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The vast majority of eukaryotic integral transmembrane
(TM)1 proteins are co-translationally inserted into the membrane of the endoplasmic reticulum (ER) in a signal recognition
particle (SRP)-dependent manner. Insertion occurs by lateral
translocation of the TM segments from the translocon complex
into the lipid bilayer (1–3). With few known exceptions (4, 5),
this results in a unique topology, determined during this insertion process by interaction between topogenic signals within
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the nascent protein and response mechanisms that are, at best,
only partially understood.
TM proteins with single TM segments may be classified
according to the initial location of their N terminus and the
presence or absence of a cleaved N-terminal signal sequence.
Type I TM proteins have a cleaved N-terminal signal sequence
followed by a TM anchor (stop transfer) segment, and so they
are are initially inserted Ncyt, although the mature N terminus
is Nexo. Type II proteins contain an uncleaved signal/anchor
sequence resulting in an Ncyt orientation, whereas Type III
proteins are unique in being inserted Nexo, so that the native N
terminus is translocated to the lumen. TM segments, including
uncleaved signal-anchor segments, usually comprise a stretch
of 18 or more generally hydrophobic residues, whereas the
hydrophobic segment of cleaved signal sequences is distinctly
shorter (7–15 residues) and is usually preceded by a short,
positively charged N-terminal segment (6).
The signals determining TM protein insertion orientation
have been extensively studied in prokaryotes, primarily by
mutational analysis of leader peptidase (7, 8). The primary
signal is provided by positively charged residues adjacent to
the TM segment; the terminus with adjacent positive charges is
normally retained in the cytoplasm, a pattern codified in the
“positive inside rule” (9). A major determinant of this pattern is
the prokaryotic negative-inside transmembrane potential (10).
The presence of several positive charges on both sides of a TM
segment can prevent insertion, causing “topological frustration” (11), although it has recently been shown that reducing
the anionic phospholipid content of the Escherichia coli cytoplasmic membrane facilitates translocation of positive charges
in E. coli (12). Although the positive inside rule discounts the
importance of negatively charged residues (8), negative charges
in the short N terminus of the 44-residue phage pf3 coat protein
do promote its translocation (13).
Proteins are translocated by several mechanisms in both
prokaryotes and eukaryotes. Some prokaryotic proteins require
the Sec pathway defined by sec genes, others do not, and TM
segments of the same protein can belong to both groups (7).
Exofacial N termini, as in the pf3 coat protein, belong to the
Sec-independent group (14). If the topogenic effects of both
transmembrane potential and lipid composition result from
purely electrostatic interaction with charges in translocated
proteins, these effects may be independent of the translocation
mechanism. A minority of proteins in yeast are preferentially
translocated at the ER by the SRP-independent post-translational pathway. The known substrates are secreted proteins
with signal sequences of unusually low hydrophobicity or Type
I TM proteins with weakly hydrophobic N-terminal signal segments, such as Kex2p (15). All other TM proteins, including all
of the variants of the model proteins described in this paper,
are predicted to be preferentially translocated by the SRP-de-
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The determinants of transmembrane protein insertion orientation at the endoplasmic reticulum have been
investigated in Saccharomyces cerevisiae using variants
of a Type III (naturally exofacial N terminus (Nexo))
transmembrane fusion protein derived from the N terminus of Ste2p, the a-factor receptor. Small positive and
negative charges adjacent to the transmembrane segment had equal and opposite effects on orientation, and
this effect was independent of N- or C-terminal location,
consistent with a purely electrostatic interaction with
response mechanisms. A 3:1 bias toward Nexo insertion,
observed in the absence of a charge difference, was
shown to reflect the Nexo bias conferred by longer transmembrane segments. Orientation correlated best with
total hydrophobicity rather than length, but it was also
strongly affected by the distribution of hydrophobicity
within the transmembrane segment. The most hydrophobic terminus was preferentially translocated. Insertion orientation thus depends on integration of responses to at least three parameters: charge difference
across a transmembrane segment, its total hydrophobicity, and its hydrophobicity gradient. Relative signal
strengths were estimated, and consequences for topology prediction are discussed. Responses to transmembrane sequence may depend on protein-translocon interactions, but responses to charge difference may be
mediated by the electrostatic field provided by anionic
phospholipids.
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confirm this bias and indicate that neither the 51-residue
N-terminal segment nor the C-terminal reporter affect this
charge-independent bias, the cause of which, therefore, probably lies in the TM segment itself. In vitro studies of a TM
protein with a very short N-terminal domain and an oligoleucine TM segment showed that a longer TM segment favors
Nexo insertion, whereas a short segment favors Ncyt insertion
(25). In a mutant H1 receptor subunit in which the N-terminal
domain was reduced to 4 residues, but in which the 23 charge
difference and the normal Ncyt orientation were retained (18),
orientation was normal when the TM segment was replaced by
7–16 leucines but was partially reversed when this was increased to 19 or more leucines (26). With a charge difference of
22, topology remained predominantly Ncyt with 7–13 leucines
but was almost completely reversed in constructs with 19 –25
leucines (26). Topogenic effects of TM segment length, therefore, can override a small charge difference signal. No studies
have been reported in the absence of a charged topogenic signal
or that distinguish effects of length from those of total hydrophobicity. We have now shown that TM segment hydrophobicity (rather than length) is largely responsible for the observed
charge-independent bias in orientation of our model Type III
proteins and have deduced an estimate of relative signal
strengths. We also find that the distribution (gradient) of hydrophobicity within the TM segment is a previously unidentified and significant determinant of orientation that could not
have been detected in analyses of homopolymeric TM segments
(25, 26). The consequences for topology prediction are discussed.
MATERIALS AND METHODS

Strains, Reagents, and Assays—All DNA manipulations were performed using the E. coli strain DH5a (supE44D lacU169(f80 lacZDM15)
hsdR17 recA1 endA1 gyrA96 thi-1 relA1). Most fusion proteins were
expressed in Saccharomyces cerevisiae strain CRY2A, a derivative of
strain CRY2 (MATa ura3–1 leu2–3,112 trp1–1 his3–11 ade2 can1–100 )
(27), in which ER-KEX2 (28), under control of the PGK promoter, is
integrated at his3–11. Many strains were also expressed in the isogenic
MATa strain CRY1 (27) grown under Leu selection to ensure retention
of the episomal YEp(LEU2)ER-KEX2 plasmid (28), in which ER-KEX2
is expressed from the KEX2 promoter. Cell fractionation, b-lactamase
activity assays, and Western blots using anti-b-lactamase sera or antisera to the Ste2p N terminus were performed as described previously
(24). Insertion orientation, expressed as %Ncyt, was deduced from b-lactamase activity distribution in strain CRY2A, where Asec 5 the fraction
of total activity secreted and Aca 5 the fraction cell-associated (Asec 1
Aca 5 1), using the formula %Ncyt 5 100(Asec/0.85)/2(Aca 2 0.15Asec).
This is based on half-lives of 4 and 8 h for Aca and Asec activities,
respectively, and the observation that 15% of secreted activity is cellassociated by virtue of being bound to the cell wall or in transit (see
under “Results”). This is a revised form of the formula previously used
(24) incorporating significantly smaller correction factors. Antibody to
Ost1p was kindly provided by Dr. Reid Gilmore.
DNA Manipulations - Construction of Charge Mutants—Constructs
S79g-PB and S42-l, m, n, o, p, q, r, and s have been previously described
(24) and are renamed as constructs 5, 6, 10, 20, 4, 9, 23, 24, and 27,
respectively. The Ste2p fragments in all S42 and S79 constructs are
bounded by N-terminal XhoI and C-terminal PstI sites and contain an
NdeI site near the center of TM1. The interchangeable P or a fragments
of the reporter are bounded by PstI and MscI sites. (24). All of these
sites and a vector AatII site are unique and were used to interchange
these fragments in many of the constructs described here. The sequences of all products were confirmed.
All new constructs were derived from S42h-PB (24), used as template
in a PCR with the N-terminal primer 59-GGGCTCGAGAATGAACRACCAGTTGCAAGGTTTAGTTAAC (where R 5 A or G) and Cterminal primer 59-GAGTATGGCTGCAGTCGG, producing a mixed
pool of 120-bp products. These were cut with XhoI 1 PstI (sites underlined) and cloned into a YEp-LEU2 derivative of S79a-PB (24) also cut
with XhoI 1 PstI, producing S42-PB construct 1. In all S42 fusions, the
Ste2p TM1 segment is preceded by a 15-residue N-terminal sequence
that varies only in residues 2– 4; in construct 1, residues 1– 4 are
MNNQ. In all fusions, the segment 3– 6 residues downstream of TM1
comprises the variable C-terminal component. In construct 1, this se-
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pendent pathway (15). As for prokaryotes, mechanisms for
response to charged topogenic signals in eukaryotes may be
independent of the pathway.
Although the positive inside pattern also tends to be true for
eukaryotic TM proteins of known topology, statistical analysis
showed a better correlation with the charge difference across a
TM segment, calculated for an arbitrary window of 15 residues
on either side (16), and a much greater tolerance for translocation of positive charges is apparent. Positive values for
D(C 2 N), the difference between C-terminal and N-terminal
charges, correlate with Nexo orientation, and negative values
correlate with Ncyt orientation. A bias toward Nexo insertion is
seen when D(C 2 N) is zero (16). This “charge difference rule”
differs from the positive inside rule by giving positive and
negative charges equal weight. There is no detectable pH gradient at the ER to respond to this signal. The implied difference
in response, therefore, may reflect differences in the mechanisms determining orientation. Results of a limited in vitro
analysis of the effects of altering flanking charge on the topology of cytochrome P450, a Type III protein with a very short
N-terminal segment, were consistent with this charge difference rule (17), whereas in vivo analyses of the asialoglycoprotein receptor subunit H1 and paramyxovirus hemagluttininneuraminidase (HN), both Type II TM proteins, were
interpreted as indicating compliance with the positive inside
rule, with a dominant effect for N-terminal charge (18 –20).
More recently, however, it has become apparent that Type II
proteins with N termini of significant length may be poor
models for tests of topogenic signals because, even in cotranslational translocation, there are no necessary constraints
on folding in this N-terminal segment prior to engagement of
the first TM segment with the SRP complex. Stable folding can
be a strong impediment to reversal of orientation, providing an
Ncyt bias, as shown for variants of the asialoglycoprotein receptor (21). In contrast, cytoplasmic folding stability in the Nterminal segment of a Type III protein must be constrained to
allow its subsequent translocation; use of such a protein in
analysis of topogenic signals should avoid the bias inherent in
many Type II proteins.
G protein-coupled receptors have an exofacial (Nexo) N terminus and seven TM segments, so that ER insertion of their
first TM segment is topologically equivalent to insertion of a
Type III protein. This is true however, only if the N-terminal
segment is less than about 100 residues. Above this size limit,
an N-terminal signal is employed and insertion is analogous to
that of a Type I protein (22). We have constructed model fusion
proteins (see Fig. 1) based on N-terminal fragments of Ste2p,
the yeast G protein-coupled a-factor pheromone receptor,
which has typical topology and an Nexo 51-residue N terminus
(23). The effects of alterations in flanking charge on insertion
orientation of the first TM segment (TM1) of Ste2p in these
fusions was found to be entirely consistent with the charge
difference rule (24). Although these results indicated that Nterminal negative charges provide strong topogenic signals, the
relative strength of positive and negative charges was not
determined, and their effectiveness in N- and C-terminal location, relative to the TM segment, was not compared. We have
now compared the topogenic effects of small N- and C-terminal
positive and negative charges, the first such analysis in any
model system. An improved assay procedure increases the precision of our in vivo orientation analysis. Precise equivalence of
charges, independent of polarity and location, i.e. strict compliance with the charge difference rule, was demonstrated.
Earlier data also indicated that our model fusion proteins
had a charge-independent bias toward Nexo insertion of about
3:1 in the absence of any charge difference (24). Current data
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quence is RTRK. Construct 1 was cut with NdeI 1 AatII and the
4146-bp fragment containing LEU2 and the Ste2p N-terminal sequence
was ligated to a 2905-bp NdeI 1 AatII fragment derived from S79b-aB
(24). The product, S42-aB construct 21, has the N-terminal MNNQ
sequence and the C-terminal TTTT sequence. The 4146-bp NdeI 1
AatII fragment from construct 21 containing the Ste2p N-terminal
MNNQ sequence and the LEU2 marker was ligated with the 2905-bp
NdeI 1 AatII fragment from S79f-PB (24) encoding the C-terminal
sequence TTRT producing S42-aB construct 11. Construct 21 was used
as a template, with the N-terminal degenerate primer 59-GGGCTCGAGAATGAACRACCAGTTGCAAGGTTTAGTTAAC (where R 5 A or
G) and the C-terminal primer 59-GGGCTGCAGTCGGGTCTGTTGTGCTTGTCGATGTC to generate a mixed pool of ;120-bp PCR products,
which were cut with XhoI 1 PstI and recloned into the corresponding
sites of construct 21. Sequence analysis identified construct 28 in which
the C-terminal amino acid sequence has been mutated to TTTD.
Primers 59-GGGCTGCAGTCGGGTCTGTTGTGCTTGTCGATGTC
and 59-GGGCTCGAGAATGAACGACCAGTTGCAAGGTTTAGTTAAC
were used in a PCR with construct 28 as a template to produce a 120-bp
product. This was cut with XhoI 1 PstI and cloned into construct 28.
The resultant constructs 25 and 26 have the MNDD N-terminal and
TTTD C-terminal sequences. Constructs 11 and 25 were cut with NdeI
1 AatII. The 4146-bp fragment from 25 encoding the N-terminal sequence MNDQ was ligated to the 2905-bp fragment from 11 encoding a
C-terminal TTRT fragment, resulting in constructs 7 and 8. Constructs
13 and 14, 2, 3, and 15 were made using a similar strategy; the
N/C-terminal sequences flanking the Ste2p TM1 segment are MNDQ/
TTTT, MNDQ/TTRK, MDNE/TTRT, and MDNE/TTDT, respectively.
S72 and S60 derivatives—The N-terminal primer 59-GGGCTCGAGCATGAACCAGTTGCAAGGTTTAGTTAACACTAGTGTTACTCAGGCCATTATG and the C-terminal primer 59-GGGCTGCAGTCGTTGTTGTGCTTGTCGACGACATCCACATGACATTC were used with construct
21 as template to produce a 120-bp product, which was cloned as a XhoI
to PstI fragment into construct 21 producing construct 22. The sequence
at the XhoI site is modified such that the neutral SSS tripeptide is in
frame with the downstream initiator M residue. S79g-PB was used as a
template for PCR using primers 59-GGGCTCGAGAATGRATCCAACGTATAATCCTGG and 59-GGGGTCGACGAAGTGATGGTAGATCCATTC (where R 5 A or G). The 94-bp PCR products were digested with
XhoI 1 SalI and cloned into construct 22 digested with XhoI. Constructs 16 and 17, which encode S72 derivatives of Ste2p with extended
N-terminal sequences (Fig. 1), were identified by sequence analysis.
The complementary oligonucleotides 59-TCGAGAATGRATCCAACGTATAATCCTGGTACCAGCACCATTAACTACCAGTCG and 59-TCGACGACTGGTAGTTAATGGTGCTGGTACCAGGATTATACGTTGGATYCATTC (where R 5 A or G and Y 5 T or C) were annealed to generate

XhoI and SalI sticky ends. This linker was ligated into construct 22 cut
with XhoI. The resultant constructs, 18 and 19, encode S60 Ste2p derivatives with an extended neutral non-glycosylated N terminus (Fig. 1).
TM1 Domain Derivatives of S60-PB—All TM1 domain derivatives are
based on the S60-n20 construct 18. The 20-residue TM1 segment of
Ste2p encoded by S60-n20 was initially truncated by cutting construct
18 with SpeI 1 NdeI and ligation with linkers produced by annealing
oligonucleotide pairs 59-CTAGTACTCAGAGCA 1 59-TATGCTCTGAGTA and 59-CTAGTACTTTCGGTGTCA 1 59-TATGACACCGAAAGTA.
The resultant constructs, S60-n14 and S60-n17, respectively, were initially identified by the presence of an additional ScaI site. S60-n20 was
cut with SpeI 1 SalI and ligated with the linker formed by annealing
oligonucleotides 59-CTAGTCTGCTAGCTTTGACTTTGATTGTCATGTGGATGTCG and 59-TCGACGACATCCACATGACAATCAAAGTCAAAGCTAGCAGA. The product, S60-n11, was initially identified by its
unique NheI site (underlined). Leucine residues were added to the N
terminus of the TM1 segment in S60-n11 by cutting with SpeI 1 NheI
and ligating with linkers produced by annealing oligonucleotide pairs
59-CTAGTACTCTGTTGCTACTG 1 59-CTAGCAGTAGCAACAGAGTA
and 59-CTAGTACTCTCCTACTGTTGCTACTG 1 59-CTAGCAGTAGCAACAGTAGGAGAGTA. The resultant plasmids are S60-L3-n11 and
S60-L5-n11, respectively. To move the L5 peptide from the N terminus
to the C terminus of S60-n11, S60-n11 was used as template in a PCR
with the primers 59-TCGAGAATGGATCCAACG and 59-GGGGTCGACAGGAGTAGGAGCAGCATCCACATGACAATCAAAG. The resultant
product was digested with BamHI 1 SalI and ligated into the corresponding sites of S60-n20, producing S60-n11-L5. The oligonucleotides
59-GGGACTAGTGTTACTCAGATCGCAATCATCTTACTTTTA and 59GGGGTCGACGTCATACTATATGCCAGGGC were used in a PCR to
produce a 90-bp product encoding the TM1 segment from NDV HN (29).
This PCR product was cut with SpeI 1 SalI and ligated into the
corresponding sites of S60-n20, producing S60-HN. Reversal of the HN
TM segment was achieved by ligating the same S60-n20 fragment with
the SpeI to SalI linker produced by annealing and ligating two oligonucleotides pairs, 59-CTAGTGTTACTCAGATGAGCTACGCCCTGGCCGCCGCCT 1 59-GGCGATGGAGGCGGCGGCCAGGGCGTAGCTCATCTGAGTAACA and 59-CCATCGCCTTGACCATGGTTACTCTGCTGCTGATCGCCATCACG 1 59-CCATCGCCTTGACCATGGTTACTCTGCTGCTGATCGCCATCACG. The product is S60-HNrev.
RESULTS

An Improved in Vivo Assay for Protein Insertion Orientation—S79-PB is a chimeric model Type III TM protein (Fig. 1),
the derivatives of which, expressed from the PGK promoter on
multicopy YEp plasmids, have previously been used to analyze
topogenic signals determining insertion orientation in S. cerevisiae (24). S79 is the N-terminal 79 residues of Ste2p, including the 51-residue exofacial N-terminal segment, the 20-residue TM1, and the 8-residue first cytoplasmic loop (Fig. 1). It is
fused at its C terminus to PB or aB, reporters of insertion
orientation. P is a 59-residue fragment of the precursor of
secreted K1 killer toxin (Fig. 1) (30), including two sites efficiently cleaved by Kex2p, a TM protease, the activity of which
is normally limited to the lumen of the trans-Golgi (31). B is the
mature form of b-lactamase encoded by the E. coli bla gene.
b-Lactamase is fully active in yeast in cytoplasmic fusions, in
cell-associated TM fusions, or when secreted (30). In aB, P is
replaced by a, a 31-residue fragment of prepro-a-factor that
also includes a site efficiently cleaved by Kex2p (Fig. 1) (24). In
principle, therefore, orientation of Ste2p-b-lactamase fusions
can be deduced from the ratio of cell-associated activity, due to
intact fusions inserted Nexo and secreted activity due to fusions
inserted Ncyt and processed by Kex2p. Cell-associated materials are also routinely monitored for membrane insertion and
N-glycosylation by Western blot of membrane fractions, using
anti-b-lactamase antibody. If fusions have the predicted size,
behave as integral membrane proteins, and have the predicted
patterns of N-glycosylation (Fig. 1), this provides independent
evidence of insertion orientation (24).
Processing of Ncyt fusions by Kex2p normally requires their
transport from the ER to the trans-Golgi. Because exit of abnormal TM proteins from the ER may be delayed, we previ-
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FIG. 1. Model Type III TM fusion proteins. Charged residues in
these Ste2p-b-lactamase fusions are shown in boldface, and Asn residues that are known to be N-glycosylated, when luminal, are outlined.
Unless otherwise indicated, all fusions contain TM1, the 20-residue
Ste2p first transmembrane segment in which the seventh residue, Arg
in native Ste2p, has been mutated to Ile (R58I). Each protein is made up
of TM1 flanked by one of the indicated N-terminal sequences and
variants of the 8-residue Ste2p first cytoplasmic loop. This is followed
by the PB or aB reporter in which B is b-lactamase (bla), the mature
29-kDa b-lactamase sequence. ● indicates the junctions between Ste2p,
P, or a- and b-lactamase fusion components, and the * indicates potential sites of processing by Kex2p. The 15 flanking residues that contribute to the calculated D(C 2 N) signal are underlined. N-terminal
charges are varied in residues 2– 4 of S42 fusions. C-terminal charges
are varied only in the RSRK sequence within the Ste2p loop preceding
PB or aB by conversion of the positively charged residues to Thr or Asp.
The sequences shown preceding PB and aB illustrate the widest variation in C-terminal charge among analyzed fusions.
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C. A. Harley and D. J. Tipper, unpublished observations.

strain CRY1, are included for comparison. These data showed
the same pattern as those derived from strain CRY2A.
Cell-associated species were analyzed for membrane association by Western blot analysis using anti-b-lactamase antibody. Low speed supernatants from cell breakage were fractionated into 148,000-g supernatant and pellet (membrane)
fractions, with and without prior treatment with 0.1 M carbonate buffer, pH 11.5, which solubilizes peripheral but not integral membrane proteins, or with 1% Triton X-100, which solubilizes both. Western blots of cell-associated material from
constructs 3, 28, and 2 (Fig. 2), expressed in strain CRY2A, are
shown in Fig. 3A. In each case, essentially all of the fusion
protein detected was found in the pH 11.5 pellet (Fig. 3A, lanes
3, 7, and 13) rather than in the supernatant (lanes 4, 8, and 14).
Because all were also solubilized by 1% Triton X-100 (lanes 2,
6, and 12), all are integral membrane proteins. Nexo-oriented
S42-PB fusion proteins are predicted to be 40.5-kDa integral
membrane proteins, unaffected by treatment with endoglycosidase H, because they have N-glycosylation sites only in P
(Fig. 1). This was demonstrated for all (not shown), providing
independent confirmation of orientation of this cell-associated
material. The identity of these fusions was confirmed by probing with antibody to the Ste2p N terminus, which detected the
same species in the pellet fractions, as shown for construct 2
(Fig. 3B, lane 15). The detection of the 66-kDa oligosaccharyltransferase (Ost1p) in a representative pellet fraction (Fig. 3C,
lane 17) served to demonstrate that this fraction included the
ER membrane. These blots were representative of those obtained with all of the fusions; in each case, the cell-associated
fusion protein was present exclusively as an Nexo integral
membrane protein.
In pellet fractions from cells expressing S42-PB constructs
with predominantly Ncyt insertion, uncleaved N-glycosylated
fusions can only be detected on prolonged exposure, (not
shown), consistent with efficient Kex2p cleavage in strain
CRY2A. b-Lactamase is visible as a soluble cell-associated 29kDa species in the supernatant fractions from these same cells
(Fig. 3A, lanes 6 and 8) and presumably represents Kex2pcleaved enzyme in transit. The band is relatively weak, consistent with the short half-life of about 20 min for secretion of
b-lactamase (30). The Ste2p fragment released by Kex2p action
is 8.7 kDa, detectable using antibody to the Ste2p N terminus,
as previously reported (not shown; Ref. 24).
In the four S42 constructs with zero charge difference (Fig. 2,
constructs 10 –15), this neutrality depends on balanced N- and
C-terminal charges or on balance between charges within the
N-terminal segment only. Because the effects of such charges
may vary with distance from the TM segment, some fractional
charge may remain. To eliminate such effects, we constructed
S72 fusions in which all of the N-terminal charges, apart from
the terminal methionine, were eliminated (Fig. 1). In these
neutral S72-aB fusions, the minimal separation of charge from
the TM segment is 31 residues. They had the same 25–30% Ncyt
insertion ratio as the neutral S42 constructs, independent of
the presence (construct 17) or absence (construct 16) of an Asp
residue adjacent to the N-terminal methionine (Fig. 2). Nterminal N-glycosylation sites in S72 were eliminated to allow
C-terminal glycosylation patterns to be used in orientation
analysis, producing S60-PB constructs (constructs 18 and 19).
As for S72 fusions, orientation was unaffected by a subterminal
Asp residue (not shown). Clearly, charges separated from the
TM segment by 31 neutral residues do not influence topology.
In general, orientation (%Ncyt) was consistent within each
group defined by a common charge difference (Fig. 2). Thus, a
D(C 2 N) of 12 had the same effect on orientation, independent
of whether this resulted from two N-terminal negative charges,

Downloaded from http://www.jbc.org/ at University of Massachusetts Medical Center/The Lamar Soutter Library on July 15, 2019

ously expressed all fusions in cells of yeast MATa strain CRY1
in which additional Kex2p is supplied in the form of ER-Kex2p.
ER-Kex2p is a soluble, secreted form of the protease in which
the C-terminal TM domain is replaced by an ER retention
signal (HDEL). When expressed in strain CRY1 from the weak
KEX2 promoter on a multicopy episomal plasmid (28), b-lactamase secretion efficiencies were not affected for any fusion
protein (24). However, this level of ER-Kex2p expression failed
to restore expression of a-factor in a kex2-null mutant of strain
CRY2, a MATa strain isogenic to CRY1 (27). We therefore
constructed strain CRY2A in which the ER-KEX2 gene, expressed from the PGK promoter (at least 100-fold stronger than
the KEX2 promoter (32)), is integrated at the his3–1 locus of
strain CRY2. Normal a-factor secretion was restored in the
isogenic kex2-null strain.2 Expression of secreted b-lactamase
from most fusion constructs was slightly increased in strain
CRY2A, whereas secretion from a few was more significantly
enhanced, implying inefficient translocation to the trans-Golgi.
Strain CRY2A, therefore, has been used routinely in all subsequent orientation assays.
Calculation of orientation from the ratio of secreted to cellassociated b-lactamase activity requires correction for the halflives of secreted b-lactamase and cell-associated fusion proteins. Half-lives were determined in strain CRY2A using PB
fusions expressed from the GAL1 promoter by following the
decay in activity after a shift from galactose (inducing) to
glucose (repressing) medium. The half-life of secreted activity
was 8 h in cultures buffered at pH 7. Half-lives of cell-associated Nexo fusions were significantly increased in strain CRY2A
compared with strain CRY1 (24) and were essentially identical
(4 –5 h) for multiple representatives of all of the different constructs described here. Correction also has to be applied for
secreted b-lactamase in transit or trapped in the cell wall. The
later accounts for 5– 8% of the secreted activity in both CRY1
and CRY2A strains, but activity in transit is reduced from
about 15% in CRY1 to about 10% in CRY2A. Correction factors
are, therefore, smaller in strain CRY2A (see under “Materials
and Methods”), and the precision of in vivo orientation analysis
is significantly increased relative to earlier data derived from
strain CRY1 (24). Total recovered activities varied no more
than 2-fold between constructs and were consistent with the
expected expression levels (not shown).
The Topogenic Effect of a Single Net Negative Charge Difference Is Precisely Opposite to That of a Single Net Positive
Charge Difference—We tested the effects on orientation of one
or two positive or negative charges, situated either N- or Cterminal to the TM1 segment, primarily using variants of
S42-PB or S42-aB. In these fusions, the N-terminal segment of
S79 is reduced to 15 residues (Fig. 1), and the N-terminal
methionine contributes to the net charge difference, calculated
assuming absence of N-terminal modification (see under “Discussion”). Orientation data, expressed as percentage of Ncyt
insertion, are shown in Fig. 2. Both PB and aB fusions were
analyzed for five of these fusions. No significant differences
were found, strengthening the prior conclusion (24) that these
two reporters are equivalent and both neutral with respect to
insertion orientation. Sixteen S42 constructs were expressed in
strain CRY2A, and data for strain CRY1 are also reported for
11 of these. Differences were usually small, but secreted activities were significantly higher in strain CRY2A, especially for
constructs 11 and 14, implying incomplete Kex2 processing of
these fusions in the absence of high levels of ER-Kex2p. Previously reported data for constructs 6, 10, and 20 (24), as well as
data for three new constructs (1, 21 and 22), also expressed in
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two C-terminal positive charges, or one of each. Similarly, a
D(C 2 N) of 11 had the same effect on orientation, independent of whether this resulted from a single N-terminal negative charge or a single C-terminal positive charge. A similar
conclusion can be drawn for the seven constructs with D(C 2
N) of 21, including those with single N-terminal positive or
C-terminal negative charges, and for the two constructs with
D(C 2 N) of 22. More variation was seen when D(C 2 N) was
zero, even among the S42 fusions. Modest variation between
the S42, S72, and S60 constructs, especially a small but

consistent reduction in Ncyt insertion of S60 constructs, may
be attributable to structural differences in the N-terminal
segment and was not further investigated. Overall, however,
the data indicate a strong correlation of orientation with D(C
2 N), measured over the arbitrary window of 15 residues
either side of the transmembrane segment, with equal contributions by either N- or C-terminal charges and equivalent
and opposite effects for positive and negative charges. Effects
of a small net charge difference were the same whether these
resulted from the difference between two substantial
charges, as in constructs 6, 10, and 20, or from single charges.
These results are consistent with a simple electrostatic interaction between the charged orientation signal and its receptor. The plot of %Ncyt against D(C 2 N) indicates a 50/50
distribution when D(C 2 N) is about 21 (Fig. 4). For this
particular set of model Type III transmembrane proteins,
therefore, the bias toward Nexo insertion has a strength close
to that of a net D(C 2 N) of 11. The curve is sigmoidal and
essentially symmetric about the 21 point, indicating a similar charge-independent bias at all values of the charge
difference.
Effect of TM Length and Hydrophobicity on Orientation—
Because it has recently been shown that TM segment length
and/or total hydrophobicity are important determinants of orientation (26), we studied the effects of variation in these parameters on the Nexo bias seen in our model Type III TM
proteins. We chose to study effects of variation in the TM
segment on orientation in a construct with zero charge difference, where the normal 3:1 Nexo bias is most obvious (Fig. 4).
The S60-PB construct was chosen because it is devoid of
charges that should affect orientation. Its N-terminal Met-Asp
dipeptide is separated from the TM segment by a 31-residue
neutral sequence that, like the Ste2 peptide from which it is
derived, is clearly readily translocated, because insertion is
about 80% Nexo. S60-PB should, therefore, provide a sensitive
context, lacking other known topogenic influences, for analysis
of the effects of TM segment hydrophobicity and length on
orientation. The initial PB fusion is designated S60-n20 to
indicate that it has the normal 20-residue Ste2p TM1. This TM
segment was progressively shortened by N-terminal deletions
to produce S60-n17, -n14, and -n11 PB fusions, and the TM
segment N terminus was then replaced, in the S60-n11 construct, by relatively hydrophobic Leu3 or Leu5 peptides, producing the S60-L3-n11 and S60-L5-n11 fusions. We hoped, in
this way, to distinguish between effects of length and total
hydrophobicity. The TM sequences are shown in Table I, which
also lists the molecular masses of the S60-PB constructs and
TM segment lengths and total hydrophobicities, calculated using the Kyte-Doolitle (KD) and the Goldman, Engelman, and
Steitz (GES) scales. The KD and GES scales assign different
relative hydrophobicities to certain residues. The most significant differences for the n20 TM sequence and its variants are
that Trp, Thr, Met, and Ser are relatively more hydrophobic,
and Val and Leu are less hydrophobic in the GES than in the
KD scale. Overall, the GES scale is preferred because of its
stronger experimental and theoretical basis (33).
Total recovered activities for these six constructs and halflives for the n20 and n11 constructs fell within the previously
observed range (data not shown), so that orientation data
should be of comparable accuracy. Analysis of Western blots
showed that the pellet fraction of the cell-associated activities
from the n20 to n11 series consisted, in each case, of a fusion
protein of the predicted 41– 42-kDa size (Fig. 5, lanes 1, 7, 13,
and 19), unaffected by treatment with endoglycosidase H (not
shown) and, therefore, not N-glycosylated. All proteins were
solubilized by Triton X-100 (Fig. 5, lanes 4, 10, 16, and 22).
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FIG. 2. Protein insertion orientation data for fusions with
small or zero charge differences. Construct type indicates the length
of the fragment derived from Ste2p (S79, S72, S60, or S42) and the
reporter to which it is fused (Fig. 1). The N-terminal flanking sequences
shown for S42 constructs include the N-terminal methionine and the
next three residues; the other 11 are uncharged and remain invariant
(Fig. 1). For the S79, S72, and S60 constructs, the equivalently located
residues at 215 to 212 are shown (Fig. 1). The S72 and S60 construct
N-terminal segments are uncharged except for the N-terminal residues
shown. In each case, the C-terminal flanking sequences shown are
those from 13 to 16; the rest are uncharged and remain invariant (Fig.
1). All data shown are averages from at least two independent transformants, each assayed at least three times. The variation between
experiments was less than 20% of the reported averages. Within each
group, defined by a particular net charge difference, the average %Ncyt
is recorded for the CRY2A data plus the CRY1 data for the six constructs assayed only in that strain.
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FIG. 4. Relationship of insertion orientation to charge difference. The average %Ncyt data for the constructs shown in Fig. 2 are
plotted against charge difference. Data for charge differences greater
than 2 are taken from previously published analyses (24).

Material in the pellet fraction following treatment with pH 11.5
carbonate buffer, therefore, corresponds to an integral membrane protein (Fig. 5, lanes 5, 11, 17, and 23). This fraction
comprised essentially all of the cell-associated S60-n20 and
S60-n17 fusion proteins (Fig. 5, lanes 5 and 6 and lanes 11 and
12). For the n14 and n11 fusions, however, an increasingly
strong signal was seen in the supernatant fraction (Fig. 5, lanes
14 and 20). Because the ratio of fusion protein detected in the
pellet and supernatant fractions was not affected by pH 11.5
buffer (Fig. 5, lanes 17 and 18 versus lanes 13 and 14; lanes 23
and 24 versus lanes 19 and 20), the pellet fraction is also an
integral membrane protein. Two soluble species were detected,
a major 40 kDa species and a minor species of about 58 kDa,
also seen in the S60-n17 sample (Fig. 5, lanes 10). The 58-kDa
species was converted to a species of 32 kDa on treatment with
endoglyscosidase H (not shown), and corresponds to the previously observed soluble, glycosylated PB reporter released from
Ncyt inserted fusions by Kex2p action (24). The 40-kDa species
is not glycosylated and therefore corresponds to cytoplasmic,
nonintegrated fusion protein. Inefficient insertion presumably

results from severe shortening of the TM segment in the S60n14 and S60-n11 fusions. This fraction comprised less than 5%
of the cell-associated activity except in transformants of the
S60-n14 and -n11 fusions, where it was estimated to account
for 30 and 65% of the cell-associated activity, or 15 and 25% of
total activity, respectively. Although the half-life of this species
was not independently tested, other cytoplasmic Ste2p-PB fusions are stable (23), and the half-life of combined cell-associated materials in S60-n11 transformants was normal. %Ncyt
data for these constructs have been adjusted by elimination of
this cytoplasmic component (Table I).
Variation of orientation (%Ncyt) with TM segment length
follows the previously observed pattern (26): longer, more hydrophobic segments favor Nexo insertion, and shorter segments
favor Ncyt insertion (Fig. 6). When the results from N-terminal
insertion of the hydrophobic Leu peptides in the S60-L3-n11
and S60-L5-n11 fusions are included, %Ncyt shows a better
correlation with total hydrophobicity, in both the GES and KD
scales, than with length (Fig. 6). Thus, the L5-n11 TM segment,
only 16 residues in length, confers an orientation very similar
to the n20 TM segment, with an Nexo bias distinctly stronger
than that of the n17 TM segment.
Effect of TM Segment Hydrophobicity Gradient on Orientation—Hydropathy analysis of the TM segments in Table I
indicated marked variation in the distribution of hydrophobicity as well as in its total, as shown for selected constructs
in Fig. 7. Distribution is reflected in hydrophobicity gradients, deduced from these plots, and is presented for all of the
S60-PB variant TM segments in Table I; positive values favor
the N terminus. Because a role for hydrophobicity distribution in determining orientation seemed plausible, additional
constructs were made with the intent of testing for such an
effect. First, a Leu pentapeptide was inserted at the C terminus of the n11 TM segment, producing the S60-n11-L5
fusion (Table I). The resultant distinct gradient of hydrophobicity favoring the C terminus reverses the slight gradient in
the S60-L5-n11 fusion (Fig. 7), although length and total
hydrophobicity were unchanged. A surprisingly large increase in Ncyt insertion resulted (Table I).
The normal 20-residue Ste2p TM1 segment has a moderate
gradient favoring its C terminus (Fig. 7). In order to assess the
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FIG. 3. Western blot analysis of cell-associated materials from cells of strain CRY2 expressing the indicated fusion constructs. All
blots represent supernatant (S) or pellet (P) fractions resulting from Airfuge centrifugation of a low speed supernatant fraction from broken cells.
This supernatant was either untreated (Un), treated with 1% Triton X-100 (Tx), or treated with 0.1 M Na2CO3, pH 11.5 (CO3) prior to separation
by SDS-polyacrylamide gel electrophoresis and Western blot analysis. A, fractions from cells expressing constructs 3, 28, and 2 (Fig. 1) analyzed
with anti-b-lactamase polyclonal antibody. B, untreated fractions from cells expressing construct 2 analyzed with polyclonal antibodies to the Ste2p
N terminus. The weakly cross-reactive soluble species were also seen in controls from cells lacking Ste2p fusions (not shown). C, untreated fractions
from cells expressing construct 15 analyzed with anti-Ost1p polyclonal antibodies. The soluble 40 – 45-kDa species are presumably proteolytic
fragments of Ost1p.
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TABLE I
Relationship between orientation and TM segment length, total hydrophobicity, and hydrophobicity gradient in derivatives of S60-PB
Derivatives of S60-PB with the indicated TM segments, but otherwise identical, were expressed in strain CRY2A. Total molecular masses are
shown. Total hydrophobicities (free energies of transfer from water to oil in kcal/mol) were calculated by summing values for each residue on the
KD and GES scales. Gradients were calculated from hydrophilicity plots and linear regression lines, using the GES scale with a window size of 4
residues, as illustrated in Fig. 7. The window size was chosen to minimize the effect of residues adjacent to the TM segment. Because of this effect,
however, reversal of the TM segment sequence did not produce a precise reversal of the gradient.
Fusion

Total hydrophobicity

Molecule
mass

KD scale

GES scale

Gradient
(GES)

% Ncyt

45.3
37.1
30.5
27.9
39.3
46.9
46.9
47.2
47.2

47.5
39.4
32.1
28.4
36.8
42.4
42.4
41.9
41.9

23.8
24.1
211
26
0
11.3
25
14.2
27.4

18
32
54
84
41
16
56
32
58

TM segment sequence

kDa

41.9
41.6
41.3
41.1
41.4
41.7
41.7
42.0
42.0

AIMFG VICGA AALTL
FG VICGA AALTL
ICGA AALTL
L LALTL
LLLL LALTL
L LLLLL LALTL
L LALTL IVMWM
IAIL LLTVM TLAIS
ALAA ASIAL TMVTL

IVMWM
IVMWM
IVMWM
IVMWM
IVMWM
IVMWM
LLLLL
AAALA
LLIAI

FIG. 5. Western blot analysis of cell-associated material from cells of strain CRY2 expressing variants of S60-PB. All samples were
analyzed as in Fig. 3 using anti-b-lactamase polyclonal antibody. Blots represent supernatant (S) or pellet (P) fractions from cells expressing fusion
constructs S60-n20, S60-n17, S60-n14, S60-n11, and S60-HN. The proteins observed in the supernatant fractions from fusions with the shortest
TM segments (lanes 14 and 20) are cytoplasmic (see under “Results”).

FIG. 6. Relationship of insertion
orientation to length or total hydrophobicity of TM segments. Data are
plotted for the S60-n20 to S60-n11 series
(Table I) (open symbols) and for the S60L3-n11 and S60-L5-n11 constructs (filled
symbols).

effect on insertion orientation of an opposite but natural gradient in TM segment hydrophobicity, we replaced TM1 with the
19-residue TM segment from the Newcastle disease virus HN
glycoprotein, producing S60-HN-PB (Table I). The HN glycoprotein is a Type II TM protein with a charge difference of 23,
naturally inserted Ncyt (29), the TM segment of which has a
strong bias in hydrophobicity toward its N terminus by either
the KD or GES scale (Fig. 7). For comparison, we also constructed a precise inversion of the HN TM segment producing
S60-HNrev-PB (Table I) with the opposite gradient (Fig. 7). All
of the cell-associated activity in S60-HN-PB transformants was

present as an integral membrane protein of the predicted 40kDa size (Fig. 5, lanes 25–30). In keeping with its lower total
hydrophobicity (GES scale), Ncyt insertion was increased from
about 20% for S60-n20 to 32% for S60-HN-PB, the same %Ncyt
seen for S60-n17, which has the same total hydrophobicity.
S60-n17, however, has the opposite gradient (Table I). When
the TM segment hydrophobicity gradient was reversed in S60HNrev-PB, Ncyt insertion was increased to 58%. On the GES
scale, the entire n20 to n11 series has a gradient favoring the C
terminus, so that gradient effects should not invalidate correlations with length or total hydrophobicity. These data show
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S60-n20
S60-n17
S60-n14
S60-n11
S60-L3-n11
S60-L5-n11
S60-n11-L5
S60-HN
S60-HNrev
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that TM segment sequence is an important determinant of
orientation, independent of total hydrophobicity, and suggest
that the more hydrophobic terminus of a TM segment is preferentially translocated.
DISCUSSION

The Charge Difference Orientation Signal—We previously
showed (24) that insertion of our model Type III TM proteins at
the ER in yeast cells followed the charge difference rule, where
charge difference is defined as D(C 2 N), the arithmetic sum of
charged residues within an arbitrary window of 15 residues to
either side of a TM segment (16). Using an improved version of
this same assay, we have now extended this conclusion by
confirming a formal prediction of this rule, that single or double
positive and negative charges have equal and opposite effects,
independent of N- or C-terminal location relative to the TM
segment. D(C 2 N) is calculated assuming that N-terminal
methionines remain unmodified. Although cleavage of methio-

3

Fred Sherman, personal communication.
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FIG. 7. Hydrophilicity plots for TM segments of five of the
S60-PB fusions shown in Table I are plotted using the GES scale
with a window of 4 residues. Gradients (Table I) were calculated
from the linear regression lines shown.

nine would not affect the charge and would not be predicted for
any of these constructs (34), co-translational N-acetylation is
predicted for cytoplasmic proteins initiating with MD- or MN(34). Acetylation, however, requires a nascent N terminus of
40 –50 residues (34) and, although modification of S72 or S60
fusions may occur (with no predicted effect on topology), it
seems unlikely that such modification would occur on the nascent 15-residue N-terminal segment of S42 fusions prior to
interaction of TM1 with the SRP. Although no studies of Nacetylation of TM proteins have been reported, it also seems
likely that SRP interaction would mask the S42 N terminus
from N-acetylase prior to translocation. Analysis of the status
of mature fusions would not resolve this issue, because modification could occur after translocation. The essential NAT2
gene is required for acetylation at these sites (35), but attempts
to use its mutants to study protein synthesis in the absence of
Nat2p function have failed.3 Definitive information, therefore,
is absent, so that consistency in the topology data is the only
available guide. In particular, S42 fusions with the same apparent charge difference as S60, S72 and S79 fusions had
similar topologies, and S42 constructs 23 and 24, with MD
(potentially N-acetylated) and MK (never acetylated) N termini
and the same 21 charge difference, gave essentially identical
results, as did constructs 6 and 9 and constructs 10 and 15 (Fig.
2). These data are consistent only with the absence of Nacetylation in the S42 fusions prior to translocation.
Although we have not systematically tested the effect of
distance from the TM segment on orientation signal strength,
our data indicate that a single positive charge at 215 (constructs 21 and 22) has an effect similar to a negative charge at
16 (constructs 23 and 24), although charges separated by 31 or
more residues (constructs 16 and 17) have no effect. The first
charges in the aB reporter are 32 residues downstream of the
TM segment, so they are presumably irrelevant to the charge
difference signal. The first charges in the PB reporter are only
22 residues downstream but consist of the effectively neutral
KRSDTAE cluster (Fig. 1) and are apparently also without
effect on orientation.
The charge difference signal strength appears indifferent to
local sequence context or to location relative to the TM segment, other than distance. This suggests a simple electrostatic
response mechanism provided, in prokaryotes, principally by
the transmembrane potential (10). However, there is no evidence for such a potential at the ER, although the interior and
exterior differ sharply in redox potential and Ca21 concentration. Recent studies in E. coli have demonstrated a role for
anionic phospholipid concentration in preventing translocation
of TM segments flanked by positive charges (12). Concentration
of anionic phospholipids on the cytoplasmic face and depletion
on the luminal face of the ER membrane could potentially
provide the response mechanism to charge in eukaryotes. Such
a distribution would be consistent with the observed distribution of anionic phospholipids in the plasma membrane of mammalian cells. This distribution is maintained by P-type ATPase
lipid translocases, which have homologues in yeast (36). We are
currently investigating yeast mutants with altered response to
charged orientation signals and have identified mutants in a
related gene.2
Effects of TM Sequence on Orientation—The charge-independent Nexo bias seen in all fusions containing the n20 Ste2p TM1
segment is equivalent to a charge difference of about 11. Because the same bias was observed when the native Ste2p 51residue N-terminal domain in S79 is reduced to 15 residues in
S42, it seems unlikely that preferential translocation of this
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segment sequence and flanking charges, all must act in concert, presumably at the time of presentation to the translocon
channel. Interaction of charged residues with a local electrostatic field, produced by membrane lipid head groups or possibly by a multimeric component of the core translocon, may
combine with interaction of the hydrophobic core of the TM
segment with hydrophobic protein domains of the translocon to
determine the final orientation. A strong charge signal or an
unusually lengthy TM segment can dominate the orientation
signal. The extent to which natural observed TM protein orientations also result from selective destruction of inverted
forms is currently unknown. The analysis of yeast mutants
affecting responses to orientation signals should clarify these
mechanisms. The importance of these responses is illustrated
by the recent demonstration that neuropathology induced by
the expression of prion protein mutants in mice and human
correlates with membrane insertion of these highly conserved
and unusual proteins in inverted orientation (5).
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N-terminal segment is a factor. Because the C-terminal PB and
aB reporters also seem to be neutral, the TM1 sequence itself is
apparently responsible for this bias. Bias was essentially eliminated when the n20 TM1 sequence was N-terminally truncated to about 15 residues or had its total hydrophobicity reduced to about 35 units on the GES scale (Fig. 7). Further
reduction imposes an increasing Ncyt bias, equivalent to a
charge difference of about 21 at 28 units, but insertion efficiency suffers, as seen in the S60-n14 and S60-n11 fusions. The
bias is roughly equivalent to 11 at 42 units. Although such
correlations are based on a small number of constructs, they
are consistent with data on the effects of oligoleucine TM segments in vitro (25) and in mammalian cells (26), because a
length of about 13 (36 units on the GES scale) is apparently
neutral, and a length of 19 (54 units) overwhelms a 22 charge
difference. Conservation of response mechanisms in eukaryotes
is implied. This pattern is consistent with the normal function
of secretion signals, which usually have a relatively short hydrophobic segment and a negative charge difference, both of
which favor the required Ncyt insertion. A strong correlation
was found between hydrophobicity peak height of secretion
signals and SRP-dependence of secretion (15). By this criterion,
translocation of even the n11 fusion should be SRP-dependent.
There is no evidence, however, to suggest that utilization of the
SRP-dependent or SRP-independent translocation mechanisms affect insertion orientation.
We constructed the S60-L3-n11 and S60-L5-n11 fusions in
order to distinguish between the effects on orientation of TM
segment length and total hydrophobicity. Although a better
correlation with hydrophobicity was observed, these constructs
introduced significant changes in hydrophobicity distribution,
so potential effects on orientation must also be considered.
Such effects were tested by moving the Leu pentapeptide from
the N terminus in the S60-L5-n11 fusion to the C terminus in
the S60-n11-L5 fusion. A dramatic effect on orientation was
observed, suggesting that the more hydrophobic terminus of a
TM segment is preferentially translocated. This was confirmed
by analysis of the S60-HN and S60-HNrev fusions, which represent strong natural hydrophobicity gradients. TM segment
sequence is clearly an important determinant of orientation,
independent of total hydrophobicity, when the charge difference is small. Its maximum strength is about equal to that of a
single charge difference. This novel observation introduces a
new parameter to be incorporated into topology prediction algorithms. Application of such algorithms are planned and
should provide tests of the universality of these observations.
Effects of TM sequence on orientation may extend beyond
hydropathy. Aromatic residues, for example, are more frequent
at the cytoplasmic boundary of TM segments, except for tryptophan residues, which are preferentially found at both boundaries (37). Such statistical biases in amino acid distribution
have been successfully used in topology prediction (38). Responses to hydrophobicity gradients and to aromatic residues
indicate a degree of sequence specificity, implying recognition
by a protein, presumably some component of the translocon
machinery. Because orientation appears to be determined by
the sum of responses to independent signals, provided by TM
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