Volume 103, number 2

FEBS LETTERS

July 1979

PRED]CTED SECONDARY STRUCTURES OF AMINO-TERMINAL EXTENSION
SB:QUENCES OF SECRETED PROTEINS

B. M. AUSTEN
Nationgl Inustitute for Medical Research, Mill Hill, Lonuon N W7 IAA England

Reccived 24 April 1979

1. Iniroduction

- Recently it has been shown that the mRNA for
many secreted proteins translates in cell-free systems
to yield precursors that are Iargér than mature pro-
teins. The precursors contain amino-terminal exten-
sions known as signal sequences, of 15—30 residues of

predominantly hydrophobic amino acid residues f1-31 -

Segregation of the secreted protein into vesicles pre-
pared from pancreatic microsomal membranes and
proteolytic removal of the extensions occur during
translation; the compieted pre protein is not pro-
cessed [4-—71.-Small signal peptides have been detected
during processing [8) showing that the signal protease
is endoproteolytic. Ovalbumin may be an exception in
that ne proteolysis oceurs althongh nascent ovalbumin
and nascent prolactin compete for common receptors
at the endoplasmic reticulum (ER) membrane durmg
segregation [9].

According to the signal hypothesis [ 10] the amino-
terminal sequence of the nascent polvpeptide chain,
as it emerges from the large subunit of the ribosome,
directs the ribosomal complex to the ER membrane.
Somie receptors, which are proteins that are compo-
nents of the ER, are required for transfer and segrega-
tion [11]. The transmembrane glycoprotein from vesic-
mlar stomatitis virus is also known to be synthesized

- initially with a transient 16-residue amino-terminal
extension [12],and smn]ar mechanisms operate in pro-
karyotic cells because several secreted or membrane
proteins initially synthesized with transient amino-
terminal extensions have been identified in bacteria
{13,14]. Empirical methods of secondary structure:
prediction have be=n applied to signal sequences and -
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it is shown that there are certain common structural
features that could be involved in their transfer across
membyranes, and that could direct the signal protease
to specific residues. .

2. Predictions of secondary structure

Setjuen_ces_of 21 amino-terminal sequences are
listed in table 1. The list includes precursors of pro-
hormones, immunoglobulins, milk proteins, egg pro-
teins, exporied bacterial proteins and a trans-mem-
brane glycoprotein. The amino-terminal sequence of

- ovalbumin, which is identical 1o that of the product
- translated in vitro except for replacement of the ini-

tiator methionine by an acetyl greup 9}, is also
included.

Predictions of secondary structure were made by
locating 6 or 5 residue nucleation sites,'and 4 residue
boundaries [25] witl the use of recent conformational
parameters {26]. The results are shown in fig.1. The
central portions of all the signal sequences were
strongly predicted to be involved in repeating struc-
ture, either a-helix or §-sheet, of 6—21 residues in
length. Where overlap between a-forming and 8- -form-
ing residues was found, conformational parameters
were calculated, and the assignments in fig.1 were
made according to the relative values of <Pe> and
<PB>. Tt is likely , however, that some of the sec- -
tions shown as &- or ﬂ-structure wou]d be capable of
folding either way.

Fourteen sequences listed in table 1 contain basic
residues within 5 residues of the initiator methionine.
The cationic side chains of these residues, and the
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Table 1
Signal sequences found in secreted or transmembrane proteins
Precursor Amino acid sequence Ref. Lengthd  HIP
¥ :

Pre ovarucoid MAMAGVFVLFSFVLCGELPD AFGAEVD 131 19 2.50
Pre lysomme R gasggiggécggg_z\AEEK}ggx 31 16 '2.53
Pre’ conalbumin MKLILCTVLSULTGIAAY glznggx [15] 2¢ 2.10
pre pronellitin. MKFLVXVALYFHYYYISYIYAAPED  [16]

Pre Io€ (light chaim) o '

#opPCal MDMRAPAQIEGELLLLEZGTRCDIQN 171 4 2.41
sppC32l METDTLLLRWVLLLWVYPGS Coive {17} 16 2.63
MOPCIOIE MAWISLILSLLALSSGAISOQAVY 7] 25 1.38
Pre proparathyris :_-13:5AKDEXKZEE};’EEAECEEERSD:éKSg:—( [18] 12 2.52
Pre proinsulin 1 MALWNRFLPLLALLVLWEPKPAQAEVKQ 19] 11 3145
Pre growth homrone _gh;‘_D_SQTPEEETES&LCELEEQEAC:}{EPEE [20] 18 2.22
Pre proalburin MEKWVYTFLLLLFISCSAFSRGYY [21] 16 2.72
Pre trypsinpgen 2 MAELFLFLALLLAYVAFPLD 1] 15 3.22
Pre a_,_casein MKLLILTCLVAYALARPKH 122) 13 2.46
Pre k-casein ERKS;EE!!TEEDET&Egézi\!QEQ!- [22] 19 2. 68
Pre a-lactalbimin MMSEVSLLLVGILFYXATQAEQLT [221 16 - 2.3¢
Pre f-lactoglobulin MEKCLLLALG AEACGEQE‘E{ET [22] 20 2.08
Pre opiocortin MQRLCSSRSGAEEEA’:EEQASPJE\_JR%ECEE [23] 13 1.45
Pre lipoprotein ﬂKAT,KE'YLGAEEEGSTEEA:icss*’ [13]° 20 i.58
Pre penicillinase MsgQHgRXA&Zgggaagéégggzﬁﬂng [24] is 2.83
Pre glycoprotein VS Virus gxcgézgafggz(:,ymlér_F_\E R V4| 10 or 12 3.22
alalb\min(ﬁotcleav'éd) gcs;cz&asgsgcgbyixagxznHAN'EIEEFXEEJ‘—[10]' 20 2.54

: : AIMSALAMYYLGAK ,

b

2 Length of sequences with consecutive uncharged residues
b Hydrophobicity index [29] of uncharged segments

(¥ ) Numbers of residues from amino-termini of sites cleaved by the signal protease

partially charged aniino-group at the amino-terminus,
could provide possible sites for electrostatic interac-
tions. §-Turns were predicted to occur close to the
amino-termini of some of the eukaryotic signal
sequences, and ovalbumin fitted into this pattern as
its 4 amino-terminal residues were predicted as a
B-turn, followed by a long stretch of 21 helical rasi-
dues. _ ' '

In 12 of the sequences listed in table 1, proline,
which is rarely found in inner helical or sheet struc-
tures, occurs within 6 residues of the cleavage sites.
In many cases, f-tumns are predicted close to the

cleavage sites, and tetrapeptide sequences that would -

be expected to break repeating structures (tuble 2),

with <Po> or <PB> of <1.0, occur with high fre-
quency in this region. :

The positions of cleavage, which are aligned in
table 1, have been ascribed by knowledge of the
amino-terminal sequences of the mature or pro-fornis
of the secreted proteins. Thus, it is assumed that pre
trypsinogen is cleaved between residue 16 (Ala) and
17 (Phe) as phenylalanine is the amino-ierminal resi-
due of pig trypsinogen [27]. It is apparent that the
signal protease cleaves only on the carboxy-terminal
side of the uncharged, relatively small amino acids
glycine, serine, alanine and cysteine, and amino acid
residues with more bulky side chains may not be
accommodated in the active side of this protease.
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Fig.1. Secondary structures predicted in signal sequences. Close hatching represents o-helix, sparse hatc]iing represents g-structure,
and empty rectangles represent f-turns. Sequences are aligned so that the sites of cleavage of the signal protease fall direcily under

ti:z arrow marker, except for ovalbumin, which is not cleaved.

Although it is not known if proteolytic cleavage of
the signal sequence of the initially translated form of
the common precursor of cofticoirophin and B-endor-
phin (pie opiocortin} occurs [23], a possible cleavage
site exists between glycine (residue Z6)-and trypto-
phan (residue 27). This cleavage site is suggested
because of similarities in the predicted secondary struc-
tures. A 8-turn is predicted close to this site (residuss
24-27) (see fig.1). : : _

. In all transient signal sequences regions of 1125

316

residues are fourd that are free of charged residues.
As noted [1,18,21] the amino-terminal extensions
are rich in hydrophobic residues. In table 1, hydro-
phobic residues [28] have been underlined, and it is
apparent that in most of the signal sequences these
residues are concentrated in central cores of 10—14

~ residues. The mean hydrophobicity index (HI) [20]
“for the continuous stretches of uncharged amino acid

residues was calculated to be 2.51 £ 0.48 (table 1). This
is similar to the HI value of 2.62 for the uncharged
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‘Table2
Conformational parameters for tetrapeptide sequences
occurring in ihe vicnity of ‘signal protease’ cleavage sites

Precursor ‘Residue <Pa> . -<Pg>
numbers :

Pre ovomucoid 19-22 0.69
Pre lysozyme 18-21 0.98
Pre conalbumin 20-23 - 0.23
Pre promellitin 22--25 0.56
Pre IgG MOPC 41 18-21 -0.74

MOPC 321 16—19 0.69 .

MOPC 104E 14-17 . 0.88
Pre proparathyrin - 22-25 . 0.74
Pre proinsulin 1821 0.93
Pre growth hormone 22-25 S 1as 076
Pre trypsinogen 17-20 0.73 '
¥re agp-casein 16--19 0.93
Pre k-casein 15-18 0.94
Pre a-lactalbumin 12—-15 0.99
Pre g-lactogiobulin 1417 0.86
Prz lipoprotein 20-23 0.70
Pre penicillinase 23-26 1.¢0

segment of 23 residues which comprises the inira-

membranous sireich of glycophorin from the human
erythrocyte [29]. Ovalbumin contains a sequence of
20 uncharged residues commencing 27 residues from

the amino-terminus. This segment was found to have

an HI value of 2.54, and may be a candidate for per-
forming the same function as similar regions in other
signa! sequences.

3. Discussion

It could be considered that the regions of uncharged
predominantly hydrophobic residues found in signal
sequences of secreted or membrane-bound proteins
may come into infimate contact with the hydrophobic
interior of the ER membrane during transport. Similar
uncharged sequences rich in hydrophobic residaes, are
found in those sections of membrane proteins which

_are likely to be inserted into membranes [29]. Signal
sequences may therefore fold in such-a way that
hydrophobic side chains form & surface interacting

directly with the lipid core of the membrane, or wiith

intramembranous segments of other proteins which
are normal constituents of the ER membrane. This -
interaction may occur after initial binding of the ribo-
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somal complex to receptors exposed to the cytoplasm
[9]. and these receptors could recognise common
structural features of folded signal sequences as they
emerge from the ribosomal complex.

" A postulated arrangement for a typically folded -
signal sequence, containing elements of both a-helix
and S-strand structures, is depicted in fig.2. Although
predictive methods are based on data obtained from
water-soluble globular proteins, and their application
to segments of proteins in contact with membranes
may be less certain, recent studies have shcwn that.
predicted secondary structures of intramembranous
peptides of cytochrome #:5 are consistent w_;éth resuits
of circular dichroism measurements [30]. Folding of
signal peptides as predicted in fig.1 would lead to
stabilization ‘n the hydrophobic environment of the
interior of the membrane as their polypeptide back-
bones would be involved in hydrogen bond forma-
tion. Thus, the more stable structure would be helicai,
but segments predicted as S-strands migkt also be
stabilised by hydrogen-bonded interactions with
suitable intramembranous portions of protein com-
ponents of the ER membrane (as shown in fig.2), or
with other segments of the secreted protein.

Ovalbumin, which is not cleaved after transfer, was
predicted to adopt a secondary siructure which is sim-

Fig.2. Hypothetical model of how folded signal scquences
might interact with lipid and proteinaceous components of

the ER membrane.
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ilar to structures predicted for other signal sequénces._
The finding that a mutated form of lipoprotein from

Escherichia coli with a replacement in its signal sequence

is secreted, but not cleaved [31] also suggests that pro-
teolytic cleavage is not essential for transfer. It is not
clear why cleavage of ovalbumin at small uncharged
residues, such as alanine {residue 24), does not occur,
although it is possible that the signal protease recog- -
nises additional features of primary sequences, which
are lacking in the amino-terminal section of cvalbumin.
B-Turns or tetrapeptide sequences which could break
a-helix or §-sheet formation are predicted to occur at
or near cleavage sites, suggesting that the signal pro-
tease is directed to its site of attack by the secondary
structures, and it is interesting that no such tetrapep-
tide sequence is found near alanine (residue 24) in
ovalbumin.

It is conceivable that the signal peptide, once
inserted into the membrane, could form part of a pro-
tein tunnel required to channel the rest of the secreted

protein through the membrane (fig.2). It is envisaged
that anchoring electrostatic interactions occur between
the cationic groups found close to the amino-terminus
of the signal peptide, and the anionic head-groups of
phospnolipids on the cytoplasmic side of the mem-
brane. In the model shown, cleavage sites, in a loop
striciure, are exposed to the signal protease in the
lumen. About 11 residues in 8-strand structure, or 23
residues in a-helical structure, would be required to
span a membrane of 36 A dimension, and this might
suggest why stretches of 11—25 uncharged residues
are found in signal sequences.

By calculating the translation distances of regions
of consecutive uncharged residues folded into their
predicted structures it was found that ihese were
>36 A in all but 5 cases. If the additional lengths of
the side chains of the charged residues at each end of
the uncharged regions were considered, then all these
regions could span the membrane as depicted in fig 2.
Experiments designed to test the physical and bio-
chemical properties of synthetic signal peptides may
provide evidence for this postulated arrangement.
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