to induce
AGP1 expression, were solubilized and analyzed as in A using anti-
Agp1p antibodies. Figure 5. The membrane domain of Shr3p suffices to block AAP aggre-

gation. Extracts prepared from strain JKY1 (shr3�) grown in SAD carrying
a vector control (�), or plasmids expressing either Shr3p (�) or Shr3�CTp
(�CT) were prepared. (A) Extracts were solubilized with DM at the indi-
cated concentrations (�g DM �g�1 protein). Solubilized proteins were
separated by BN-PAGE and immunoblotted with anti-Gap1p antibody.
(B) Proteins within extracts were analyzed by SDS-PAGE and immunoblotted
with anti-Gap1p and anti-Dpm1p antibodies as indicated.
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hexose transporters Hxt1p and Gal2p (with 12 TMS; Sherwood
and Carlson, 1999), the phosphate transporter Pho84p (with 12
TMS; Lau et al., 2000), and the catalytic subunit of chitin syn-
thase III Chs3p (with six TMS; Trilla et al., 1999), respec-
tively. As observed with shr3 mutations, when the genes en-
coding these accessory proteins are mutated or deleted, only
their cognate substrates fail to enter COPII transport vesicles
and accumulate within the ER. Despite their apparent func-
tional similarity, these accessory proteins do not share identifi-
able sequence homology with each other or with Shr3p.

Based on our novel understanding regarding the chaper-
one-like function of Shr3p, we examined the susceptibility of
the cognate substrates of these accessory proteins to form
cross-links. In contrast to Hxt1p in GSF2 wild-type cells (Fig.
7 A, lanes 1–5), Hxt1p in gsf2� mutant cells readily formed
cross-links (Fig. 7 A, lanes 6–10). The propensity of Hxt1p to
be cross-linked in gsf2� mutant cells was specific; Gap1p and
Sec61p did not become cross-linked and migrated as mono-
mers independent of the presence or absence of Gsf2p (Fig. 7
A, bottom two panels). Similarly, Pho84p exhibited Pho86p-
dependent cross-linking (Fig. 7 B) and Chs3p exhibited Chs7p-
dependent cross-linking (Fig. 7 C). Our data indicate that
Gsf2p, Pho86p, and Chs7p function in a manner indistinguish-
able from Shr3p by acting to prevent inappropriate molecular
interactions of their cognate substrates.

Discussion
We have examined the role of Shr3p in facilitating the AAP
family of transport proteins in yeast to exit the ER, a requisite

event for their correct localization to the PM. Our data indicate
that AAPs specifically depend on the membrane domain of
Shr3p to fold correctly within the membrane of the ER. This
conclusion is based on several independent observations. First,
in the absence of Shr3p, AAPs exhibit an enhanced propensity
to form cross-links in the presence of membrane-soluble cross-
linking agents (Fig. 3 A). Second, in cells lacking Shr3p, AAPs
aggregate into large complexes that are resistant to detergent
solubilization (Fig. 4). Third, the specificity of Shr3p in AAP
folding, which was expected from previous studies (Ljungdahl
et al., 1992; Kuehn et al., 1996, 1998; Gilstring et al., 1999;
Malkus et al., 2002), was clearly evident; the absence of Shr3p
did not increase the propensity of other ER resident proteins or
membrane cargo to become cross-linked (Fig. 3 B). Finally, we
found that AAPs are misfolded (Fig. 5) as a direct consequence
of the lack of the four TMS of Shr3p (Fig. 1 B), and not due to
secondary effects concomitant with an increased ER residence
time (Fig. 6). The specific aggregation of AAPs in shr3� null
mutant cells is consistent with their inability to exit the ER
(Fig. 1 C and Fig. 2; Table I).

The observation that Gsf2p, Pho86p, and Chs7p function
similarly to Shr3p (Fig. 7) suggests that polytopic membrane
proteins require chaperone-like proteins to overcome common
structural constraints associated with membrane insertion and
folding. Strikingly, in cells lacking one of the four membrane-
chaperones examined, cross-linking was found to be an almost
all-or-nothing phenomenon. In wild-type cells, essentially none
of the cognate substrates were cross-linked, whereas in isogenic
null mutants lacking one of the membrane-chaperones, the pro-
pensity of cognate substrates to form cross-links was nearly

Figure 6. Shr3p-dependent cross-linking and aggregation
occurs in the ER. (A) Gap1p is retained in the ER of
sec12-1 mutant strains grown at nonpermissive tempera-
tures. Strains JKY3 (sec12-1) and JKY4 (sec12-1 shr3�),
grown at 22�C (permissive) in ammonium-based SC to
repress GAP1 expression, were harvested, washed, and
resuspended in allantoin containing medium (SAD) for 2 h
at 34�C (nonpermissive) to induce GAP1 expression.
Extracts were fractionated on 12–60% step sucrose gra-
dients, and proteins within fractions 1–9 were separated
by SDS-PAGE and analyzed by immunoblotting. Antibodies
recognizing marker proteins Pma1p, Sec61p, and Kex2p
were used to identify fractions containing PM, ER, and
Golgi proteins, respectively. (B and C) Gap1p retained in
the ER of sec12-1 strains cross-links and aggregates in an
Shr3p-dependent manner. (B) Immunoblot analysis of DSP
and SANPAH treated extracts as in A with anti-Gap1p anti-
body. (C) Extracts as in A were solubilized with DM at the
indicated concentrations (�g DM �g�1 protein). Solubi-
lized proteins were separated by BN-PAGE and immuno-
blotted with anti-Gap1p antibody.
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complete. The quantitative nature of the requirement of Shr3p
to prevent aggregation of AAPs was clearly observed using
BN-PAGE. In SHR3 wild-type cells the AAPs were readily sol-
ubilized and migrated as monomers, whereas in shr3� null mu-
tants the monomeric forms were barely detected (Figs. 4 and 5;
Fig. 6 C). In no instance was dimers or trimers of AAPs ob-
served in membranes isolated from wild-type cells, therefore in
their native forms, these polytopic proteins are not likely to
function as closely packed or covalently linked multimers.

Our data are reminiscent of recent results regarding the
LacY in Escherichia coli (Nagamori et al., 2004). LacY depends
on YidC, a member of a conserved family of membrane proteins
(Abl3/Oxa1/YidC; Kuhn et al., 2003; Dalbey and Kuhn, 2004)
to attain a native tertiary structure (Nagamori et al., 2004).
Similar to Shr3p, YidC does not appear to be necessary for the
insertion of the membrane spanning segments of LacY, but
nonetheless, YidC must be present during translation of LacY

for it to obtain a native conformation (Nagamori et al., 2004).
Our findings of membrane-localized chaperones in yeast pro-
vide further evidence for the high degree of functional conser-
vation of the process of membrane protein insertion in prokary-
otic and eukaryotic cells.

Based on the all-or-nothing effect that we observe, it is
likely that membrane-localized chaperones interact early with
their cognate polytopic substrate proteins before the partition-
ing of all their TMS into the lipid phase of the ER membrane,
and before the completely translated proteins are released
from the Sec61 translocon. The crystal structures of bacterial
PM transporters LacY and GlpT, each comprised of 12 TMS,
have recently been elucidated (Abramson et al., 2003; Huang
et al., 2003). The availability of these structures has clearly
shown that interactions between TMS within the lipid phase
of the membrane are not limited to immediately flanking
TMS. Thus, it is possible that membrane-localized chaperones
prevent TMS that do not normally interact in the mature pro-
tein from engaging in nonproductive interactions with flank-
ing TMS as they sequentially partition into the membrane. Al-
ternatively, the presence of membrane-localized chaperones
may function to ensure the efficient insertion of discrete TMS
into the membrane. It is known that exclusively hydrophobic
TMS rapidly exit the protein-conducting channel of the trans-
locon, and readily partition into the lipid phase of the mem-
brane (Heinrich et al., 2000). In contrast, less hydrophobic
TMS containing charged or polar residues partition into the
membrane less readily, and are retained in close proximity to
the translocon, as evidenced by their ability to cross-link to
translocon associated proteins (Heinrich and Rapoport, 2003).
Thus, in the case of AAPs, Shr3p may facilitate the partition-
ing of one or more of the TMS of AAPs that have charged res-
idues (i.e., TMS II–VII; Gilstring and Ljungdahl, 2000). In
the absence of Shr3p, the inability of these TMS to efficiently
partition in the membrane could result in inappropriate inter-
actions leading to aggregation.

The characterization of membrane-localized chaper-
ones in yeast may provide a useful framework to better un-
derstand the expression of PM proteins controlling important
biological processes in multicellular organisms. Several pu-
tative accessory proteins have been identified in cells of
metazoan origin. For example, in mammalian cells, receptor-
associated membrane proteins determine the intracellular
transport and ligand specificity of G protein–coupled recep-
tors (McLatchie et al., 1998; Bermak et al., 2001), and in
Caenorhabditis elegans, a select subset of odorant receptors
require the action of ODR-4 to be correctly localized to the
PM (Dwyer et al., 1998; McClintock and Sammeta, 2003). In
addition, the ER proteins BAP29/BAP31 have been postu-
lated to affect the folding of a rather diverse set of membrane
proteins and thereby influence their ability to exit the ER
(Schamel et al., 2003). It is currently not known whether
these proteins influence the membrane insertion and folding
of their cognate substrates, however it would be interesting to
apply the assays described here to examine the possibility
that these metazoan accessory proteins function as membrane-
localized chaperones.

Figure 7. Specialized membrane-localized chaperones prevent the
aggregation of specific sets of polytopic membrane proteins. (A) Whole
cell extracts, prepared from isogenic GSF2 wild-type (CAY28) and gsf2�
null mutant (JKY5) strains grown in SC (for the analysis of Hxt1p and
Sec61p) or in SAD (for the analysis of Gap1p). The media were supple-
mented with 4% glucose to induce HXT1 expression. The extracts were
treated with DSP at the concentrations (mM) and DTT as indicated. Proteins
in the extracts were resolved by SDS-PAGE and immunoblotted with anti-
Hxt1p, anti-Gap1p, and anti-Sec61 antibodies. (B) Pho84p expression
was induced in isogenic PHO86 wild-type (CEN.PK113-5D/Pho84myc)
and pho86� null mutant (JKY6) strains by growth in low phosphate medium.
Extracts treated with DSP and DTT as in A, proteins were resolved by SDS-
PAGE, and immunoblotted with anti-Myc antibody (9E10). (C) Analysis of
DSP and DTT treated extracts from isogenic CHS7 wild-type (Y1306) and
chs7� null mutant (JAY27) strains grown in SC. Proteins resolved by SDS-
PAGE were immunoblotted with anti-HA antibody.



JCB • VOLUME 168 • NUMBER 1 • 200586

Materials and methods
Strains and media
Yeast strains used are listed in Table II. Strain JKY1 is a meiotic segre-
gant from a diploid obtained by crossing isogenic strains CAY29 and
FGY212. Strain JKY5 was constructed by deleting the entire sequence of
GSF2 in CAY28 with a PCR-amplified hphMX4 cassette (primers Fgsf2
and Rgsf2). Strains JKY3 and JKY4 are meiotic segregants from a cross
between strains JKY1 and MAS26-1A (MATa ura3-52 sec12-1) (Gilstring
et al., 1999). Strain JKY6 was constructed as follows: the kanMX allele in
CEN.PK113-5D/PHO84myc (obtained from B. Persson, Kalmar University,
Kalmar, Sweden) was excised by the expression of the Cre-recombinase
(pSH47), and the entire coding sequence of PHO86 was deleted using a
PCR-amplified hphMX4 cassette (primers Fpho86 and Rpho86). Strains
Y1306 and JAY27 were provided by C. Roncero (University of Sala-
manca, Salamanca, Spain).

Standard media, YPD and SD supplemented as required, were pre-
pared as described previously (Burke et al., 2000). Ammonium-based syn-
thetic complex (SC; Andréasson and Ljungdahl, 2002) and minimal me-
dia containing proline as sole nitrogen source (SPD; Ljungdahl et al.,
1992) have been described. Shr3p function was assessed using SPD sup-
plemented with 30 mM L-histidine (Ljungdahl et al., 1992). SAD and SUD
were prepared as SD, except that 1 g l�1 allantoin or urea replaced am-
monium as the sole nitrogen source, respectively. Low phosphate medium
was prepared according to Kaneko et al. (1982). Media were made solid
with 2% (wt/vol) bacto Agar (Difco). Antibiotic selections were made on
solid YPD, supplemented with 200 �g ml�1 G418 or 300 �g ml�1 hygro-
mycin B.

DNA cloning
The sequences of oligonucleotide primers are available on request. The
BamHI site in pPL210 (Ljungdahl et al., 1992) was destroyed by restriction
and fill-in creating pJK5. Single-stranded pJK5 was used as a template to
enable the introduction of novel BamHI sites into SHR3 by site-directed mu-
tagenesis (Gilstring and Ljungdahl, 2000); oligonucleotides NT-BHI,
L1-BHI, L2-BHI, L3-BHI, and CT-BHI were used to create plasmids pJK30–
pJK34 that carry BamHI sites inserted immediately after sequences corre-
sponding to amino acids 1, 44, 87, 125, and 210, respectively. A
BamHI-flanked SUC2 cassette from plasmid pFG112 (Gilstring and
Ljungdahl, 2000) was individually inserted into each BamHI site creating
plasmids pJK40–pJK44, respectively. The sequences encoding the 50–
amino acid hydrophilic COOH-terminal domain of SHR3 were deleted us-
ing oligonucleotide �CT and single-stranded pJK5 as a template. The re-
sulting plasmid pJK36 encodes a truncated protein comprised of the first
160 aa of Shr3p (Shr3�CTp). Plasmid pJK60 was created by inserting a
4.3-kb SwaI–NotI fragment containing STP1�131 from pCA027 (An-
dréasson and Ljungdahl, 2002) into SwaI–NotI restricted pRS317. Plas-
mids pJK64 and pJK65 were created by inserting SalI–XbaI fragments
from pPL210 (SHR3) and pJK36 (shr3�CT) into SalI–XbaI restricted
pRS317, respectively.

Protein manipulations
The membrane topology of Shr3p was determined by assessing the glyco-
sylation state of the topo-reporter cassette present in proteins expressed by
plasmids pJK40 through pJK44 in strain FGY212 (shr3�) (Gilstring and
Ljungdahl, 2000). The intracellular location of Gap1p in JKY3 (sec12-1)
and JKY4 (sec12-1 shr3�6) was determined by fractionation on 12–60%
sucrose gradients essentially as described previously (Egner et al., 1995).
Cells were grown in SC at 22�C (permissive temperature) to an OD600 of
1.8, cells were harvested and washed twice in water. The washed cells
were resuspended (OD600 of 1.8) in media containing allantoin (SAD) to
induce Gap1p expression and incubated for 2 h at 34�C (nonpermissive
temperature). Induced cells were collected by centrifugation, washed, and
resuspended in 1 ml of lysis buffer (OD600 of 200). Cells were lysed by
vigorous vortexing in the presence of glass beads (Gilstring et al., 1999).
To remove unlysed cells and debris the lysates were centrifuged twice for
5 min at 2,000 g, and 1 ml of supernatant was layered onto gradients. A
50-�l aliquot of each fraction was mixed with equal amount of 3
 SDS-
PAGE sample buffer. Samples were heated for 10 min at 45�C, and pro-
teins were resolved by SDS-PAGE and analyzed by immunoblotting.

Immunoblots were incubated as indicated with primary antibody
in blocking buffer diluted as follows: rabbit �-Shr3p, 1:1,000; rabbit
�-Gap1p, 1:20,000; rabbit �-Agp1p, 1:10,000; rat �-HA monoclonal
(Roche), 1:1500; mouse �-Dpm1p monoclonal (Molecular Probes), 4 �g/
ml; rabbit �-Sec61p, 1:5,000; rabbit �-Hxt1p, 1:1,000; mouse �-MYC
monoclonal, 1:1,000; mouse �-Pma1p monoclonal, 1:10,000; rabbit
�-Kex2p, 1:1,000; and mouse �-GFP monoclonal, 1:1,000 (Roche). Immu-
noreactive bands were visualized by chemiluminescence emanating from
HRP-conjugated to a secondary antibody; �–rabbit Ig from donkey,
�–mouse Ig from sheep or �–rat Ig from goat (Amersham Biosciences), us-
ing the LAS1000 system (Fuji Photo Film Co. Ltd.). The �-Gap1p and �-Agp1p
antisera were provided by B. André. The �-Pma1p, �-Hxt1p, �-Kex2p, and
�-Sec61p antibodies were obtained from J.P. Aris (University of Florida,
Gainesville, FL), E. Boles (Goethe-Universitaet Frankfurt, Frankfurt, Ger-
many), R. Fuller (University of Michigan Medical School, Ann Arbor, MI),
and C. Stirling (University of Manchester, Manchester, UK), respectively.

Cross-linking
Cross-linking in the presence of either thiol cleavable DSP or UV-activated
SANPAH cross-linkers (Pierce Chemical Co.) was performed as follows.
Cells were grown to an OD600 of 0.8–1.0, harvested by centrifugation,
washed twice in water, and resuspended at an OD600 of 150–200 in PBS,
pH 7.4, containing protease inhibitors (Boehringer). Cells were lysed by
vortexing in the presence of glass beads, and unlysed cells and debris
were removed by centrifugation. DSP cross-linking: 40 �l reactions con-
taining 10 �g protein in PBS and the indicated concentration of DSP were
incubated for 30 min at 22�C. Free reactive groups were quenched in the
presence of 30 mM Tris-HCl buffer, pH 7.5, for 30 min at 22�C. Samples
were treated with 40 mM DTT for 30 min at 37�C as indicated, untreated
samples were kept on ice. SANPAH cross-linking: 30 �l reactions contain-
ing 8 �g protein in PBS and the indicated concentration of SANPAH were

Table II. Yeast strains

Strain Genotype Source or reference

Isogenic derivatives of PLY127
PLY127 MAT� ura3-52 lys2�201 Kuehn et al., 1996
FGY135a MATa ura3-52 lys2�201 leu2-3,112 shr3�6 gap1�2::LEU2 Gilstring and Ljungdahl, 2000
FGY212 MAT� ura3-52 lys2�201 shr3�6 Gilstring and Ljungdahl, 2000
CAY28 MAT� ura3-52 Andréasson and Ljungdahl, 2002
CAY29 MATa ura3-52 Andréasson and Ljungdahl, 2002
JKY1 MAT� ura3-52 shr3�6 This work
JKY5 MAT� ura3-52 gsf2�::hphMX4 This work
Isogenic derivatives of JKY3
JKY3 MAT� ura3-52 sec12-1 This work
JKY4 MAT� ura3-52 sec12-1 shr3�6 This work
Isogenic derivatives of CEN.PK113-5D
CEN.PK113-5D/PHO84myc MATa ura3-52 PHO84::6His-2MYC-loxP-kanMX-loxP MAL2-8c SUC2 Lagerstedt et al., 2002
JKY6 MATa ura3-52 PHO84::6His-2MYC pho86�::hphMX4 MAL2-8c SUC2 This work
Isogenic derivatives of Y1306
Y1306 MATa ura3-52 lys2-801 ade2-101 trp1-901 his3�200 CHS3::3xHA Trilla et al., 1999
JAY27 MATa ura3-52 lys2-801 ade2-101 trp1-901 his3�200 CHS3::3xHA chs7�::HIS3 Trilla et al., 1999
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incubated for 30 min at 22�C in the dark. Reactions were quenched as
above for 15 min at 22�C. Photoactivation was performed by exposing
samples to 366 nm UV light for 10 min.

Blue native–PAGE
Cells were grown to an OD600 of 0.8–1.0, harvested by centrifugation,
washed twice in water, and resuspended at an OD600 of 150–200 in BN
buffer (50 mM Tris-HCl, 150 mM NaCl, pH 7.5) containing protease in-
hibitors (Boehringer). Protein extracts were prepared as described for
cross-linking. Proteins (1.8 mg ml�1 in BN buffer) were solubilized with DM
(Roche) at 4�C for 30 min, and a 0.1 vol of BN-PAGE sample buffer (5%
Serva blue G, 100 mM BisTris, 500 mM 6-aminocaproic acid, and 80%
glycerol, pH 7.0) was added. Proteins were separated on 5–15% BN gra-
dient gels as described previously (Schägger et al., 1994). High molecu-
lar weight markers (Amersham Biosciences) were used as standards.

Microscopy
Strain FGY135 carrying plasmid pJOD010 (PGAL-GAP1-GFP) was co-
transformed with plasmids pJK64, pJK65, or pRS317 (vector without in-
sert). Cells were grown in allantoin media with 2% raffinose and 0.2%
glucose to an OD600 of 2–3, and subsequently suspended in allantoin me-
dia with 4% galactose and 1 �g ml�1 DAPI for 5 h. Cells were suspended
in media containing 0.4% low melting point agar (37�C) and quickly
mounted on slides for microscopic observation. Live cells were viewed at
RT using an Axiophot microscope (Carl Zeiss MicroImaging, Inc.) with a
Plan-Apochromat 63
/1.40 objective. Digital images of cells examined
using Nomarski optics, and of the fluorescence associated with GFP and
DAPI (standard filter sets), were captured using a C4742-95 CCD camera
(Hamamatsu Photonics) and QED Imaging software (Media Cybernetics).
Image files were incorporated into figures using Photoshop CS (Adobe
Systems, Inc.).
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