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Recognition of signal sequences
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is not involved in strong intramolecular contacts with other parts of the nascent protein chain, will function
as a signal for translocation across the endoplasmic reticulum membrane or across the inner bacterial
membrane. The signal peptide is proposed to be deeply immersed into a hydrophobic cleft of the receptor.
Accordingly, only the entirely nonpolar peptides can be absorbed and, despite different primary structures,
all of them would assume the same conformation dictated by the structure of the receptor pocket.

Signal sequence

1. INTRODUCTION

It has been firmly established that translocation
of nascent secretory or membrane proteins across
the endoplasmic reticulum membrane is directed
by highly hydrophobic signal sequences [1,2].
There is ample evidence that there exists an ubi-
quitous recognition system for such sequences; this
may be the recently identified signal recognition
particle (SRP) [3—6]. Moreover, it has been shown
that the signal sequence of an eukaryotic secretory
protein can be recognized in a prokaryotic cell
[7,8] and vice versa [9]. This suggests a general
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signal sequences occupy 15—35 residues at the N-
terminus of the nascent polypeptide. Only one
common feature was found in their primary struc-
tures: a long continuous hydrophobic region (e.g.,
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Secondary structure stability

How are these hydrophobic sequences recogniz-
ed as signals for translocation given their large dif-
ferences in lengths and amino acid sequence? One
possibility would be their being imbedded into the
hydrophobic interior of the membrane [11-13].
However, previous [14—16] and recent [3-6]
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protein—protein interaction between the signal
peptide and a receptor rather than a protein—lipid
interaction. Thus, the problem appears to be
reduced to the following question: which feature
of the signal sequences is recognized by the recep-
tor (SRP)? Only the initial interaction between the
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in this paper and not the following translocation
process across the membrane.

It is unlikely that overall hydrophobicity alone is
the recognition marker. For example, the
hydrophobi¢c C-terminal part of cytochrome bs
does not compete with a signal sequence in the
binding to the receptor [17].

It has been suggested that signal sequences may
self-organize to form identical secondary struc-
tures and that this preformed structure would be
recognized by the receptor [18— 21] This assump-
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dary structure of signal peptides by the rules of
Chou and Fasman [22]. However, different
authors have reached contradictory conclusions by
using this method. They suggested either a com-
mon «-helix- [18] or a common S-sheet-formation
[19] or even different structures for various signals
[23].

In order to clarify this point we have studied the
secondary structure stability in signal sequences
with the aid of a molecular theory [24—26]. This
theory is based on stereochemical considerations
and on physical data obtained for polymers of
amino acids. It has been successfully applied to
predict the stability of secondary structures in
polypeptides [27]. This physical aproach can be ap-
plied to various environmental conditions, whereas
statistical methods [22] deal only with an average
environment of amino acids in the X-ray resolved
proteins.

It is known that surroundings can alter the
secondary structure drastically [28]. So we have
studied the structures of signal peptides for all
three main types of environment: water,
water/hydrophobic  boundary,  hydrophobic
medium (fig. 1).

Firstly, we have considered the signal sequences
as surrounded by water only; i.e., without interac-
tions with other macromolecules. Stable secondary
structures were observed in all signal sequences,
but in some of them a-helices were more stable
than @G-hairpins (e.g., in pre-lysozyme) while in
others the opposite was the case (e.g., in pre-
mellitin). The difference in stability between a ran-
dom coil and the two structures was up to 2
kcal/mol of sequences.

Nearly the same results were obtained if the
possibility of an interaction between a signal se-
quence and the outer surface of the receptor was
taken into consideration. This treatment can be
performed by assuming that the sequence in ques-
tion is shallowly immersed in a hydrophobic sur-
face [26). It corresponds to the usual conditions
for a chain in proteins.

These results confirm the conflicting data cited
above. Obviously, there is no pre-formed secon-
dary structure common to all signal sequences.

Thus, a common structure necessary for
recognition is induced when a signal sequence is
immersed deeply in the receptor pocket.

The case of entire insertion of a signal sequence
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Fig.1. Different possibilities for structure formation in
signal peptides: (1) transition from a random coil to
either a-helix or G-hairpin in aqueous solution; (2) the
signal peptide is shallowly immersed in a hydrophobic
surface of the receptor; (3) the hydrophobic segment of
the signal peptide is deeply immersed into a hydrophobic
cleft of the receptor. If the pocket has no polar groups,
helix formation occurs (upper possibility of (3)). An
example of a pocket with the possibility of signal-
receptor of H-bond formation is given below.

into some non-polar medium seems to be a clue to
the understanding of the way of recognition.
Unlike the two cases considered above, water
molecules cannot compensate here the disruption
of intra- and interpolypeptide hydrogen bonds.
Thus, the dehydratation of polar groups without
some intra- or interchain H-bond formation
hinders such deep immersion (the H-bond energy is
as high as ~5 kcal/mol of bonds [29]). At the
same time the free energy for complete immersion
of a hydrophobic side chain is high enough (~2
kcal/mol chains [30]), suggesting a tendency to
press any entirely non-polar sequence into a
hydrophobic pocket of the receptor as deep as
possible.

If immersed completely, the conformation of
the protein fragment is determined by the pocket
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structure as all the H-bond-donors and -acceptors
which are screened from water must be saturated.
This applies in the first place to all the peptide NH-
and CO-groups of the signal peptide and the cor-
responding groups at the walls of the cleft. If the
pocket itself has no polar groups, the H-bond for-
mation must occur within the signal sequence. In
this case the signal peptide would form some
helical, presumably e-helical, conformation. If the
pocket of the receptor contains polar groups, the
H-bonds must be formed with the signal peptide.
The resulting conformation would be dictated by
the interaction with thé pocket. If the entire satura-
tion of all H-bond donors and acceptors is im-
possible (say, if the sequence is not entirely hydro-
phobic), complete immersion and strong binding
cannot occur. For example, changing one of the
hydrophobic residues in the hydrophobic core of a
signal peptide to a polar, uncharged one, would
already reduce the binding constant by a factor of
10°~10°. If the change involves the introduction of
a charge, the weakening of the binding would be
even greater (10°—~10%). This explains the effect of
mutations in the signal sequence which were found
to abolish the transport [31].

The absolute value of the binding constant can
also be roughly estimated. The hydrophobic free
energy, AFup, of maximal immersion of a
hydrophobic segment of 10 amino acid residues in-
to an apolar environment can be estimated with the
aid of well known parameters (see [30]) to be ~20
kcal/mol of sequences. If one assumes (see [32])
that secondary structure formation is just compen-
sated by appropriate H-bond formation, the bind-
ing constant, K, may be estimated:

K = exp(—AFup/RT).exp(dSs/R)

where:
R = the gas constant;
T = the absolute temperature;

ASe = the entropy for fixation of the sequence in
the cleft of the receptor.

The latter can be estimated to be:
exp(dSa/R =~ (/M) .(a*/4xL?) .(a/7D)
where:

M= 12 A is the distance between particles at 1
mol/l;
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L = the length and D = the diameter of the
signal peptide fragment (L =D=10 A) and
a=1 A the dimension of possible vibrations
within a Van der Waals® well.

As a result, a value of Kz~ 107 1/mol is calculated
which is in fair agreement with experimental data

3].

The length of the hydrophobic segment in-
fluences greatly the binding constant: the binding
constant would increase by a factor of about 10’
for 15 residues instead of 10, whereas binding
would virtually vanish for 5 residues. Considering
the uncertainties involved in the estimates given, it
appears that a minimum of about 7 contiguous
large hydrophobic residues is required.

It should be noted that the binding constant does
not significantly depend on the structure of the
signal peptide which existed before binding to the
receptor which can only be marginally stable (<2
kcal/mol sequence).

Obviously, any strong interaction of the hydro-
phobic peptide with other parts of the protein
would compete with the receptor binding. A
hydrophobic sequence involved in strong internal
interactions, such as the strongly structured C-
terminus of cytochrome bs, cannot therefore act as
a signal. Thus, effectively recognized signal pep-
tides must be either near the N-terminus of a nas-
cent polypeptide chain, or must follow an unfold-
ed N-terminal part or a completely folded domain
with a hydrophilic surface.

The proposed mechanism differs form other
known ligand—receptor interactions. Each peptide
chain located at the surface of a receptor protein
globule can assume several conformations. The
choice between them is due to specific interactions
of the side chains. In the present case the immer-
sion of the peptide is so deep, and this is the only
possibility for entirely apolar sequences, that the
conformation is dictated by the requirement of
total saturation of all backbone H-bonds screened
from water. All other conformations are much less
stable. This explains the lack of any sequence
homology among different signal sequences which
can all be recognized by a single receptor.

The variation among the signal sequences ex-
cludes the possibility of a complete complemen-
tarity between their surfaces and that of the cleft of
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the receptor. How can one visualize strong binding
despite this fact? It has been shown recently
[33,34] that the ‘compact’ intermediates in the un-
folding of proteins lost their tight Van der Waals’
packing but retained secondary structure and com-
pactness (i.e., strong intramolecular binding) due
to hydrophobic interactions and hydrogen bonds.

In summary, we propose that by deep immersion
of the hydrophobic signal peptides into a hydro-
phobic pocket of the receptor identical conforma-
tions are assumed. Any continuous, highly hydro-
phobic sequence of sufficient length which is not
engaged in interactions with other parts of the
polypeptide chain would therefore function as a
signal.
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