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ABSTRACT We have developed a rule to predict the
orientation of the first internal signal-anchor sequence in
eukaryotic transmembrane proteins synthesized on the rough
endoplasmic reticulum. The difference in the charges of the 15
residues flanking the first internal signal-anchor determines its
orientation, with the more positive portion facing the cytosol.
In proteins that span the membrane more than once, the
orientation of all subsequent transmembrane segments would
be determined by that of the most N-terminal one.

In eukaryotic cells most transmembrane proteins acquire
their final membrane orientation during or immediately after
synthesis on the rough endoplasmic reticulum. The orienta-
tion of a protein is determined by certain of its sequences of
amino acids, the so-called topogenic sequences. However,
the way in which the sequence of a protein determines its
transmembrane orientation is not known. Membrane pro-
teins may span the membrane a single time or multiple times,
and with the N terminus facing either the cytoplasmic or the
exoplasmic face of the membrane (N¢yCexo OF NexoCeyt
orientation, respectively; for review see refs. 1, 2).

If the protein has a cleaved N-terminal signal sequence, the
new N terminus is generally located in the lumen of the
endoplasmic reticulum (ER). In many cases, however, an
internal, uncleaved signal sequence, which also functions as
a membrane anchor, directs the transmembrane insertion of
the nascent polypeptide. A signal-anchor sequence can have
either transmembrane orientation, NexoCeyt OF NeytCexo. In
eukaryotes, insertion of virtually all integral proteins occurs
cotranslationally, but only the most N-terminal signal-
anchor sequence interacts with signal-recognition particle
(SRP) and the SRP receptor (3, 4). Thus, the directionality of
insertion of the first internal signal-anchor sequence would
determine the transmembrane topology of the entire muiti-
spanning polypeptide (Fig. 1). In particular, a transmembrane
segment can be integrated in either direction depending on
the number of transmembrane segments preceding it (4).

We have noted a striking correlation of transmembrane
orientation with the disposition of charged residues surround-
ing the most N-terminal membrane-spanning and presumed
signal sequence, and we suggest that this charge difference is
a major determinant for the membrane orientation of pro-
teins. An implication of this theory is that the topogenic
sequence extends well beyond the 22 or so most hydrophobic
residues that span the membrane and that function during
biosynthesis as an internal signal-anchor sequence. Changes
in the charged residues on one side or the other of an
uncleaved signal-anchor sequence can affect its transmem-
brane orientation (5-8), and our theory explains the orien-
tation of virtually all of these recombinant proteins.
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RESULTS AND DISCUSSION

Our analysis focused initially on those naturally occurring
proteins that do not undergo proteolytic processing and
whose transmembrane topology is reasonably well estab-
lished (Table 1). Altogether 91 entries were considered. In
order to locate the N-terminal signal-anchor sequence, sev-
eral programs were used that are based on the hydrophobicity
scales of Eisenberg et al. (62) and Kyte and Doolittle (65) or
on the method of Rao and Argos (64). Since the boundaries
of the signal-anchor sequences are often difficult to define,
we employed different procedures, which, however, gave
essentially the same results. In the most predictive method,
used for the data in Tables 1 and 2, we started with the middle
of the signal-anchor sequence and searched for the first
charged residue in both directions; these were taken to be the
boundaries of the membrane-spanning segment. Starting
from the boundaries, the charges at both sides of the signal-
anchor sequence were summed up for a given distance.
Arginine, lysine, and the N-terminal NH, group were given
a value of +1, histidine +0.5, and aspartate and glutamate
—1. For our analyses, we assumed that all NH, groups were
unmodified; similar results were obtained, however, by as-
suming that all the N-termini were blocked and therefore
uncharged.

Table 1 shows the striking correlation between membrane
topology of the first signal-anchor sequence and the differ-
ence in charge of the 15 C-terminal and N-terminal flanking
amino acids. In all proteins where the first signal-anchor
sequence has an N¢,,Ce,: Orientation, the segment C-terminal
to the signal-anchor is positive with respect to the N-terminal
flanking region [A(C — N) = 0]; in one case the charge
difference is zero. In contrast, for all but three proteins
(considered below) where the first signal-anchor has an
N¢ytCexo Orientation, the C-terminal flanking segment is neg-
ative with respect to the N-terminal [A(C — N) < 0]. By
variation of the distance from the boundaries of the signal-
anchor sequence, we have found that the best correlation is
obtained when 10-15 residues on each side are taken into
account (Fig. 2). It is important to note that within that range
most proteins (around 90%) remain in the same class. The
fact that the correlation is less pronounced if the distance
becomes too long suggests that only the charge difference
around the signal-anchor sequence is important for the
determination of the orientation.

A positive charge difference [A(C — N) = 0] appears to be
necessary but not sufficient for the Nx,Cc, orientation of the
signal-anchor sequence, since three proteins with an N¢y-
Cexo orientation for the first membrane-spanning helix are
predicted to have the opposite polarity (Table 1). An N¢yCexo
orientation can be thought of as a ‘‘default’’ situation for an
internal uncleaved signal-anchor sequence; an NexoCey: Ori-

Abbreviations: ER, endoplasmic reticulum; SRP, signal-recognition
particle.
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FiG. 1. Model for insertion of signal-anchor sequences. The N-terminal signal-anchor sequence on a nascent polypeptide is brought to a
receptor on the ER membrane, presumably by SRP and SRP receptor. A membrane-spanning protein (or local concentrations of lipid head
groups) could provide a membrane potential that the nascent chain would ‘‘sense’’ (arrows a). The hydrophobic signal-anchor sequence inserts
in the membrane with the more positive flanking segment on the cytoplasmic face. Alternatively, there may be competition between the two
flanking regions for translocation (arrows b). The more positively charged sequence could bind tighter to a negatively charged partner, which
would impair its translocation competence. If there are no other signal sequences in the protein, the insertion mechanisms generate
single-spanning proteins with NexoCey: Orientation (left) or an N.,,Cexo orientation (right). The orientation of other membrane-spanning sequences
in multispanning proteins would be fixed by the orientation of the most N-terminal signal-anchor.

entation would occur only if A(C — N) were =0 and if certain
other criteria were met.

Another conclusion from the data in Table 1 is that with
three exceptions all signal-anchor segments have a positive
net charge in the cytoplasmic (i.e., nontranslocated) flanking
region. The exceptions are all N¢,Cexo; two of these have
zero charge on the cytosolic face. A net positive charge is, in
itself, not predictive of the orientation, since many proteins
have a net positive charge in both flanking sequences.
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FiG. 2. Predictive value of the charge-difference rule is depen-
dent on the length of the flanking region. The percentage of correct
prediction of the protein orientation was calculated as a fraction of
the length of the sequences flanking the signal-anchor. All naturally
occurring (Table 1) and genetically engineered proteins were con-
sidered; constructs from the following sources were taken into
account: refs. 4-8, 57, and 66-72.

Other features of the proteins do not correlate well with
their membrane orientation. For example, there is no corre-
lation with the length of the N-terminal segment preceding
the signal-anchor sequence or with the occurrence of hydro-
philic or hydrophobic clusters of amino acids at both flanking
regions. Also, the number of positive charges in both flanking
sequences, as suggested by von Heijne and Gavel (73), does
not appear to be decisive. Most importantly, there is no
clear-cut correlation of the net charges on either side of the
transmembrane helix with membrane topology. The corre-
lation with the charge difference, rather than with the actual
number of positive or negative charges on one side or another
of the first hydrophobic segment, may be seen, for example,
if one compares two NesCcye proteins: the hamster g-
adrenergic receptor and the influenza B NB protein (see
Table 1). The B-adrenergic receptor has 4 net negative
charges N-terminal to the first hydrophobic membrane-
spanning segment and 1 positive net charge C-terminal [A(C
— N) = +5]. The NB protein has 1.5 positive charges
N-terminal and 3 positive charges C-terminal [A(C — N) =
+1.5]. Likewise, among the cytochrome P-450 species there
are some with positive N termini and others with negative
ones (see Table 1). Nevertheless, the charge difference is
always in agreement with an NxoCey Orientation.

The charge-difference rule explains the topology of most
artificial (genetically engineered) proteins in which an N-
terminal signal-anchor sequence is placed in various sur-
rounding sequence contexts. In several cases the orientation
of the signal-anchor sequence is reversed (5-8). For in-
stance, the normally N,,Cey: orientation of the cytochrome
P-450 signal-anchor can be inverted either by introducing
more acidic residues in the C-terminal flanking segment
(p450,2 pGHs;_n6; ref. 8) or by introducing more basic
residues in the N-terminal flanking sequence (7). We ana-
lyzed 38 cases (included in Fig. 2) where the majority of the
newly made protein inserted with a defined orientation. The
charge-difference rule generated four erroneous predictions
(Table 2). In three other cases the charge difference is zero;
since natural proteins generally do not have a zero charge
difference, the charge-difference rule cannot predict an un-
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Table 1. The orientation of the most N-terminal membrane-spanning segment correlates with the charge difference of the flanking regions

NexoCeyt Orientation N¢ytCexo Orientation
Protein N C A(C - N) Ref. Protein N C A(C — N) Ref.

Hamster B-adrenergic receptor -4.0 +1.0 +5.0 9  Human P-glycoprotein +0.5 —-4.0 —4.5 32
Influenza B NB protein +1.5 +3.0 +1.5 10  Mouse erythroid band 3 +1.0 0.0 -1.0 33
Human a-adrenergic receptor 0.0 +2.0 +2.0 11  Rat sodium channel 1 +3.5 -1.0 —4.5 34
Human B-adrenergic receptor 1 -2.0 +2.0 +4.0 12 Rat sodium channel 2 +3.5 -1.0 —-4.5 34
Human B-adrenergic receptor 2 -3.0 +1.0 +4.0 13 Rat sodium channel 3 +3.5 -1.0 -4.5 35
Bovine substance K receptor -2.0 +2.5 +4.5 14  Pig Na*/K*-ATPase a subunit +1.0 —-4.0 -5.0 36
Rat serotonin receptor -2.0 +1.5 +3.5 15  Bovine lens fiber mp26 0.0 +1.5 +1.5 37
Rat M3 muscarinic receptor -1.5 +3.0 +4.5 16  Hep G2 glucose transporter +3.0 0.0 -3.0 38
Yeast a receptor (STE2) +1.0 +3.0 +2.0 17  Rat brain glucose transporter +3.0 +0.5 -2.5 39
Yeast a receptor (STE3) +2.0 +2.0 0.0 18  Rat liver glucose transporter 0.0 -1.5 -1.5 40
Bovine opsin -1.0 +3.5 +4.5 19  Rat muscle glucose transporter -2.0 +1.0 +3.0 41
Drosophila opsin 0.0 +2.0 +2.0 20  Mouse band 3-related protein +1.5 -1.0 -2.5 42
Human blue opsin +0.5 +4.0 +3.5 21  Human band 3-related protein +1.5 2.0 -3.5 43
Human green opsin +1.0 +4.5 +3.5 21  Human transferrin receptor +2.0 -1.0 -3.0 44
Human red opsin +1.0 +4.5 +3.5 21  Human asialoglycoprotein
Avian infectious bronchitis virus receptor H1 +2.0 -1.0 -3.0 45

E1 protein -2.0 +3.0 +5.0 22 Human asialoglycoprotein
Mouse multipotent colony-stimulating receptor H2a +2.0 +1.5 -0.5 46

factor, ‘‘long”’ -1.5 +2.0 +3.5 S Human asialoglycoprotein
Rat cytochrome P-450 reductase -4.0 +2.0 +6.0 23 receptor H2b +2.0 0.0 -2.0 46
Rabbit cytochrome P-450 reductase -3.0 +2.0 +5.0 24  Human HLA-DR invariant y
Human glycophorin C -2.0 +4.0 +6.0 25 chain +3.0 0.0 -3.0 47
Influenza A M2 protein -1.0 +15 +2.5 26  Human IgE receptor +2.0 -0.5 -2.5 48
Cytochrome P-450, bovine 17a +1.0 +4.5 +3.5 27  Mouse 1,4-B-galactosyltransferase +2.0 +1.0 -1.0 49
Cytochrome P-450, bovine C21 +1.0 +4.0 +3.0 27  Rabbit sucrase-isomaltase +3.0 -1.0 —-4.0 50
Cytochrome P-450, chicken PB 0.0 +2.0 +2.0 27  Rabbit neutral endopeptidase +3.0 0.0 -3.0 51
Cytochrome P-450, human 4 MC 0.0 +4.0 +4.0 27  Rat y-glutamyl transpeptidase +3.0 +1.5 -1.5 52

Cytochrome P-450, human HLP glu. -1.0 +3.0 +4.0 27  Rat asialoglycoprotein receptor +3.0 0.0 -3.0 53
Cytochrome P-450, human j EtOH +1.0 +1.5 +0.5 27  Respiratory syncytial virus G

Cytochrome P-450, human NF25 -1.0 +3.0 +4.0 28 glycoprotein +2.5 +0.5 -2.0 54
Cytochrome P-450, human P1 MC 0.0 +4.0 +4.0 27  Pig Na*/K*-ATPase B subunit +2.0 0.0 -2.0 36
Cytochrome P-450, human C21 +1.0 +3.5 +2.5 27  Chicken hepatic lectin +3.0 +1.0 -2.0 55
Cytochrome P-450, human 17a 0.0 +5.0 +5.0 27  Influenza neuraminidase A BD +2.0 -0.5 -2.5 56
Cytochrome P-450, mouse P1 MC 0.0 +4.0 +4.0 27  Influenza neuraminidase A DA +2.0 -0.5 -2.5 56
Cytochrome P-450, mouse P3 MC 0.0 +4.0 +4.0 27  Influenza neuraminidase A DG +2.0 +0.5 -1.5 56
Cytochrome P-450, mouse C21 +1.0 +5.5 +4.5 27  Influenza neuraminidase A M1 +2.0 +1.5 -0.5 56
Cytochrome P-450, rabbit 1 PB 0.0 +3.0 +3.0 27  Influenza neuraminidase A M2 +2.0 —0.5 -2.5 56

Cytochrome P-450, rabbit IA1 TCDD -1.0 +5.0 +6.0 29  Influenza neuraminidase A S2 +2.0 +0.5 -1.5 56
Cytochrome P-450, rabbit 3a EtOH +1.0 +1.5 +0.5 27  Influenza neuraminidase A TO +2.0 0.0 -2.0 56

Cytochrome P-450, rabbit 3b con. 0.0 +5.0 +5.0 27  Influenza neuraminidase A TR +2.0 +1.5 -0.5 56
Cytochrome P-450, rabbit LM2 PB 0.0 +4.0 +4.0 27  Influenza neuraminidase A pNA +2.0 +1.0 -1.0 57
Cytochrome P-450, rabbit LM4 MC 0.0 +6.0 +6.0 27  Rat Golgi sialyltransferase +4.0 0.0 —-4.5 58
Cytochrome P-450, rat d MC 0.0 +4.0 +4.0 27  Mouse glycoprotein PC1 +1.0 +4.0 +3.0 59
Cytochrome P-450, rat b PB 0.0 +4.5 +4.5 27  Human neutral endopeptidase +4.0 0.0 -4.0 60
Cytochrome P-450, rat f con. 0.0 +5.0 +5.0 27  Human intestinal aminopeptidase +3.0 +1.0 -2.0 61
Cytochrome P-450, rat j EtOH +1.0 +2.0 +1.0 27
Cytochrome P-450, rat LW +2.0 +3.0 +1.0 27
Cytochrome P-450, rat c MC 0.0 +4.0 +4.0 27
Cytochrome P-450, rat p PCN -1.0 +4.5 +5.5 27
Cytochrome P-450, rat ¢ PB (PB4) 0.0 +4.5 +4.5 27
Cytochrome P-450, rat PB1 con. 0.0 +3.0 3.0 27
Cytochrome P-450, rat LM2 0.0 +4.5 +4.5 30
Yeast ALG1 +1.0 +3.0 +2.0 *

The analysis included naturally occurring proteins that do not undergo proteolytic processing and in which the transmembrane topology
(NexoCeyt O NcyCexo) of the N-terminal signal-anchor is reasonably well established. The first transmembrane segment was searched with the
programs HELIXMEM (62), SOAP (63), and RAOARGOS (64) contained in the software system PC/Gene. The most N-terminal hydrophobic
membrane anchor was taken as the one identified by at least two of the programs. This segment corresponded in all but four cases to that proposed
in the literature (15, 33, 38, 39). For the exceptions the anchor identified in the literature was accepted. The middle of this transmembrane segment
could be identified with little ambiguity. From this point the first charged residues on either side were taken as the beginning of the flanking
regions. The net charge was calculated for a segment of 15 amino acids beginning with this first charged residue. The table gives the net charge
in the N-terminal (N) and C-terminal (C) flanking regions, as well as the difference [A(C — N)].

*C. F. Albright and P. W. Robbins, personal communication.

ambiguous orientation. The four exceptions were also cases Again, as with the naturally occurring proteins, in the ma-
where the charge-difference rule predicted an NeyoCey: Ori- jority of cases (three exceptions) the nontranslocated flank-
entation but where the opposite occurred (see Table 2). ing segment has a positive net charge.
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Table 2. List of proteins with falsely predicted orientation

Protein Orientation N C A(C—-N) Nt Ref.
Naturally occurring proteins
Bovine lens fiber mp26 NeytCexo 0.0 +1.5 +1.5 5.0 37
Rat muscle glucose transporter NeytCexo -2.0 +1.0 +3.0 5.0 41
Mouse glycoprotein PC1 NeytCexo +1.0 +4.0 +3.0 20.0 59

Constructs translated in vitro

Influenza neuraminidase A NA23-122  N¢yCexo
Human transferrin receptor H30 NeytCexo
Human transferrin receptor H8 NeytCexo
Human transferrin receptor p26 NeyiCexo

+2.0 +3.5 +1.5 2.0 57
+1.0 +1.5 +0.5 20.5 69
-25 +1.0 +3.5 18.0 69
-4.0 +2.0 +6.0 17.5 69

A total of 126 proteins, natural and artificial, were analyzed according to the charge-difference rule
as explained in Table 1 for naturally occurring ones (for refs. see Table 1 and Fig. 2). The 7 proteins
listed do not fit the rule. N, gives the total number of charged residues in the N-terminal sequence

preceding the first membrane anchor.

There are two mechanistic models that could explain the
role of a charge difference in determining the topology (Fig.
1). According to a ‘‘dipole moment’’ theory (74), the N-
terminal sequence as it emerges from the ribosome and is
brought to the ER membrane (by SRP; ref. 75) would
‘“‘sense’’ an electrochemical potential, cytoplasmic face neg-
ative. Such a potential could be due either to a local electric
potential across the ER membrane produced by membrane
proteins (a in Fig. 1) or to a local concentration of negative
charges, such as phospholipid head groups, on the cytoplas-
mic surface. A bulk electrical potential is unlikely to be of
importance since ionophores do not have an effect on the in
vitro insertion of membrane proteins into microsomes (refs.
76 and 77; unpublished observations). The actual insertion
process could be aided by ER proteins (78). In any case, the
dipole across the first hydrophobic segment would cause
membrane insertion so as to have the positive pole facing the
cytosol.

An alternative model assumes a competition between
translocation competence of the segments at both sides of the
N-terminal signal-anchor sequence (b in Fig. 1). The more
positively charged segment will be more difficult to translo-
cate across the membrane, perhaps because of binding to a
negatively charged partner, and the signal sequence will
orient accordingly. Other features of the protein may also
contribute to the translocation competence of the flanking
regions. One important factor may be the total number of
charged residues that would have to be transferred across the
membrane. Indeed, comparing proteins with about equal
lengths of N-terminal flanking regions, we found a maximum
of 11 total translocated charges for the NexoCey: cases and up
to 20.5 total charges for the Ny Cex, cases. It is remarkable
that among the seven N.yCey, proteins that are predicted to
have the opposite orientation by the charge-difference rule,
there are four cases where there are 17.5 or more total
charges at the N terminus, a fact that could explain why they
are not translocated (Table 2).

Another aspect that has been neglected by applying the
charge-difference rule is the possible involvement of protein
folding. Folding of the N-terminal flanking region is likely to
prevent its translocation across the membrane, but it is not
obvious why folding in the exceptional cases (Table 2) would
be different from the majority of proteins.

Whatever the model, it is assumed that in multispanning
proteins, the second helix would insert with an orientation
opposite to that of the first, and so on with the subsequent
transmembrane helices (Fig. 1). As discussed above and in
Fig. 1, our model proposes that the signal-anchor sequence
inserts directly in the ER membrane with its final orientation.
There is no need to postulate, as did Monier et al. (8) that the
signal-anchor inserts initially in an N,Ce, orientation and
then ““flips’” to an NeyoCey: topology.

Cleaved signal sequences are generally thought to insert
into the ER membrane with the ‘‘default” N_yC.x, orienta-
tion—the loop model for signal-sequence insertion (79, 80).
Our charge-difference rule was developed to explain the
orientation of signal sequences that contain a sufficient
number of hydrophobic residues to span the lipid bilayer. We
did test the charge-difference rule on a set of 200 randomly
selected proteins with cleavable signal peptides. In 149 cases
the signal sequence was identified as a membrane anchor by
the computer algorithms used (see Table 1), although in the
majority of cases the hydrophobic segment was shorter than
the average for the integral membrane proteins. The charge-
difference rule predicted for all but 19 proteins an Ny Cexo
orientation. There were also 17 cases where the calculated
charge difference was <0.5. Importantly, the percentage of
errors was much smaller when only signal sequences with
long predicted ‘‘transmembrane’’ segments (21 residues)
were taken into account (3 incorrectly predicted orientations
out of 38). Most cleaved N-terminal signals are preceded by
a positively charged N terminus, as was previously noted by
von Heijne (81) for this N,C.x, orientation.

Our analysis has not considered bacterial proteins, since
the mechanism of membrane insertion may be different from
that in eukaryotes and may involve prior folding of the
polypeptide chain and an electrochemical membrane poten-
tial (82-84). Nevertheless it appears that the charge-
difference rule may also be applicable to prokaryotic secre-
tory proteins. von Heijne (81) has noted that the hydrophobic
region of bacterial signal sequences is generally preceded by
positive charges and succeeded by a region containing an
abundance of negative charges. Furthermore, when positive
charges were engineered into the mature region of alkaline
phosphatase, the protein was not properly translocated and
was presumed to adopt the reverse orientation (31).

We thank David Bauer for help with the computing, Miriam
Boucher for administrative assistance, and many colleagues in the
United States and Germany for helpful discussions. H.F.L. was
supported by National Institutes of Health Grant GM35012 and by
the MIT Biotechnology Process Engineering Center (National Sci-
ence Foundation Grant CDR88-03014).

Rapoport, T. A. (1986) CRC Crit. Rev. Biochem. 20, 73-137.

Wickner, W. T. & Lodish, H. F. (1985) Science 230, 400—407.

Rapoport, T. A. (1985) FEBS Lett. 187, 1-10.

Wessels, H. P. & Spiess, M. (1988) Cell 55, 61-70.

Haeuptle, M. T., Flint, N., Gough, N. M. & Dobberstein, B. (1989)

J. Cell Biol. 108, 1227-1236.

Szczesna-Skorupa, E., Brown, N., Mead, D. & Kemper, B. (1988)

Proc. Natl. Acad. Sci. USA 85, 738-742.

7. Szczesna-Skorupa, E. & Kemper, B. (1989) J. Cell Biol. 108,
1237-1243.

8. Monier, S., Van Luc, P., Kreibich, G., Sabatini, D. D. & Adesnik,

M. (1988) J. Cell Biol. 107, 457-470.

bbbl S

o



5790

10.
11.

12.

13.
14.
15.
16.
17.
18.

19.
20.

21.

2.
2.

25.
26.

27.

29.
30.
31
32.
33.

35.
36.

37.
38.

39.

41.

42.

Biochemistry: Hartmann et al.

Dixon, R. A. F., Kobilka, B. K., Strader, D. J., Benovic, J. L.,
Dohlman, H. G., Frielle, T., Bolanowski, M. A., Bennett, C. D.,
Rands, E., Diehl, R. E., Mumford, R. A., Slater, E. E., Sigal,I. S.,
Caron, M. G., Lefkowitz, R. J. & Strader, C. D. (1986) Nature
(London) 321, 75-79.

Williams, M. A. & Lamb, R. A. (1986) Mol. Cell. Biol. 6, 4317-
4328.

Kobilka, B., Matsui, T. S., Kobilka, T. L., Yang-Feng, T. L.,
Francke, U., Caron, M. G., Lefkowitz, R. L. & Regan, J. W. (1987)
Science 238, 650-656.

Frielle, T., Collins, S., Daniel, K. W., Caron, M. G., Lefkowitz,
R.J. & Kobilka, B. K. (1987) Proc. Natl. Acad. Sci. USA 84,
7920-7924.

Schofield, P. R., Rhee, L. M. & Peralta, E. G. (1987) Nucleic Acids
Res. 15, 3636-363e.

Masu, Y., Nakayama, K., Tamaki, H., Harada, Y., Motoy, K. &
Nakanishi, S. (1987) Nature (London) 329, 836-838.

Julius, D., McDermott, A. B., Axel, R. & Jessell, T. M. (1988)
Science 241, 558-564.

Bonner, T. 1., Buckley, N. J., Young, A. C. & Brann, M. R. (1987)
Science 2317, 527-532.

Nakayama, N., Miyajama, A. & Arai, K. (1985) EMBO J. 4,
2643-2648.

Hagen, D. C., McCaffrey, G. & Sprague, G. F., Jr. (1986) Proc.
Natl. Acad. Sci. USA 83, 1418-1422.

Ovchinnikov, Y. A. (1982) FEBS Lett. 148, 179-191.

O’Tousa, J. E., Baehr, W., Martin, R. L., Hirsh, J., Pak, W. L. &
Applebury, M. L. (1985) Cell 40, 839-850.

Nathans, J., Thomas, D. & Hogness, D. S. (1986) Science 232,
193-202.

Machamer, C. E. & Rose, J. K. (1987) J. Cell. Biol. 105, 1205-1214.
Porter, T. D. & Kasper, C. B. (1985) Proc. Natl. Acad. Sci. USA
82, 973-977.

Katagari, M., Murakami, H., Yabusaki, Y., Sugiyama, T., Oka-
moto, M., Yamano, T. & Ohkawa, H. (1986) J. Biochem. (Tokyo)
100, 949-954.

High, S. & Tanner, M. J. A. (1987) Biochem. J. 243, 277-280.
Lamb, R. A., Zebedee, S. L. & Richardson, C. D. (1985) Cell 40,
627-633.

Nelson, D. R. & Strobel, H. W. (1988) J. Biol. Chem. 263, 6038—
6050.

Beaune, P. H., Umbenhauer, D. R., Bork, R. W, Lloyd, R. S. &
Guengerich, F. P. (1986) Proc. Natl. Acad. Sci. USA 83, 8064-8068.
Kagawa, N., Mihara, K. & Sato, R. (1987) J. Biochem. (Tokyo) 101,
1471-1479.

Fujii-Kuriyama, Y., Mizukami, Y., Kawajiri, K., Sogava, K. &
Muramatsu, M. (1982) Proc. Natl. Acad. Sci. USA 719, 2793-2797.
Li, P., Beckwith, J. & Inouye, H. (1988) Proc. Natl. Acad. Sci. USA
85, 7685-7689.

Chen, C., Chin, J. E., Uedea, K., Clark, D. P., Pastan, I., Gottes-
mann, M. M. & Roninson, 1. B. (1986) Cell 47, 381-389.

Kopito, R. R. & Lodish, H. F. (1985) Nature (London) 316, 234—
238.

Noda, M., Ikada, T., Kayano, T., Suzuki, H., Takeshima, H.,
Kurasaki, M., Takahashi, H. & Numa, S. (1986) Nature (London)
320, 188-192.

Kayano, T., Noda, M., Flockerzi, V., Takahashi, H. & Numa, S.
(1988) FEBS Lett. 228, 187-194.

Ovchinnikov, Y. A., Arzamazova, N. M., Arystarkhova, E. A.,
Gevondyan, N. M., Aldanova, N. A. & Modyanov, N. N. (1987)
LEBS Lett. 217, 269-274.

Gorin, M. B., Yancey, S. B., Cline, J., Revel, J. P. & Horwitz, J.
(1984) Cell 39, 49-59.

Mueckler, M., Caruso, C., Baldwin, S. A., Panico, M., Blench, I.,
Morris, H. R., Allard, W. J., Lienhard, G. E. & Lodish, H. F.
(1985) Science 299, 941-945.

Birnbaum, M. J., Haspel, H. C. & Rosen, O. M. (1986) Proc. Natl.
Acad. Sci. USA 83, 5784-5788.

Thorens, B., Sarkar, H. K., Kaback, H. R. & Lodish, H. F. (1988)
Cell 55, 281-290.

Charron, M. J., Brosius, F. C., IIl, Alper, S. L. & Lodish, H. F.
(1989) Proc. Natl. Acad. Sci. USA 86, 2535-2539.

Alper, S. L., Kopito, R. R., Libresco, S. M. & Lodish, H. F. (1988)
J. Biol. Chem. 263, 17092-17099.

43.

49.
50.
51.

52.

53.
54.
55.
56.
57.
58.

59.

61.

62.
63.

65.
67.
69.
70.

71.
72.

73.
74.

75.
76.
71.

78.
7.

81.
83.

Proc. Natl. Acad. Sci. USA 86 (1989)

Demuth, D. R., Showe, L. C., Ballantine, M., Palumbo, A., Fraser,
P. J., Cioe, L., Rovera, G. & Curtis, P. J. (1986) EMBO J. 5,
1205-1214.

Schneider, C., Owen, M. J., Banville, D. & Williams, J. G. (1984)
Nature (London) 311, 675-678.

Spiess, M., Schwartz, A. L. & Lodish, H. F. (1985) J. Biol. Chem.
260, 1979-1982.

Spiess, M. & Lodish, H. F. (1985) Proc. Natl. Acad. Sci. USA 82,
6465-6469.

Strubin, M., Mach, B. & Long, E. O. (1984) EMBO J. 3, 869-872.
Ikuta, K., Takami, M., Kim, C. W., Honjo, T., Miyoshi, T.,
Tagaya, Y., Kawabe, T. & Yodoi, J. (1987) Proc. Natl. Acad. Sci.
USA 84, 819-823.

Sharper, N. L., Hollis, F. G., Douglas, J. G., Kirsch, I. R. &
Shaper, J. H. (1988) J. Biol. Chem. 263, 10420-10428.

Hunziker, W., Spiess, M., Semenza, G. & Lodish, H. F. (1986) Cell
46, 227-234.

Devault, A., Lazure, C., Nault, C., Le Moual, H., Seidah, N. G.,
Chrétien, M., Kahn, P., Powell, J., Mallet, J., Beaumont, A.,
Roques, B. P., Crine, P. & Boileau, G. (1987) EMBO J. 6, 1317~
1322.

Laperche, Y., Bulle, F., Aissani, T., Chobert, M.-N., Aggerbeck,
M., Hanoune, J. & Guellaen, G. (1986) Proc. Natl. Acad. Sci. USA
83, 937-941.

Drickamer, K., Mamon, J. F., Binns, G. & Leung, J. O. (1984) J.
Biol. Chem. 259, 770-778.

Wertz, G. W., Collins, P. L., Huang, Y., Gruber, C., Levine, S. &
Ball, L. A. (1985) Proc. Natl. Acad. Sci. USA 82, 4075-4079.
Drickamer, K. (1981) J. Biol. Chem. 256, 5827-5839.

Blok, J. & Air, G. M. (1982) Biochemistry 21, 4001-4007.

Brown, D. J., Hogue, B. G. & Nayak, D. P. (1988) J. Virol. 62,
3824-3831.

Weinstein, J., Lee, E. U., McEntee, K., Lai, P.-H. & Paulson, J. C.
(1987) J. Biol. Chem. 262, 17735-17743.

van Driel, 1. R. & Goding, J. W. (1987) J. Biol. Chem. 262,
4882-4887.

Malfroy, B., Kuang, W.-J., Seeburg, P. H., Mason, A. J. & Scho-
field, P. R. (1988) FEBS Lett. 229, 206-210.

Olson, J., Cowell, G. M., Konigshofer, E., Danielsen, E. M.,
Moller, J., Laustsen, L., Hansen, O. C., Welinder, K. G., Engberg,
J., Hunziker, W., Spiess, M., Sjostrom, H. & Noren, O. (1988)
FEBS Lett. 238, 307-314.

Eisenberg, D., Schwarz, E., Komaromy, M. & Wall, R. (1984) J.
Mol. Biol. 179, 125-142.

Klein, P., Kanehisa, M. & DeLisi, C. (1985) Biochim. Biophys. Acta
815, 468-476.

Rao, M. J. K. & Argos, P. (1986) Biochim. Biophys. Acta 869,
197-214.

Kyte, J. & Doolitle, R. F. (1982) J. Mol. Biol. 57, 105-132.
Spiess, M. & Lodish, H. F. (1986) Cell 44, 177-185.

Lipp, J. & Dobberstein, B. (1986) Cell 46, 1103-1112.

Zerial, M., Melancon, P., Schneider, C. & Garoff, H. (1986) EMBO
J. 5, 1543-1550.

Zerial, M., Huylebroeck, D. & Garoff, H. (1987) Cell 48, 147-155.
Hull, D. J., Gilmore, R. & Lamb, R. A. (1988) J. Cell Biol. 106,
1489-1498.

Sakaguchi, M., Mihara, K. & Sato, R. (1987) EMBOJ. 6,2425-2431.
Shaw, A. S., Rottier, P. J. M. & Rose, J. K. (1988) Proc. Natl.
Acad. Sci. USA 85, 7592-7596.

von Heijne, G. & Gavel, Y. (1988) Eur. J. Biochem. 174, 671-678.
Weinstein, J. N., Blumenthal, R., van Renswoude, J., Kempf, C. &
Klausner, R. D. (1982) J. Membr. Biol. 66, 203-212.

Walter, P. & Blobel, G. (1981) J. Cell Biol. 91, 557-561.

Waters, M. G. & Blobel, G. (1986) J. Cell Biol. 102, 1543-1550.
Mueckler, M. & Lodish, H. F. (1986) Nature (London) 322, 549-
552.

Blobel, G. & Dobberstein, B. (1975) J. Cell Biol. 67, 835-851.
Inouye, M. & Halegoua, S. (1980) CRC Crit. Rev. Biochem. 17,
339-371.

Shaw, A. S., Rottier, P. J. M. & Rose, J. K. (1988) Proc. Natl.
Acad. Sci. USA 85, 7592-75%6.

von Heijne, G. (1984) EMBO J. 3, 2315-2318.

Randall, L. L. & Hardy, S. J. S. (1986) Cell 46, 921-928.
Watanabe, M., Hunt, J. F. & Blobel, G. (1986) Nature (London)
323, 71-73.

Date, T., Goodman, J. M. & Wickner, W. T. (1980) Proc. Natl.
Acad. Sci. USA 77, 4669—-4673.



