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Structural Requirements for Membrane Assembly of
Proteins Spanning the Membrane Several Times

Joachim Lipp, Nicholas Flint, Marie-Theres Haeuptle, and Bernhard Dobberstein
European Molecular Biology Laboratory, D-6900 Heidelberg, Federal Republic of Germany

Abstract. We have investigated the structural require-
ments for the biogenesis of proteins spanning the
membrane several times. Proteins containing various
combinations of topological signals (signal anchor and
stop transfer sequences) were synthesized in a cell-free
translation system and their membrane topology was
determined. Proteins spanning the membrane twice
were obtained when a signal anchor sequence was fol-
lowed by either a stop transfer sequence or a second
signal anchor sequence. Thus, a signal anchor se-
quence in the second position can function as a stop
transfer sequence, spanning the membrane in the op-

posite orientation to that of the first signal anchor se-
quence. A signal anchor sequence in the third position
was able to insert amino acid sequences located
COOH terminal to it. We conclude that proteins span-
ning the membrane several times can be generated by
stringing together signal anchor and stop transfer se-
quences. However, not all proteins with three topologi-
cal signals were found to span the membrane three
times. A certain segment located between the first and
second topological signal could prevent stable mem-
brane integration of a third signal anchor segment.

several times (multiple-spanning proteins [MS pro-

teins])' are characterized by the presence of hydropho-
bic segments that are integrated in the lipid bilayer: e.g.,
band 3 (Kopito and Lodish, 1985), halo-opsin (Blanck and
Oesterhelt, 1987), and rhodopsin (Nathans, 1986). These
segments have been proposed to function alternately as sig-
nals for membrane insertion and stop transfer (ST) (Blobel,
1980; Friediander and Blobel, 1985). Hydrophilic segments
between the membrane-spanning segments are alternately
exposed on either side of the membrane. To test the require-
ments for membrane integration and topology of MS pro-
teins, we strung together previously characterized hydro-
phobic topological sequences separated from each other by
hydrophilic segments of varying size.

In proteins spanning the membrane of the ER once, two
different topological signals can be found: signal sequences
and ST sequences. Signal sequences mediate targeting to and
insertion into the ER membrane. They can either be cleaved
(in most secretory proteins) or uncleaved. Uncleaved signal
sequences can be translocated (e.g., ovalbumin [Palmiter et
al., 1978]) or retained in the membrane as a membrane-
spanning segment. As the latter function in membrane inser-
tion as well as in membrane anchoring, they have been
termed signal anchor (SA) sequences (Lipp and Dobber-
stein, 1986). Proteins containing a single SA sequence span
the membrane once and expose the NH, terminus either on

INTEGRAL membrane proteins spanning the membrane

1. Abbreviations used in this paper: CAT, chloramphenicol acetyltransfer-
ase; MS proteins, multiple-spanning proteins; SA, signal anchor; ST, stop
transfer.
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the cytoplasmic side (type II) or on the extracytoplasmic (lu-
menal) side of the membrane (type I). SA sequences are
usually found close to the NH, terminus of a protein. In con-
trast, an ST sequence is always preceded by a signal sequence
and is usually found close to the COOH terminus where it
spans the membrane in a way such that the COOH terminus
of the protein is exposed on the cytoplasmic side.

The main characteristic feature of cleavable signal, SA,
and ST sequences is a segment of hydrophobic amino acid
residues. No specific amino acid sequence seems to be re-
quired for the SA or ST function (Zerial et al., 1987; Audi-
gier et al., 1987; Mize et al., 1986). Sequences flanking the
hydrophobic core region of SA and ST sequences seem to
play a modulating role in membrane insertion and anchoring
(Lipp and Dobberstein, 1988; Szczesna-Skorupa et al., 1988;
Haeuptle et al., 1989). They determine the orientation of SA
membrane proteins in the membrane and the stability with
which ST sequences become embedded in the membrane
(Haeuptle et al., 1989; Cutler et al., 1986).

Signal and SA sequences mediate membrane insertion by
the interaction with specific receptors. The signal recogni-
tion particle binds to the signal or SA sequence and targets
the nascent chain-ribosome-signal recognition particle com-
plex to the ER membrane where insertion is mediated by
docking protein (signal recognition particle receptor) and
probably other components (Wiedmann et al., 1987; Toyn et
al., 1988). If an ST sequence is present in the protein, com-
plete translocation is prevented. The protein remains embed-
ded in the membrane most likely due to the interaction of the
ST sequence with the lipid bilayer of the membrane. Whether
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or not protein is involved in the ST function is a controversial
issue (Rothman et al., 1988).

MS proteins contain several hydrophobic segments that
span the membrane with alternating orientations. Membrane
insertion and anchoring of MS proteins might be mediated
by these hydrophobic segments. For instance, hydrophobic
segments of bovine opsin when placed behind a reporter se-
quence can perform either membrane insertion and/or ST
function (Friedlander and Blobel, 1985; Audigier et al.,
1987). These experiments supported the idea that hydropho-
bicity might be the main feature of SA and ST sequences.

It is conceivable that in MS proteins SA and ST sequences
alternate (Blobel, 1980). SA sequences then would be lo-
cated at uneven positions and ST sequences would be at even
positions (sequential signals). If MS proteins can be com-
posed of sequential signals, it should be possible to assemble
them by stringing together several SA and ST sequences.

We constructed hybrid proteins that contain various com-
binations of SA and ST sequences separated by hydrophilic
segments of different sizes. Membrane insertion and translo-
cation of the hybrid proteins was investigated using an in
vitro translation-translocation system.

Materials and Methods

Materials

Restriction endonucleases, T4 DNA ligase, nuclease S1, alkaline phos-
phatase, and proteinase K were from Boehringer Mannheim GmbH (Mann-
heim, FRG). Escherichia coli RNA polymerase and "methylguanosine-
"-triphosphate-adenosine-5'-monophosphate were from Pharmacia Fine
Chemicals (Freiburg, FRG). L-[*S]methionine was from Amersham
Buchler GmbH (Braunschweig, FRG). "Methylguanosine-5-monophos-
phate was from Sigma Chemical GmbH (Muenchen, FRG).

Methods

The cDNA clone pgamma 2 containing the entire coding region of the hu-
man invariant chain cloned into the Pst I site of pBR322 was obtained from
P. A. Peterson’s laboratory (Research Institute of Scripps Clinic, La Jolla,
CA) (Claesson et al., 1983). The expression plasmid pDS5 has been de-
scribed previously (Stueber et al., 1984).

Construction of plasmids

plnc, pInc-Inc, and pInc-Inc-Inc. pgamma 2 was digested with Sau 3A and
a 642-bp fragment, encoding the 209 NH,-terminal amino acids of the in-
variant chain, isolated, and ligated into the Bam HI site of pDS5. The frag-
ment lacks the coding region for the eight COOH-terminal amino acids and
the stop codon for translation. This resulted in pInc, a fusion of the invariant
chain to an out-of-frame chloramphenicol acetyltransferase (CAT) sequence
encoding 63 amino acid residues.

In pinc, a unique Bam H1 restriction site is regenerated upon joining the
3’ end of the 642-bp fragment to the CAT sequence in pDSS5. This site was
then used to introduce a second and third 642-bp Sau 3A fragment of invari-
ant chain, resuiting in pInc-Inc and pInc-Inc-Inc, respectively.

pinc-Inc-CAT and plInc-Inc-Inc-CAT. plnc-Inc and pInc-Inc-Inc were
linearized by restriction enzyme Bam HI. Ends were overdigested with
nuclease S1 (Maniatis et al., 1982), which at high concentrations can result
in cleavage of double-stranded DNA. After digestion, pInc-Inc and plnc-
Inc-Inc were religated. Plasmid DNA was transcribed and the resulting
mRNA translated in a cell-free system. Protein products were screened for
an in-frame CAT protein using anti-CAT antibodies.

pin-He. pH-2¢ (Bregerere et al., 1981) was digested with Pvu Il and Pst
I, the 313-bp fragment encoding the COOH terminus of an H-2¢ antigen
isolated and made blunt using T4 polymerase (Maniatis et al., 1982). pInc
was digested with Pvu II and the 3.4-kb vector fragment encoding the NH;-
terminal portion (72 amino acid residues) of invariant chain was isolated,
dephosphorylated by alkaline phosphatase, and ligated to the 313-bp frag-
ment.

The Journal of Cell Biology, Volume 109, 1989

pln-Hc-Ic. pInc was digested with Pvu II and the 580-bp fragment en-
cading the COOH-terminal portion of the invariant chain was isolated. Plas-
mid In-Hc was digested with Sst I and Pvu Il and made blunt with T4 poly-
merase, and the vector fragment was ligated with the 580-bp fragment.

pIn-Hc-Inc. pInc was cut with restriction enzymes Sma I and Xba I and
the 1,500-bp fragment was isolated. pIn-Hc was linearized with Sst I and
the single-stranded overhang was removed by T4 polymerase. The linear-
ized plasmid was then cut with Xba I and the 3,000-bp fragment was iso-
lated. Ligation of the two isolated fragments resulted in pIn-Hc-Inc.

pin-Hc-Ic-Inc. pIn-Hc-Ic was linearized with Bam Hl and the 642-bp
Sau 3A fragment of pgamma 2 was ligated into the Bam Hl site.

pin-Inc and pIn-Inc-Inc. pInc was digested with Sma I and Pvu II. The
240-bp fragment encoding the NH»-terminal portion of invariant chain was
isolated and ligated into the Sma I site of pInc to form pln-Inc or into the
Sma [ site of pinc-Inc to form pln-Inc-Inc.

pln-In-Inc. pInc was digested with Sma I and Xba I and the 1,540-bp
fragment encoding Inc was isolated. pIn-Inc was digested with Pvu II and
Xba I and the vector fragment encoding In-In was ligated to the 1,540-bp
fragment.

plnc-In-Inc. plnc was linearized with Bam Hl. Sticky ends were re-
moved with nuclease S1. The plasmid was then cut with Xba I and the 3,400-
bp vector fragment isolated. Plasmid In-Inc was cut with Sma I and Xba
I and the fragment containing the In-Inc coding region was isolated. Frag-
ment In-Inc was ligated into the blunt Bam Hl-Xba 1 site. Clones were
selected after in vitro transcription-translation for in-frame fusion proteins
of the appropriate size.

In Vitro Transcription and Translation

Plasmids were transcribed in vitro by £. coii RNA polymerase in the pres-
ence of 'methylguanosine-5-triphosphate-adenosine-5-monophosphate and
the resulting capped mRNA was translated in the wheat germ cell-free sys-
tem as described by Stueber et al. (1984). In some of the translations, micro-
somal membranes derived from dog pancreas were included to test for mem-
brane insertion (Lipp and Dobberstein, 1986).

Glycosylation of asparagine residues was blocked by the addition of the
acceptor peptide benzoyl-asn-leu-thr-N-methylamide to a final concentra-
tion of 30 uM (Bause, 1983; Lau et al., 1983; Lipp and Dobberstein, 1986).

Posttranslational Assays

Proteinase K treatment of microsomal membranes was performed as previ-
ously described (Lipp and Dobberstein, 1986). Proteins were analyzed by
SDS-PAGE (Laemmli, 1970) and labeled proteins were visualized by fiuo-
rography using EN’HANCE (New England Nuclear, Dreieich, FRG).

Results

We constructed fusion proteins containing SA and ST se-
quences to study membrane insertion and topology of MS
proteins. The SA sequence was derived from the human in-
variant chain (Ii) and the ST sequence was from mouse H-
2¢ antigen (Claesson et al., 1983; Bregegere et al., 1981). Ii
exposes the NH, terminus on the cytoplasmic side of the
membrane (Lipp and Dobberstein, 1986). The ST sequence
of H-2¢ antigen spans the membrane in the opposite orien-
tation (Fig. 1). Complementary DNAs were cloned into pDS
vectors and transcribed in vitro by E. coli RNA polymerase,
and the resulting mRNAs were translated in a wheat germ
cell-free system in the absence or presence of microsomal
membranes (Stueber et al., 1984). Membrane insertion and
topology of the resulting proteins were assayed by using pro-
teinase K digestion (Lipp and Dobberstein, 1986). Comple-
mentary DNAs coding for the following segments were used
in the constructions (Fig. 1): (a) the 72 NH,-terminal amino
acids of invariant chain containing the SA sequence (In); (b)
the 137 COOH-terminal amino acids of invariant chain con-
taining two potential N-glycosylation sites (Ic) (Claesson et
al., 1983); and (¢) the 102 COOH-terminal amino acids
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of a mouse H-2¢ class I antigen containing one potential
N-glycosylation site (Hc) (Bregegere et al., 1981).

Fusion Proteins with Two Topological Signals

We constructed fusion proteins containing either one SA and
one ST sequence or two successive SA sequences. In the first
construct, the segment In was fused to Hc-Ic (see Materials
and Methods and Fig. 2 A4). Translation of In-Hc-Ic mRNA
in a wheat germ cell-free system in the absence of microsomal

Invariant chain H-2d
(type II) (typel)
N C
cyt cyt
mem m CE{:
lum lum -
Figure 1. Membrane topology and linear structure
of invariant chain and H-2¢ class I antigen. Invari-
ant chain spans the membrane once and exposes
the NH; terminus on the cytoplasmic side (type II
membrane protein). (/n) NH;-terminal region of
invariant chain (72 amino acids) containing the SA
C sequence (SA). (Ic) COOH-terminal region of in-
variant chain (137 amino acids). H-2¢ antigen spans
the membrane once and exposes the NH, terminus
N on the lumenal (extracytoplasmic) side (type I
membrane protein). (Hc¢) COOH-terminal region
SA SS ST of H-2¢ containing the ST sequence (ST). (SS)
N—-——m————c N T le=c cleavable signal sequence of H-2¢; (0) recogni-
LI n»l — I¢c — I L—Hc _’l tion site for N-linked glycosylation; ( 8) N-glyco-
sylated site. N, NH, terminus; C, COOH terminus.

membranes yielded a protein of 42 kD (Fig. 3 A4, lane I).
When the in vitro system was supplemented with microsomal
membranes a 45-kD protein appeared (Fig. 3 A4, lane 2). The
increase in molecular mass is consistent with the addition of
one N-linked oligosaccharide side chain onto the protein back-
bone (Kornfeld and Kornfeld, 1985). Treatment of micro-
somes with proteinase K left protein fragments of 18 and 21
kD undigested. These fragments were not present when mem-
branes were solubilized by the detergent NP-40 (Fig. 3 4, cf.

SA ST
A In-Hc-I¢c N—emm—0 ¢ M. C
58 219
A SA
Inc-Inc N 11 1] c
184 212
In-Inc N — e M. c
49 212
B In-Hc-Ic Inc-Inc In-Inc
C c C
N N N
cyt cyt cyt
mem mem Id mem
lum lum lum

Figure 2. Linear structure and deduced membrane topology of proteins containing two topological signals. (4) Outline of the fusion proteins
showing SA sequence of invariant chain (SA); ST sequence of H-2¢ (ST); recognition site for N-linked glycosylation (0); N-glycosylated
site (#). Amino acid residues of hydrophilic segments are given by numbers. (B) Deduced membrane topology of fusion proteins. Cyt,
cytoplasm; mem, ER membrane; /um, lumenal or extracytoplasm. The arrows indicate NH, to COOH orientation of SA sequence.

Lipp et al. Structural Requi Sfor Membrane-spanning Proteins
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Figure 3. In vitro translation and membrane insertion of In-Hc-Ic
(4) and Inc-Inc (B). (4) mRNA encoding In-Hc-Ic was translated
in a cell-free system in the absence (lane /) or presence (lane 2)
of microsomes (RM) derived from dog pancreas. Aliquots of pro-
teins translated in the presence of microsomes were assayed for pro-
tease protection by incubation with proteinase K (PK) either in the
absence (lane 3) or in the presence (lane 4) of detergent NP-40
(Det). (B) Inc-Inc mRNA was translated in the absence (lanes /-4)
or in the presence (lanes 5-7) of an oligonucleotide complementary
to mRNA sequences located 189 bp upstream of the stop codon of
Inc-Inc. Membrane insertion of full-length and truncated Inc-Inc
was assayed by posttranslational treatment of microsomes with pro-
teinase K in the absence (lane 3 and 7) or presence of detergent NP-
40 (lane ¢). Glycosylated forms are indicated by an asterisk. Pro-
teins were analyzed on a 10-15% gradient polyacrylamide gel.

lanes 3 and 4). As glycosylation is usually not complete, we
suspected that the 21-kD protease-protected fragment is the
glycosylated form of the 18-kD fragment. To test this, we in-
hibited glycosylation by adding an acceptor peptide to the
translation system. The acceptor peptide benzoyl-asn-leu-
thr-N-methylamide competes with newly synthesized poly-
peptides for N-linked glycosylation (Bause, 1983; Lauetal.,
1983; Lipp and Dobberstein, 1986). When membrane-inserted
but not glycosylated In-Hc-Ic was treated with proteinase K,
the 21-kD band did not appear and the amount of the 18-kD
fragment increased (data not shown). This indicates that the
21-kD protected fragment represents the glycosylated form of
the 18-kD protein. The 18-kD segment does not contain the
hydrophilic NH, terminus of In since it does not react with
an antibody directed against this region (data not shown).
This suggests that the hydrophilic segment between the SA
and ST sequences is translocated across the membrane. The
protein then spans the membrane twice and exposes the NH,
and COOH termini on the cytoplasmic side (Fig. 2 B). We
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conclude that the SA and ST sequences function as in the
authentic proteins.

To test whether an SA sequence placed behind another SA
sequence functions as an ST sequence, we cloned the SA se-
quence of invariant chain (Inc) in tandem (Fig. 2 A, Inc-Inc).
The COOH terminus of the fusion protein consists of 63
amino acid residues encoded by an out-of-frame DNA se-
quence of the CAT gene (see Materials and Methods). The
analysis of membrane topology of the fusion protein Inc-Inc
is shown in Fig. 3 B. Translation of mRNA encoding Inc-Inc
in the absence of microsomes yielded a protein of 57 kD. In
the presence of microsomes a glycosylated form of 62 kD
was synthesized (Fig. 3 B, lanes I and 2). The increase in
apparent molecular mass is consistent with the addition of
two oligosaccharide side chains.

Proteinase K digestion of intact microsomes revealed a
protected fragment of 36-kD (Fig. 3 B, lane 3). As shown in
Fig. 2 A, Inc-Inc contains four potential sites for N-linked
glycosylation. The size of the protected fragment and its
glycosylation is consistent with translocation of either the
segment between the two SA sequences or the COOH-ter-
minal hydrophilic segment. To determine which fragment is
translocated and glycosylated, we shortened the Inc-Inc poly-
peptide at the COOH-terminus by using an oligonucleotide
complementary to the 3’ coding region (180 nucleotides up-
stream of the stop codon). Endogenous RNase H of the wheat
germ system cleaves at the site of hybrid formation, resuiting
in a truncated mRNA and therefore also shortened protein
product (Haeuptle et al., 1986). The shortened protein has
an apparent molecular mass of 48 kD (Fig. 3 B, lane 5) and
the glycosylated form has a molecular mass of 53 kD (Fig.
3 B, lane 6). Upon treatment of microsomes with proteinase
K, the size of the protected protein fragment remains the same
as that of the full-length Inc-Inc protein (Fig. 3 B, lanes 3
and 7). This indicates that the COOH-terminal part of Inc-
Inc is located on the cytoplasmic side and that the segment
located between the two SA sequences is protected and there-
fore translocated. The Inc-Inc protein thus spans the mem-
brane twice and exposes the NH; and COOH termini on the
cytoplasmic side of the membrane. Consequently, the second
SA sequence must span the membrane in an orientation op-
posite to that of the first one (Fig. 2 B). We conclude that
an SA sequence in the second position can function as an ST
sequence. The same membrane topology was obtained for a
protein in which the hydrophilic segment between the two SA
sequences was shortened (Fig. 2, In-Inc; data not shown).

An SA Sequence in the Third Position Initiates a
Second Round of Membrane Insertion

In proteins spanning the membrane twice the amino acid
residues after the ST sequence remain on the cytoplasmic
side. To obtain a protein spanning the membrane more than
twice a new round of membrane insertion is required. There-
fore we engineered an SA sequence into the third position af-
ter either an ST sequence (In-Hc-Inc or In-Hc-Ic-Inc) or an
SA sequence (In-In-Inc or In-Inc-Inc). A schematic outline
of these constructs is given in Fig. 4.

When mRNA coding for In-Hc-Inc was translated in a
cell-free system, the major translation product was a protein
of 50 kD (Fig. 5 A, lane I). Upon addition of microsomes,
a major new form of ~60 kD was synthesized (Fig. 5 4, lane
2). The increase in molecular mass correlates well with the
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In-Hc-Inc In-Hc-Ic-Inc B
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N SA | ST SA o . N .
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N
cyt cyt
mem mem
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c C
In-In-Inc In-Inc-Inc D
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49 49 212 49 184 212
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Figure 4. Linear structure and deduced membrane topology of proteins containing three topological signals. (S4) SA sequence of invariant
chain; (ST) ST sequence of H-2¢; (0) recognition site for N-linked glycosylation; (#) N-glycosylated site. Amino acid residues of
hydrophilic segments are given by numbers. The arrows indicate NH, to COOH orientation of the SA sequences.

addition of three oligosaccharide side chains. Treatment of
microsomes with proteinase K revealed two protected pro-
tein doublets of 31/36 kD and 18/21 kD (Fig. 5 A, lane 3).
These fragments were not protected when microsomes were
solubilized by detergent before digestion with proteinase K
(Fig. 5 A, lane 4). Because membrane-inserted In-Hc-Inc
was found to be glycosylated, we also determined glycosyla-
tion of the protected fragments. Translation was carried out
in the presence of acceptor peptide to inhibit N-glycosyla-
tion. Only the lower size polypeptides of the two doublets,
31 and 18 kD in size, were found to be protected (Fig. 5 A4,
lanes 5-7). Thus, the 36- and the 21-kD fragments represent
glycosylated forms. The size difference, when compared with
the unglycosylated species, suggests that two and one N-linked
carbohydrate side chains are bound to the 36- and 21-kD frag-
ments, respectively.

The sizes of the protected fragments and their glycosyla-
tion suggests that In-Hc-Inc spans the membrane three times.
The hydrophilic segment between the first SA and the ST se-
quence (21 kD) forms a loop on the lumenal side and is
N-glycosylated at one site. The second SA sequence also
spans the membrane, and the COOH-terminal hydrophilic
segment with two oligosaccharide side chains (36 kD) is ex-
posed on the lumenal side (Fig. 4 A). These results demon-
strate that an SA sequence in the third position can mediate
translocation of COOH-terminally located amino acid se-
quences across the ER membrane.

Lipp et al. Structural Requirements for Membrane-spanning Proteins

An SA Sequence in the Second Position
Does Not Interfere with Reinsertion of a Subsequent
SA Sequence

We have shown above that two SA sequences in tandem result
in a membrane protein that spans the membrane twice. The
second SA sequence spans the membrane in the opposite
orientation to the first one and functions as an ST sequence.
It is thus conceivable that its insertion is not in all aspects
identical to the insertion and anchoring of an authentic ST
sequence. We therefore tested whether or not an SA sequence
in the second position could have an effect on the reinsertion
function of an SA sequence in the third position.

Protein In-In-Inc, which contains three successive SA se-
quences, was constructed. It contains two potential N-glyco-
sylation sites in the COOH-terminal hydrophilic segment,
which is identical to the COOH-terminal segment of In-Hc-
Inc. In-In-Inc, synthesized in the absence of membranes, has
a molecular mass of 49 kD (Fig. 5 B, lane I). When synthe-
sized in the presence of membranes it has a molecular mass
of 55 kD, consistent with the addition of two N-linked oligo-
saccharide side chains (Fig. 5 B, lane 2). When treated with
proteinase K, we obtained protected fragments of 36 and 14
kD, respectively (Fig. 5 B, lane 3). The protected 36-kD pro-
tein is common to In-Hc-Inc and In-In-Inc and therefore cor-
responds in size to a fragment derived from the COOH ter-
minus (cf. Fig. 4, A and C, and Fig. 5). The segment between
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Figure 5. In vitro translation and membrane insertion of In-Hc-Inc
(A) and In-In-Inc (B). mRNAs encoding In-Hc-Inc (A4, lanes 1-7)
or In-In-Inc (B, lanes /-4) were translated in a wheat germ cell-free
system in the absence (lanes /) or presence (lanes 2-7) of micro-
somes (RM). Translations as shown in A4, lanes 5-7, were done in
the presence of acceptor peptide. Aliquots of proteins translated in
the presence of microsomes were assayed for protease protection
by incubation with proteinase K (PK) in the absence (lanes 3 and
6) or in the presence (lanes 4 and 7) of detergent NP-40 (Det).
Glycosylated forms are indicated by an asterisk.

the first and the second hydrophobic sequence of In-In-Inc
contains no glycosylation site (Fig. 4 C). The small protected
segment is of similar size to the unglycosylated small pro-
tected fragment of In-Hc-Inc (cf. Fig. 5, A4, lane 6, and B,
lane 3, and Fig. 4, A and C). This indicates an identical
membrane topology for In-In-Inc and In-He-Inc; i.e., both
proteins spanning the membrane three times.

Reinsertion Is Independent of the Size of the Segment
between the Second and the Third Topological Signal

Some hydrophilic segments preceding a signal sequence have
been shown to interfere with membrane insertion (Yost et al.,
1983). We therefore investigated whether the size of the seg-
ment between the second and third topological signal affects
insertion of COOH-terminal protein segments. Fusion pro-
teins In-Hc-Ic-Inc and In-Inc-Inc (Fig. 4, B and D) were con-
structed which differ from In-Hc-Inc and In-In-Inc (Fig. 4, A
and C) only in the length of the segment between the second
and the third topological signal. When proteins In-Hc-Ic-Inc
and In-Inc-Inc were analyzed for their membrane topology,
protease-protected fragments were found to be of identical
molecular mass as those generated from In-Hc-Inc and In-
In-Inc, respectively (data not shown). This indicated that In-
Hc-Ic-Inc and In-Inc-Inc display the same membrane topol-
ogy as In-Hc-Inc and In-In-Inc (Fig. 4, B and D).
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A Lumenal Domain Can Prevent Stable Translocation
of a COOH-terminal Protein Segment

Some of the fusion proteins with three topological signals
displayed an unexpected membrane topology. In these pro-
teins the COOH-terminal hydrophilic segment was found to
be glycosylated but not translocated. In these proteins the
segment between the first two SA sequences had been ex-
tended to 180 amino acids (Fig. 6). Inc-Inc-Inc contains three
segments of nearly full-length invariant chain. Each of these
segments contains two potential sites for N-linked glycosyla-
tion. The analysis of the membrane topology of Inc-Inc-Inc
is shown in Fig. 7.

Translation of mRNA coding for Inc-Inc-Inc in the ab-
sence of microsomes results in a protein of 73 kD. Transla-
tion in the presence of microsomes yields additional proteins
of ~80 and 85 kD (Fig. 7, lanes I and 2). This increase in
molecular mass is consistent with the addition of two and
four N-linked oligosaccharide side chains, respectively. To
determine which parts of the protein have been translocated,
we treated microsomes with proteinase K. One protein frag-
ment of 36 kD was protected by the membrane (Fig. 7, lane
3). Two protected fragments would have been expected for
a protein spanning the membrane three times. Since it was
possible that the two protected fragments were of identical
size, we truncated the COOH terminus of Inc-Inc-Inc by 63
amino acids using a complementary oligonucleotide (Haeup-
tle et al., 1986). In the absence of microsomes a shortened
polypeptide of 66 kD was synthesized. In the presence of
microsomes three proteins were synthesized: a nonglyco-
sylated form of 66 kD and glycosylated forms of 72 and 78
kD (Fig. 7, lanes 5 and 6). After protease digestion, one pro-
tein fragment of 36 kD was obtained (Fig. 7, lane 7), indicat-
ing that the shortened COOH-terminal portion is not protected
from protease digestion and thus not translocated across the
membrane.

The First and the Third Inc Segment in Inc-Inc-Inc
Become Glycosylated

Four out of six potential sites for N-linked glycosylation in
Inc-Inc-Inc become glycosylated, but only one fragment was
protected from protease digestion (Fig. 7, lanes 2 and 3). So
it remained unclear which of the three Inc segments is glyco-
sylated and translocated. To determine the glycosylated sites
in Inc-Inc-Inc, we interrupted glycosylation at various times
during membrane insertion. Nonionic detergents like NP-40
disrupt membranes and thereby prevent N-linked glycosyla-
tion. They do not interfere with protein elongation. As a point
of reference for glycosylation we used protein Inc-Inc, which
is identical to the NH,-terminal two thirds of Inc-Inc-Inc.
Inc-Inc spans the membrane twice and exposes the COOH
terminus on the cytoplasmic side. The segment between the
two SA sequences is glycosylated (see Fig. 2 Band Fig. 3 B).

Inc-Inc and Inc-Inc-Inc were translated in the absence
(Fig. 8 A, lane —) and presence (Fig. 8 A4, lanes I-14) of
microsomes. Translation was synchronized after 9 min by
'methylguanosine-5'-monophosphate addition. At the times
indicated in Fig. 8 B, microsomes were solubilized by the de-
tergent NP-40 to prevent further glycosylation. Incubation
was continued to allow synthesis of full-length proteins. Gly-
cosylation is detected by a shift to a higher molecular mass,
reflecting addition of a pair of oligosaccharide side chains.
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Figure 6. Linear structure (4) and suggested membrane topology (B) of proteins with three SA sequences. (S4) SA sequence of invariant
chain; (ST) ST sequence of H-2¢ antigen; (CAT) chloramphenicol-acetyltransferase; (0) recognition site for N-linked glycosylation; (8)

N-glycosylated site. Amino acid residues of hydrophilic segments
of SA sequences.

Glycosylation of the first sites in Inc-Inc as well as of Inc-Inc-
Inc occurred after ~20 min (Fig. 8 A, lanes 2 and 3). Inc-Inc
as expected was not further glycosylated. Inc-Inc-Inc was
further glycosylated after ~70 min of translation (Fig. 8 4,
lane 1I). To localize the protein portions that have been gly-
cosylated, we plotted the appearance of glycosylated forms
against the time of synthesis (Fig. 8 B). The first glycosyla-
tion appears after 20-25 min of translation. Assuming linear
elongation, glycosylation of the second pair of glycosylation
sites should occur after 40-50 min and glycosylation of the
third pair after ~70 min. The appearance of glycosylated
forms after 20 and 70 min strongly suggests that in Inc-Inc-
Inc the first and the third Ic portion have been glycosylated.

As shown by truncation of the COOH terminus, the COOH-
terminal portion is not found protected against protease di-
gestion. This result was unexpected since glycosylation is
known to occur on the lumenal side of the membrane. Possi-
bly the size of the hydrophilic COOH-terminal segment could
affect stable translocation across the membrane. To test that
possibility, we elongated Inc-Inc-Inc by fusing the cytoplas-
mic protein CAT to the COOH terminus (Inc-Inc-Inc-CAT).
As control for the absence of a topological signal in CAT, we
fused CAT to Inc-Inc. Inc-Inc has been shown to span the
membrane twice and to expose the COOH terminus on the
cytoplasmic side. Translation of mRNA encoding Inc-Inc-
CAT in the absence and presence of microsomes yields pro-
teins of 75 and ~80 kD, respectively (Fig. 9, lanes / and 2).
Treatment of microsomes with proteinase K results in a pro-
tected fragment of 36 kD (Fig. 9, lane 3). CAT thus has no
influence on membrane insertion and membrane topology of
Inc-Inc.

Translation of Inc-Inc-Inc-CAT encoding mRNA in the ab-
sence of microsomes results in a protein of 96 kD (Fig. 9,
lane 5); in the presence of microsomes, several glycosylated
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are given by numbers. The arrows indicate NH, to COOH orientation

forms of different sizes (96, 102, 108, and 111 kD) were ob-
tained (Fig. 9, lane 6). The increase in size is consistent with
two, four, and five oligosaccharide side chains. In invariant
chains even numbers of oligosaccharide side chains are al-
ways attached. The CAT portion provides one additional site
for N-linked glycosylation which is used upon translocation
across ER membranes (Lipp and Dobberstein, 1986). As
five sites were glycosylated, we can conclude that the CAT
portion of Inc-Inc-Inc-CAT is glycosylated and inserted into
the membrane. When protein fragments protected from pro-
tease digestion were analyzed by SDS-PAGE, we still found
only one fragment of 36 kD protected (Fig. 9, lane 7), indi-
cating that the COOH terminus, although glycosylated, is
sensitive to exogenously added protease.

We next asked whether the size of the hydrophilic segment
between the second and the third topological signal could
affect stable translocation of the COOH terminus. Protein
Inc-In-Inc, in which the third hydrophilic segment was short-
ened, was constructed (Fig. 6). When the topology of this
protein was determined in the cell-free system it was found
that the COOH terminus becomes glycosylated but not stably
translocated (data not shown).

A common feature among the proteins that can not stably
translocate the COOH terminus is the first Ic domain. In con-
trast, proteins that have a different segment at this position
{(In-In-Inc and In-Inc-Inc) can stably translocate the COOH
terminus (cf. Fig. 4, C and D). We conclude that the first lu-
menal domain can affect stable translocation of COOH-ter-
minally located amino acid sequences without interfering with
their glycosylation.

Discussion

To characterize signals mediating membrane insertion and
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Figure 7. In vitro translation and membrane insertion of Inc-Inc-
Inc. Inc-Inc-Inc mRNA was translated in the absence (lanes /-4)
or in the presence (lanes 5-8) of an oligonucleotide complementary
to mRNA sequences located 189 bp upstream of the stop codon of
Inc-Inc-Inc. The truncated mRNA primes for a polypeptide species
shortened at its COOH terminus by 63 amino acid residues. Mem-
brane insertion of full-length and truncated Inc-Inc-Inc was assayed
by posttranslational treatment of microsomes with proteinase K in
the absence (lanes 3 and 7) and presence of detergent NP-40 (lane:
4 and 8). Addition of oligonucleotide (0ligo), rough microsome:
(RM), proteinase K (PK), and detergent NP-40 (Der) is indicatec
at the bottom of each lane. Fully glycosylated forms are indicated
by an asterisk.

anchoring of MS proteins, we constructed fusion proteins
containing two or more topological signals. Membrane topol-
ogy of these proteins was determined by (a) characterizing
membrane-integrated and -translocated protein fragments
protected from protease digestion; (b) analyzing N-glyco-
sylated sites; (c) inhibiting N-linked glycosylation (Lau et
al., 1983; Bause, 1983; Lipp and Dobberstein, 1986); and
(d) analyzing membrane-integrated polypeptide chains short-
ened at the COOH terminus. (Haeuptle et al., 1986).

A Protein Containing an SA Sequence and an ST
Sequence Spans the Membrane Twice

We have shown that the protein In-Hc-Ic containing two
topological signals, an SA sequencg in the first position fol-
lowed by an ST sequence in the second position, spans the
membrane twice and exposes the NH; and COOH termini

The Journal of Cell Biology, Volume 109, 1989

on the cytoplasmic side of the membrane. The hydrophilic
segment between the two topological signals is located on the
extracytoplasmic (lumenal) side of the membrane. From the
molecular mass of the membrane-protected fragment and its
glycosylation, any other membrane topology of In-Hc-Ic
could be ruled out. The topological signal in the first position
functions as an SA sequence as in the authentic type II pro-
tein invariant chain (Ii). The second topological signal func-
tions as an ST sequence and spans the membrane identically
to the authentic protein H-2¢. H-2° is a type I membrane
protein spanning the membrane once and exposing the COOH
terminus on the cytoplasmic side. Type I membrane proteins,
like G protein of vesicular stomatitis virus (Rose et al., 1980)
or class I and II histocompatibility antigens (Dobberstein et
al., 1982; Kaufman and Strominger, 1982), contain a cleav-
able signal sequence in the first position and an ST sequence
close to the COOH terminus. Upon membrane insertion, the
signal sequence is cleaved by signal peptidase and transloca-
tion of the COOH terminus is blocked by the ST sequence.
It is very likely that membrane insertion of In-Hc-Ic follows

A Inc-Inc-CAT Inc-Inc-Inc-CAT
S 1 23L56T7B9WNMYNAK-123L567850NM2IN
s
-
|
e 5
-
B min. of translation
0 10 20 30 &0 S0 60 70 80 90 100 110 120
] } NP L0 addition -
2 M
L l — E——
5 |
I}
6 - l —
7 - I — 1
8 - I
9 i —
] ]
10 i
n + I
12— I
13
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Figure 8. Time course of glycosylation of Inc-Inc-CAT and Inc-Inc-
Inc-CAT. (4) mRNA encoding Inc-Inc-CAT and Inc-Inc-Inc-CAT
was translated in the absence (lanes —) or in the presence (lanes
1-14) of rough microsomes. Translation was synchronized after 9
min by the addition of 2 mM "methylguanosine-5’-monophos-
phate. Translation was allowed to continue for 120 min. At time
points indicated by arrows in B (bold lines /-4 in B correspond to
lanes /-14 in A), further glycosylation was abolished by solubilizing
rough microsomes with detergent NP-40 (0.3% final concentra-
tion). Appearance of glycosylation onto different sites is indicated
by asterisks. Proteins were analyzed on a 10% polyacrylamide gel.
(B) Graphic representation of glycosylation occurring during syn-
thesis of Inc-Inc-CAT and Inc-Inc-Inc-CAT. In samples /-/4, time
of translation in the absence of detergent is indicated by a bold line.
Addition of detergent NP-40 is indicated by arrows. Steps of glyco-
sylation are indicated by vertical solid bars. Open vertical bars indi-
cate potential glycosylation sites that are not used.
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Figure 9. In vitro translation and membrane insertion of Inc-Inc-
CAT and Inc-Inc-Inc-CAT. mRNA encoding Inc-Inc-CAT (lanes
1-4) or Inc-Inc-Inc-CAT (lanes 5-8) was translated either in the ab-
sence (lanes / and 5) or presence (lanes 2 and 6) of microsomes
(RM). Aliquots of proteins translated in the presence of micro-
somes were assayed for protease protection by incubation with pro-
teinase K (PK) either in the absence (lanes 3 and 7) or in the pres-
ence (lanes 4 and 8) of detergent NP-40 (Det). Fully glycosylated
forms are indicated by an asterisk.

the same mechanism except that the SA sequence in the first
position is not cleaved. As a consequence, the protein is an-
chored by the first topological signal and spans the mem-
brane twice.

An SA Sequence in the Second Position Can Function
as an ST Sequence

The protein Inc-Inc containing two identical SA sequences
in tandem spans the membrane twice and exposes the NH;
and COOH termini on the cytoplasmic side. Thus, the SA
sequence in the first position mediates membrane insertion
and the identical SA sequence in the second position func-
tions as an ST sequence. Recently, Wessels and Spiess (1988)
have similarly shown that the SA sequence of asialoglycopro-
tein receptor functions as an ST sequence when placed be-
hind an identical SA sequence. In addition, some signal se-
quences that are usually cleaved by signal peptidase but
contain a hydrophobic segment sufficient to span the mem-
brane can function as an SA (Haeuptle et al., 1989) or ST
sequence (Coleman et al., 1985). Likewise, ST sequences
have been shown to function in ER membrane targeting and
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insertion of proteins, for example, if placed in the position of
a cleavable signal sequence (Mize et al., 1986) or if replaced
for the hydrophobic core segment of an SA sequence (Zerial
etal., 1987). For the MS protein opsin Audigier et al. (1987)
have shown that some of the membrane-spanning segments
can also function as SA sequences when placed in the first
position. However, not all ST sequences in an NH,-terminal
position function as an SA sequence (Yost et al., 1983).

From all these observations, we conclude that it is the posi-
tion within the polypeptide chain and the relative position to
other topological signals that decide on the SA or ST function.
An ST sequence does not seem to have unique features that
can not be met by an SA sequence. In this view, the essential
element for both membrane insertion and ST function is the
hydrophobicity of a protein segment.

Membrane Insertion of Proteins Spanning the
Membrane Three Times

Several proteins with three SA or ST sequences in different
combinations could be shown to span the membrane three
times. For the native MS proteins bovine opsin and bacterial
MalF, it has been shown that internally located membrane-
spanning segments can perform membrane insertion when
fused to a reporter molecule (Friedlander and Blobel, 1985;
Audigier et al., 1987; Boyd et al., 1987). This supports the
idea that insertion of MS proteins into the membrane can oc-
cur by consecutive membrane insertion and ST events. The
stepwise N-linked glycosylation observed in the time course
experiment is also consistent with a sequential membrane in-
sertion of SA and ST sequences. N-linked glycosylation is
carried out by the enzyme oligosaccharyl transferase which
is located in the ER membrane (Kornfeld and Kornfeld,
1985). The timed order of appearance of N-linked glycosyla-
tion in Inc-Inc-Inc (see Fig. 8 A) suggests that the first seg-
ment has been translocated and glycosylated before the
COOH-terminal segment. Similar results were recently de-
scribed by Wessels and Spiess (1988). They found that in an
MS protein, the first lumenal segment was already protected
from protease after half of the time necessary to synthesize
detectable amounts of the full-length protein.

Most unexpected in this study was the finding that a pro-
tein portion of an MS protein had been translocated across
the membrane but apparently did not remain on the lumenal
side. The protein portion comprised the COOH-terminal
hydrophilic segment that followed a second functional SA se-
quence. Translocation of this segment across the membrane
was deduced from its glycosylation; its presence on the cyto-
plasmic side was deduced from sensitivity to exogenously
added protease. Translocation of this COOH-terminal seg-
ment was not dependent on its size since an increase in size
did not yield a protected fragment. Surprisingly, we found
that it is the hydrophilic segment between the first SA se-
quence and the following ST sequence that influences stable
translocation of the COOH-terminal segment.

How could we possibly explain that the COOH-terminal
segment in some of the proteins is not stably translocated
across the membrane? First, it is conceivable that an interac-
tion between the translocated segments prevents stable trans-
location; second, binding to specific ER proteins could also
be required to retain the COOH-terminal protein portion on
the lumenal side. A potential candidate for binding to trans-
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located but not completely folded proteins is the glucose-
regulated protein (GRP 78) (Pelham, 1986). And, third, trans-
location of proteins across the ER membrane might require
a transient interaction with components of a translocation
complex in the lipid bilayer.

Relocalization of a membrane-inserted protein onto the cy-
toplasmic side of the membrane has recently been reported
by two groups. Trun and Silhavy (1989) observed that a mu-
tation in the priC gene of E. coli caused the accumulation
of processed secretory proteins in the cytoplasm. Similarly
Garcia et al. (1988) found that the major hepatitis B virus
precore protein is processed by signal peptidase but not se-
questered into the lumen of microsomes. An understanding
of these phenomena will require the characterization of the
components involved in protein translocation and the analy-
sis of their interaction with the translocated polypeptides.
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