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ABSTRACT

An important step in the biosynthesis of cellular proteins is the correct location ot
the proteins within various compartments in the cell. Many proteins are also secreted
out of cells. In this review, the chemical nature of the ‘molecular address’ or signal
sequences, the varicus components of the cells export machinery and the models that
have been proposed to explain how the specific sorting of proteins occurs, are

discussed.

INTRODUCTION

N important step in the biosynthesis of

cellular proteins is their correct location
within various compartments in the cell. Also
many cells are capable of protein secretion.
The manner in which cells accurately sort
out their proteins to various destinations has
been the subject of intense research in recent
years'™, To-date, the ‘molecular address’
which enables proteins to be secreted out of
the cell, integrate 1into organelles like
mitochondria, chloroplasts and nucleus have
been identified. Several other protein mole-
cules which have a role in the protein ‘export’
process have also been identified. This review
focuses attention on the chemical nature of the
‘molecular address’ or signal sequences that
ensure proteins reach their correct destinations
within the cell and the models that have been
proposed to explain how the specific sorting of
proteins occurs. Finally, some of the important
questions that remain to be answered in the
intracellular sorting of proteins are discussed.

CHEMICAL NATURE OF SIGNAL
SEQUENCES

Proteins that are secreted out of eukaryotic
cells and those destined for organelles like
mitochondria and chloroplasts as wcll as pro-
teins localized in compartments like outer
membranes and periplasmic space In gram
negative bacteria like E. coli are synthesized as
precursors with amino terminal extensions of

2040 residues'™. These amino terminal pre-
cursor regions which are referred to as signal
sequences are cleaved off from precursor
proteins by peptidases present in the inner
membrane in E. coli® and in the mitochondrial
matrix® and endoplasmic reticulum’ in eukary-
otes. Discrete peptide sequences which specifi-
cally target proteins into the nucleus have been
identified®. The primary structures of some
representative ‘signals’ are shown in figure 1.
An exhaustive list of such sequences has been
compiled recently’.

Requirements for signal sequences to be func-
tional:
(a) Secreted protein signals: These sequences
are generally comprised of 15-25 amino acids
(figure 1). Although there is no primary
structures homology amongst these sequences,
they all have a characteristic distribution of
amino acids which is illustrated schematically
in figure 2. All these sequences have a positive-
ly charged basic amino terminal region which 1s
followed by a long stretch of uncharged,
mainly hydrophobic amino acids. The carboxy
terminal amino acids have a short side chain
and is invariably Gly, Ala, Ser or Cys.
Extensive genetic studies in gram-negative
bacteria, particularly E. cofi'""!= indicate that
the hydrophobic region 1s essential for signal
scquences to be able to initiate export of
proteins. Introduction of charged amino acids
in this region causes the precursor forms of
these proteins, to accumulate in the ¢ytoplasm
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Eukarvotic signal sequences fref 9

Met- Arg-Ser-Leu-Leu- lle-Leu-Val-Leu-Cys-Phe-Leu-Pro-Leu- Via-Ala-Leu-Gly {(chicken Jysozyme)

Met-Lys-Trp-Val-Thr-Phe-Leu-t eu-Leu-Leu-Phe-lle-Ser-Gly-Ser-Ala-Phe -Ser {pro albumin)

Prokarvolic signal sequences {ref 9}

Met-Mel-He-Thr-Leu-Arg-Lys-Leu-Pro-Leu-Ala-Val-Ala-Val-Ala-Ala-Gly-val-Met-Ser-Ala-Gin-Ala-Met-Ala

Met-Lys- Ata-Thr- Ly s-Leu-¥al-Leu-Gly-Ala-Val-fle-Leu-Gly-Ser-Thr-Leu-Leu-Al3-Gly (E.coli Lipoprotein)

Witochondrial signal sequence {ref 9)

Met-Leu-Phe- dsn-Leu-Arg-le-Leu-Leu-Asn-Asn-Ala-Ala-Phe-Arg-Asn-Gly- His- Asn-Phe-Met-Val-Arg-Asn-Phe-Arg-

Cys-Gly -Gin-Pro-Leu-Gin

Nuciear signal sequences

Ala-Ala-Phe-Glu- Asp-Leu-Arg-¥Yal-Lew-Ser (Ihilvenza virus nucleoprotein from Davey, J; Dimmock, N.J. and Colman,

Pro-Lys-Lys-Lys-Arg-Lys-Val-Glu-Asp-Pro (SV40 large T antigen, ref 8)

(E.cali

A - receptor} !

A. Cell, 1985, 40, 667)

Figure 1. Primary strueture of signal sequences.

Figure 2. Distribution of amino acids in eukaryotic
and prokaryotic signal sequences: area I (////} has
one or more basic amino acids like Lys and Arg,
area 2 (==) is comprized of almost exclusively of
neutral hydrophobic amino acids like Leu, Ile, Phe,
area 3 (\\\\\) also consists of neutral, apolar amino
acids, but of relatively small side chains like Ala,

Gly. Ser, Cys.

indicating that for such mutants, export cannot
be initiated. Genetic studies’ have also indi-
cated that the actual length of the hydrophobic
region can vary from 12-20 amino acids. The
importance of the hydrophobic region for a
signal sequence to be able to imtiate export has
also been demonstrated in an eukaryatic sys-
tem by in vitro reconstitution experiments’®.

Substitution of leu by g-hydroxy-leucine re-
suited in accumulation of precursor proteins.

(b) Mitochondrial signals: In mitochondna,
proteins are localized in the matnx, inner
membrane, inter membrane space and outer
membrane. Most of these proteins are coded
for, by the nucleus. Most of the matrix, inner
membrane and inter membrane proteins are
made as precursors whereas the outer mem-
brane proteins are not'>. The length of the
precursor region varies between 20 and 40
residues. The number of mitochondrial pro-
teins for which the primary structure is known
is relatively few as compared to the signals of
secretory proteins. As in the case of secretory
protein signals, no primary structure homology

is discernible.
In all cases, however, there is a strikingly

overall basic composition and most of these
sequences are devoid of acidic residues’. In
vitro mutagenesis experiments'® have indicated
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that the central portion of the signal sequence
is essential for import of the precursor protein
to the mitochondria. The importance of certain
Arg residues for function has also been demon-
strated. However, such studies have not been
extensive and clearly more data 1s necessary to
attempt structure-function correlation.

(c) Nuclear signals: These signals have only
been recently identified® and the primary
structures of only few sequences are available.
These sequences unlike those discussed in (a)
and (b) are not found at the amino terminus of
nucleus bound protein and are also not cleaved
off the proteins after entry into the nucleus.
The signals identified so far are highly basic
(figure 1) and again there 1S no primary
structure homology. With the limited amount
of information available on these sequences,
structure-function relationship is difficult.

DO REGIONS OTHER THAN THE SIGNAL
SEQUENCE HAVE A ROLE IN THE SORTING
OF PROTEINS?

One may ask the question whether signal
sequences have all the information for sorting
proteins to various destinations. Recent studies
using recombinant DNA techniques and
vitro reconstitution systems suggest that signal
sequences (mitochondrial and non-mitochond-
rial) may indeed have all the information for
proper sorting'’~?2. Cytoplasmic proteins like
globin have been found to translocate across
the ER membranes when a signal sequence is
present in a hybrid protein containing a signal
sequence followed by a chain of globin'’.
Likewise cytosolic proteins have been trans-
ported to mitochondria?>??, chloroplasts'® and
nucleus!? with the aid of the appropriate signal
sequences. In fact, it has been shown that the
signal sequences of proteins destined tor
mitochondrial matrix and inner membrane can
direct cytosolic proteins to these respective
destinations when present in *hybrid® proteins
which are comprised of these sequences and a
cytosolic protein®. However such a specificity
is not observed with prokaryotic signal scqu-

ences i.e. the information to direct protein to
either the outer membranes or periplasmic
space does not seem to be present in the signal
sequence.

OTHER COMPONENTS OF THE CELLS’
EXPORT MACHINERY

While genetic techniques have yielded con-
siderable information about the requirements
of signal sequences to be functional in prokary-
otes (which probably holds true for eukaryotic
signals too), extensive biochemical studies,
particularly in vitro reconstitution experiments
in eukaryotes have revealed how segeration of
ribosomes synthesizing secretory proteins at
membrane sites i.e. the rough endoplasmic
reticulum (ER) occurs. A protein-RNA com-
plex, the signal recognition particle (SRP)**, a
receptor for SRP, fancifully named as the
‘docking protein’®” and ribosome binding pro-
teins, the ribophorins®®, which aid this process
have been isolated from microsomes. The
manner in which these proteins are supposed
to bring the ribosomes synthesizing secretory
proteins to the endoplasmic reticulum mem-
brane is illustrated schematically in figure 3.
According to this scheme?®’, SRP recognizes
and binds to the signal sequence of the
secretory protein that is being synthesized on
ribosomes. This binding results in the arrest of
translation of the secretory protein from its
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Figure 3. Schematic sepiesentation of the manner
in which proteins destined for seeretion are targeted
to the endoplasmic 1cticulum in cukaryotes,
B, SRP; A, docking protein; =2, Signal sequence.
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MmRNA. The SRP-nascent secretory protein-
ribosome complex then move to the ER where
binding of SRP to the docking protein results
in the rclease of the translation arrest. The
iransiocation arrest 1s observed only when SRP
is present as the protein is getting synthesized.
SRP does not bind to fully synthesized precur-
sor proteins. Many intrinsic membrane pro-
teins which do not have cleavable sequences,
are alyo targeted to the ER as itllustrated in
figure 3.

The transfer of secreted proteins across the
endoplasmic reticulum is initiated before the
synthesis of the protein i1s complete 1.e. the
translocation is co-translational. The scheme
illustrated in figure 3 is not operational if
experiments are done with the fully synthe-
sized precursor protein. Very recent studies
indicate that for recognition ot precursor pro-
teins by SRP, the association of the protein-
mRNA complex to ribosomes 1s essential®. In
fact SRP recognizes almost completely synthe-
sized precursor proteins if still bound to poly-
somes. While 1t is not clear whether regtons
other than the signal sequence are recognised
by SRP in precursor proteins, the presence of
the signal sequence 1s essential for SRP 1n-
duced translation arrest. This fact has been
demonstrated in the case of insulin by Wied-
man et al*’. Removal of the signal sequence of
pre-proinsulin by recombinant DNA techni-
ques abolished interaction between the
polypeptide and SRP indicating the absolute
requirement of signal sequence for recognition
by SRP.

In prokaryotes, particularly in £, coli, sever-
al genetic loci that may specify components ot
the cellular export machinery have been
identified'!. However, the products of these
genes have not been characterized. Unlike in
eukaryotes, both co-translational and post-
translational {(i.e. after the synthesis of precur-
sor protein is complete) modes translocation
are observed in prokaryotes.

There is no unequivocal evidence for the
participation of proteins like SRP and docking
protein in the translocation of protein into
mitochondria, chloroplasts and nucleus. Un-

like secreted proteins, the mitochondna, chlor-
oplast or nucleus bound proteins are assembled
post-translationally.

The peptidases which remove signal sequ-
ences from the precursor proteins® have been
identified in E. coli, in the endoplasmic reticu-
lum membrane and in mitochondria. Eukaryo-
tic precursor proteins are processed by E. coli
signal peptidase’” and vice versa®!. Mitochond-
rial signal peptidase 1s specific only for
mitochondnal precursors.

WHAT IS COMMON IN SIGNAL SEQUENCES
THAT IS RECOGNIZED BY COMPONENTS
OF THE CELL’S EXPORT MACHINERY?

Since primary structure homology 1s absent
in signal sequences, it 1s evident that some
other common structural feature (or features)
is recognized by components of the cells export
machinery. Analysis of secondary structure by
the method of Chou and Fasman™ also does
not indicate the presence of any common
secondary structural feature. However, ex-
perimental studies on the conformation ot
synthetic signal sequences having different
primary structures indicate a high o-helix
content  particularly in  hydrophobic
environment®™ . Also genetic studies on the
signal sequence of the lam B gene product, the
A-receptor, in E. coli’® and circular dichroism
studies®® on synthetic peptides corresponding
to wild type, mutant and pseudorevertant lam
B signal sequences indicate the presence of
a-helical conformation only in wild type and
pseudorevertant sequences which can mtate
export of A-receptor. The mutant signal sequ-
ence which cannot initiate export of A-recep-
tor, does not have an a-helical conformation.
Thus, helical conformation may be one of the
recognition elements in signal sequences.

The overall hydrophobicity of signal s¢qu-
ences may be another recognition element
since genetic studies and in vitro reconstitution
experiments clearly indicate that reduction of
the length of the hydrophobic stretch of signal
sequences results in accumulation of the cor-

responding precursor proteins.
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TRANSLOCATION OF PROTEINS ACROSS
MEMBRANES

The manner in which ribosomes synthesizing
proteins destined for secretion reach the endo-
plasmic reticulum at Jeast in eukaryotes is
reasonably clear (figure 3). Although mole-
cules ike SRP and docking protein have not
been characterized 1n prokaryotes, it is likely
that a mechanism similar to the one shown in
figure 3 operates in prokaryotes also. Once this
targeting to the membrane site is achieved,
proteins have to ¢ross a membrane barrier to
reach their correct destination. Several models
have been proposed to explain this important
step of protein export.

Several workers have proposed models
for translocation of proteins across membranes
which envisages direct partitioning of the
protein into the lipid bilayer. The partitioning
i1s initiated by interaction of the signal sequence
with the lipid bilayer. In fact the free energy
change on going from aqueous to hydrophobic
environment for signal sequences strongly
favour partitioning into the lipid bilayer*’. The
interaction with the lipid bilayer is facilitated
by binding of the positively charged amino
terminus of the signal sequence with the
negatively charged membrane surface. Engel-
man and Steitz** have also tried to explain how
integral membrane proteins can attain their
topography in their helical hairpin hypothesis
‘which is based on the spontaneous penetration
of the lipid bilayer by peptide helices which
assume a hairpin Lke configuration. Insertion
of a helical hairpin into the bilayer will initiate
secretion if the second helix is polar. Secretion
of the newly synthesized protein would con-
tinue until or unless a hydrophobic segment 1s
‘encountered.

Blobel and coworkers®’ have proposed a
model which envisages translocation of pro-
teins across membranes through aqueous chan-
ncls formed by proteins present in the mem-
brane rather than by perturbation of the lipid
components of membranes.

Existing experimental evidence however
loes not uncquivocally favour any of the
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proposed models. While it has been shown that
signal sequences do interact with lipd
vesicles®, how exactly this interaction facili-
tates passage of polypeptide chain particularly
those which are hydrophilic 1n nature, through
the lipid bilayers remains to be established.
Likewise membrane proteins that can form
channels and allow the passage of nascent
polypetide chains through them have not yet
been 1dentified.

ENERGETICS OF TRANSLOCATION

Translocation of proteins across membranes

in E. coli** % as well as in mitochondria’
requires energy. The form of energy required
is the electrochemical potential and not ATP**.

Studies 1n E. coli have indicated that both
components of the electrochemical potential

i.e. the electrical component and the proton
gradient (A pH) are required for translocation
of proteins across membranes™. In the case of
mitochondria’®>, an energized membrane is
required only for the assembly of inner mem-
brane and matrix proteins and not outer
membrane proteins. Unlike in E. coli, it 1s not
clear if both components of the electrochemi-
cal potential are important for impoit of pro-
teins in mitochondria. It 1s clear that the
transmembrane potential does not serve as a
simple electrophoretic gradient in E. coli and
mitochondria. The energy requirements for
translocation of proteins across the endoplas-
mic reticulum membrane is still not clear.

SUMMARY AND CONCULSIONS

Intense research over the past 15 years or so
has revealed the chemical nature of the
‘molecular address’ that ensure correct sorting
of proteins and also other components of the
cells that participate in the sorting process.
However, some important questions still re-
main to be answered satisfactorily. They are as
follows:

() How do proteins actually cross membranes?
We have shown®” that synthetic signal sequ
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ences render lipid vesicles permeable to cations
and dyes and also cause their fusion. However,
it remains to be demonstrated that fairly
hydrophilic peptide chain can penetrate {:he
Lipid bilayer. Models for protein transiocation
which favour direct partitioning of protein into
the hipid bilayer are somewhat simplistic and
may not represent the actual state of affairs.
Although alternate models in which protein
translocation is proposed to occur through

aqueous channels formed by proteins in the
ER have been proposed, no such proteins have

been identified or characterized.
(ii) How are mitochondria bound proteins
targeted correctly?

Mitochondnal proteins coded by the nucleus
are assembled post-translationally. The differ-

ences in mitochondrial and secretory protemn
signal sequences presumably helps 1n prevent-
ing the mitochondrial precursors from bewng
targeted to ER. How these proteins selectively
reach the mitochondria correctly 1s still not
clear. It is likely that molecules similar to SRP
and docking protein may be involved. These
molecules, however, are yet to be identified.
(131} After crossing the membrane barrier, how
are proteins selectively sorted out to organelles
like lysosomes, peroxisomes Or various regions
of the plasma membrane?
(vi) How is the energy requirement tor pro-
teins trapslocation across membranes met?
(v) What are the hidden signals in proteins
that are not processed but nevertheless cross a
membrane bartier like ovalbumn.

Although satisfactory answers to these ques-
tions have not been obtained as of now, they
should be forthcoming in years to come.
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NEWS

SOVIET SUPER COMPUTERS

The Soviet Union has started the development of
super computers with the ability to perform more
than 100 million operations per second. The new
machines will have also a big working and fixed
memory. Yevgeny Velikhov, Vice-President of the
USSR Academy of Sciences, says that this will be a

new stage in computer technology and ensure
progress in most diverse fields of human knowledge.
(Soviet features, Vol. 25, No. 152, October 6, 1986;
Information Department, USSR Embassy in India,
P. B. 241, 25 Barakhamba Road, New Delhi

110 001).

PROF. V. L. CHOPRA

Prof. V. L. Chopra, Chief of the Biotechnology
Centre at the Indian Agricultural Research Insti-
tute, has been appointed as a member of Science
Advisory Council to the Prime Minister. Prof.

Chopra, s a Fellow of the Indian Academy of
Sciences, Banglore, and a Member of the Edtonial
Board of Current Scicnce.



