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A statistical analysis of the distribution of charged residues in
the N-terminal region of 39 prokaryotic and 134 eukaryotic
signal sequences reveals a remarkable similarity between the
two samples, both in terms of net charge and in terms of the
position of charged residues within the N-terminal region,
and suggests that the formyl group on Met; is not removed in
prokaryotic signal sequences.
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Introduction

Secreted proteins are generally synthesized with an
N-terminal signal sequence, some 15 —25 amino acids long,
that somehow initiates the export process. Several functions
seem to be encoded within this short peptide: in eukaryotes, it
mediates the interaction between the ribosome and the so-
called signal recognition particle (SRP) which arrests transla-
tion until an unoccupied export-site on the membrane is
found (Walter et al., 1981) [for a discussion of a possible pro-
karyotic SRP, see Kumamoto et al. (1984)]; it may influence
the ‘SRP-receptor’-catalyzed release of SRP from the
ribosome (Gilmore and Blobel, 1983; Hall et al., 1983;
Silhavy et al., 1983); and it contains the information needed
for its removal from the mature protein.

These different functions most likely reside in at least par-
tially non-overlapping regions of the signal sequence (Figure
1). A C-terminal region of about five or six residues seems to
be involved in defining the site of cleavage between the signal
sequence and the mature protein (von Heijne, 1983, 1984;
Perlman and Halvorson, 1983); the hydrophobic core of the
signal sequence has been implicated in binding to SRP
(Walter et al., 1981); and the net charge of the N-terminal
region has been shown to influence both the level of transla-
tion and the efficiency of export (Hall et al., 1983; Vlasuk et
al., 1983).

Although the functions performed by the signal sequence
are understood in a general sense, it has proved difficult to
correlate them with either the amino acid sequence or higher
order structures. In part, this is because the primary sequence
has been found to be remarkably variable, and a very large
number of sequences have to be analyzed if any significant
patterns of amino acids, beyond the overall tri-partite design
alluded to above, are to be found. So far, only a few studies
of this kind have been published (von Heijne, 1983, 1984;
Perlman and Halvorson, 1983), dealing chiefly with the
amino acid pattern around the cleavage site between the
signal sequence and the mature protein.

Here, the statistical distribution of charged amino acids in
the N-terminal region in a large sample of known signal se-
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quences is analyzed for the first time. The results show that
prokaryotic and eukaryotic signal sequences, although super-
ficially not very similar in this region, nevertheless seem to be
under comparable selective pressures, yet another instance of
the apparently very close homology between the two export
machineries. The observed sequence differences can possibly
be attributed to the fact that prokaryotic proteins are made
with a formylated and uncharged N-terminal methionine,
whereas eukaryotic proteins are initiated by an unformylated,
positively charged Met residue.

Results and Discussion

The number of signal sequences with a given N-terminal net
charge (counting + 1 for Arg and Lys, and —1 for Asp and
Glu) is given in Table 1. The distribution peaks at + 1 for the
eukaryotic sample and at +2 for the prokaryotes. Inter-
estingly, the relative frequencies of N termini with a given net
charge in the two samples overlap remarkably well if one
positive charge is added to the eukaryotic sequences, Figure 2.

Likewise, the length distributions for the charged
N-terminal regions have similar shapes (including only se-
quences with at least one charged residue besides the initiator
Met in the samples, since the delineation of the polar
N-terminal region is somewhat arbitrary in sequences lacking
charged residues), except that the eukaryotic distribution
peaks at a length of two residues, whereas the prokaryotic
one has its main weight at a length of three residues, Figure 3.

An obvious explanation for these overlaps is that the selec-
tive constraints in terms of net charge on the prokaryotic and
eukaryotic signal sequence N termini in fact are very similar,
and that the initiator methionine (which is formylated and
hence uncharged in prokaryotes, but unmodified and hence
carrying a positively charged free amino group in eukaryotes)
is not deformylated and remains bound to the N termini of
the signal sequences. In the prokaryotes, an additional
positively charged residue would thus be required, making
these sequences on average one residue longer.

It is perhaps a little surprising that the uncharged Mets in
the prokaryotes must be compensated for by an additional
Arg or Lys, since for cytoplasmic proteins deformylation and
removal of the N-terminal Met are quite fast and take place
shortly after the N terminus emerges from the ribosome
(Pine, 1969; Housman et al., 1972) — most likely, inter-
actions with the export machinery (such as binding to SRP or
membrane) competes with these cleavages, and protects Met¢
from the deformylase.

If, in addition to the net charge, the positions of the charg-
ed residues within the N-terminal region are important, and if
it is true that Mety is not deformylated, we might expect to see
a difference in the distribution of the charged residues bet-
ween prokaryotes and eukaryotes since the latter automatical-
ly have a positive charge right at the N terminus. To test this,
the number of sequences with either Arg or Lys next to the in-
itiator Met was counted, only including N-terminal regions
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Fig. 1. A ‘typical’ signal sequence (human chorionic gonadotropin, « subunit) with the hydrophobic core in boldface and the cleavage site marked by an ar-
row. Note the charged residues in the N-terminal region, which has a net charge of +2.

Table I. Number of signal sequences with a given net charge in the N-terminal
region (counting +1 for Arg and Lys, and —1 for Asp and Glu) in the
eukaryotic and prokaryotic samples

Net charge
-2 -1 0 +1 +2 +3 +4 +5
Eukaryotes 2 8 40 68 13 2 1
Prokaryotes 0 7 24 1 2
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Fig. 2. Distribution of the net N-terminal charge calculated from Table I,
with one positive charge added to each eukaryotic sequence. Eukaryotic
sample = dotted bars, prokaryotic sample = hatched bars.

(defined as the segment from the initiator Met to the charged
residue closest to the hydrophobic core) longer than three
residues (eukaryotes) or four residues (prokaryotes) in the
calculation. Amongst the eukaryotic sequences, only six out
of 62 (10%) have Arg or Lys in this position, whereas there
are 12 sequences out of 22 (55%) with a positively charged
residue next to Mets among the prokaryotic sequences. Thus,
a positive charge close to the N terminus may be advan-
tageous.

Similarly, in signal sequences with both positively and
negatively charged residues in their N-terminal region (such as
the one in Figure 1), the charged region ends with a positive
charge on its C-terminal side in 13 out of 14 cases. This latter
observation may be explained either as a functional require-
ment or simply as a consequence of selection against negative-
ly charged residues: starting from a highly positively charged
N-terminal region (the only kind that presumably will accept
a negative charge), an acidic residue should be much more
likely to be functionally neutral when placed well inside the
charged region rather than in the hydrophobic region,
C-terminally to the last positive charge, where the introduc-
tion of a charged residue may often have a deleterious effect
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Fig. 3. Length distribution of the charged N-terminal regions (counting

from the initiator Met to the charged residue closest to the hydrophobic
core, see text). Eukaryotic sample = dotted bars, prokaryotic sample =
hatched bars.

(Emr and Silhavy, 1982).

Although the connection between the selective constraints
on the N-terminal region demonstrated here and the actual
functioning of the signal sequence still remains to be made,
one clue is provided by the work of Vlasuk et al. (1983) who
have shown that both translation and secretion of the outer
membrane lipoprotein from Escherichia coli are reduced
when the net N-terminal charge is lowered from its wild-type
value of +2: with zero net charge, synthesis is down to
~60% but secretion is unaffected; with a negative net charge,
synthesis is reduced even further and, in addition, most of the
protein made accumulates as precursor in the cytoplasm. This
fits nicely with the net charge distribution in our sample,
where 94% of all sequences have an N-terminal net charge of
+1 or greater and 67% have a net charge of at least +2.
There are only two sequences with a net charge less than zero,
i.e.,, a x-immunoglobulin light chain (L-321) (Burstein and
Schechter, 1978), and pea seed lectin (Higgins et al., 1983);
unfortunately, not much is known about their level of syn-
thesis and secretion.

Finally, if the explanation given above for the difference in
the number of basic residues between the prokaryotic and
eukaryotic signal sequences (i.e., the uncharged Met¢ versus
the positively charged Met at their respective N termini) is
correct, one prediction is that archaebacterial signal se-. -
quences will turn out to be more like their eukaryotic than '
prokaryotic counterparts since they are synthesized with an
unformylated initiator Met. In view of the results of Vlasuk et



al. referred to above, another implication is that up to 30% of
all eukaryotic secreted proteins (those with a net charge of
zero or less, not counting the initiator Met) may need one or
more extra positively charged residues on their N terminus to
be effectively made and exported from a prokyarotic cell.

Materials and methods

Thirty nine prokaryotic and 134 eukaryotic signal sequences are included in
this study. Unless otherwise indicated, the original references can be found in
Michaelis and Beckwith (1982) or von Heijne (1983, 1984).

Prokaryotic sequences: the sample. includes all sequences listed in von
Heijne (1984), plus the following: Bacillus licheniformis and Staphylococcus
aureus penicillinase (Nielsen and Lampen, 1982); E. coli and Erwinia
amylovora lipoprotein (Yamagata et al., 1981); E. coli heat stable toxin ST1;
Corynebacterium diphtheriae toxin (Kaczorek et al., 1983); E. coli galactose-
binding protein (Scripture and Hogg, 1983); phage IKe major and minor coat
proteins (P.Peeters and R.Konings, personal communication); Vibrio
cholerae toxin (Mekalanos et al., 1983); E. coli papA, papC, papE, papF,
papG, papH, pilin K88, and pilin K88a (M.Biga, S.Lundberg, B.Lund and S.
Normark, personal communication); and molA (Clément and Hofnung,
1981).

Eukaryotic sequences: the sample includes all sequences listed in von Heijne
(1984), except: mouse embyronic Vy immunoglobulin; rat » immuno-
globulin; human chorionic gonadotropin « subunit; mouse \; immuno-
globulin; canine trypsinogen 2+ 3; human e chain immunoglobulin; rabies
virus glycoprotein CVS; and rat pituitary glycoprotein hormone « subunit.
The sample also includes: murine and human o-fetoprotein (Law and Dugaic-
zyk, 1981; Morinaga et al., 1983); human leukocyte interferon (Gray and
Goeddel, 1982; Taniguchi et al., 1980); human Vy, V107, and H-chain
(93g7) immunoglobulin (Bernstein et al., 1982; Early et al., 1980; Sims et al.,
1982); porcine gastrin; human influenza haemagglutinin A/Jap/ and avian in-
fluenza haemagglutinin A/FPV/; mouse x; immunoglobulins (L-41B, L-315,
and L-321) (Burstein and Schechter, 1978); mouse embryonic Vy immuno-
globulin; ovine a-S1 and a-S2 casein; mouse MHC H-2L4 and Eg chains
(Evans et al., 1982; Saito ef al., 1983); mouse MHC I-A light chain (Malissen
et al., 1983); mouse MHC Ig-o-D chain (Hyldig-Nielsen et al., 1983); mouse
renin; catfish and anglerfish somatostatin (Magazin et al., 1982; Argos et al.,
1983; Goodman et al., 1980; Hobart et al., 1980); human and porcine ACTH-
B-LPH precursor; trypanosome surface glycoprotein; anglerfish glucagon;
flounder antifreeze protein (Davies et al., 1982); herpes simplex virus glyco-
proteins C and D (Frink e al., 1983; Watson et al., 1982); mouse C3 comple-
ment (Wiebauer e al., 1982); bovine opiomelanocortin (Uhler and Herbert,
1983); human plasminogen activator (Pennica et al., 1983); mouse epidermal
growth factor (Gray et al., 1983); pea seed lectin (Higgins ef al., 1983); rat
apolipoprotein E (McLean et al., 1983); rat prostatic binding protein C3
(Viskochil et al., 1983); barley o-amylase (Rogers and Milliman, 1983);
human apolipoprotein A-1 (Karathanasis er al., 1983); human HLA-DC «
chain (Schenning et al., 1984); human HLA-DC 3 chain (Larhammar ef al.,
1983); human HLA-DS « chain (Chang et al., 1983); human vasoactive in-
testinal polypeptide (Itoh e al., 1983); mouse B-crystalline (Inana et al., 1983);
human interleukin 1I (Taniguchi et al., 1983); bovine kininogen (Nawa et al.,
1983b); french bean phaseolin (Slightom et al., 1983); rat angiotensinogen
(Doolittle, 1983); yeast mating factor a-1, trypsinogen, rat elastase I and 11,
bovine chymosin, fruit fly vitellogenin I, human and bovine lactin (DayhofT,
1983); bovine substance P (Nawa et al., 1983a); mouse interleukin-3 (Fung et
al., 1984); Amaranthus hybridus psbA (Hirschenberg and Mclntosh, 1983);
pea legumin (Lycett ef al., 1984); Aplysia egg-laying hormone (Scheller e al.,
1983); human insulin-like growth factor (Jansen et al., 1983); yeast K1 toxin
(Skipper et al. 1984); Friend spleen focus-forming virus gpS5 glycoprotein
(Amanuma et al., 1983); rat luteinizing hormone B-subunit (Chin ez al., 1983);
rat seminal vesicle secretion IV protein (Harris ef al., 1983); human growth
hormone-releasing factor (Gubler et al., 1983); mouse T-cell receptor
(Hedrick et al., 1984); human T cell protein YT35 (Yanagi ef al. 1984); rabbit
poly-Ig receptor (Mostov ef al., 1984); and rat cholecystokinin (Deschenes et
al., 1984).
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