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Strong evidence exists that the translocation of proteins across a variety of membranes involves ti non-native or denatured
conformational
states. On the other hand a compact state having secondary but not rigid tertiary structure and called
the ‘molten globule’ state has been identified as being stable under mild denaturing conditions. A similar state has been
shown to accumulate on the folding pathway of globular proteins. These states are compact though sufficiently expanded
to include water, and they are internally mobile. It is proposed that these molten globule states may be suitable candidates
for protein translocation across biological membranes.
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1. INTRODUCTION
It is now well established that proteins can be
translocated
across membranes
by a posttranslational process. This has been shown in some
cases even for the endoplasmic reticulum of
eukaryotes (for which co-translational translocation was originally proposed [1,2]) as well as for
mitochondrial,
and
bacterial,
glyoxysomal
chloroplast membranes (for references see [2,3]).
This raised the ‘seemingly impossible problem of
how a fully folded soluble protein can pass the
permeability barrier of a lipid bilayer’ [3].
We shall review in this paper some of the
evidence that protein translocation demands a
non-native
(denatured)
state of the protein
molecule. We shall suggest also that the involveCorrespondence address: R.H.
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ment of a denatured state in translocation does not
imply that the proteins are completely or essentially [4] unfolded. We shall argue that the involvement of a compact but flexible ‘molten globule’
state is consistent with the observed phenomena.
2. DENATURATION IS REQUIRED
TRANSLOCATION

FOR

There are three types of evidence pointing to the
fact that denaturation is an obligatory prerequisite
for transfer of proteins across membranes.
2.1. Stabilization inhibits translocation
Fusion of a mitochondrial signal peptide to
dihydrofolate reductase (DHFR) allows import of
this enzyme into mitochondria. Translocation is
however inhibited by methotrexate or other folate
analogs which, when bound, stabilize DHFR
against proteolytic digestion 151. Moreover the
destabilization
of this protein by prior urea
denaturation, point mutation or membrane bind-
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ing accelerates
dramatically
its import into
mitochondria [6-91. Cytochrome c and the precursors of cytochrome cl and bz are imported into
mitochondria in their apo forms which have no
rigid tertiary structure, while the binding of haem
to cytochrome c inhibits its translocation [ 101. The
wild-type precursor of maltose-binding protein of
E. coli, which is sensitive to proteolysis, is exported rapidly and completely in vivo while a mutant that is resistant to proteolysis is exported only
slowly and incompletely [ 111.
2.2. Non-native proteins are translocated
The interruption of biosynthesis of dihydrofolate reductase (fused with a mitochondrial Nterminal import signal) produces a protein which
lacks its C-terminal residues. This protein is sensitive to proteases and cannot bind methotrexate,
i.e. it is incompletely folded. It is translocated
through a mitochondrial membrane even without
added ATP [ 121. The precursor of ,f3-lactamase immediately after biosynthesis is not completely folded, being bound to a protein Gro/EL which binds
denatured proteins and can be translocated [13].
When the protein subsequently folds it is no longer
bound by Gro/EL or susceptible to translocation.
2.3. Proteins transiently bound to membranes
have non-native structure
Precursors of Fr-ATPase P-subunits and of
cytochrome
cl are translocated
across the
mitochondrial membranes and can be trapped at
the state where the N-terminus penetrates the
matrix while much of the protein remains on the
outer surface. This part of the protein is susceptible to proteolysis [14]. Similarly, during secretion
of ,&lactamase into the periplasm of E. coli, proteins that are transiently bound to the periplasmic
side of the inner membrane are sensitive to proteolysis. On release into the periplasm the
molecules are transformed into an active proteaseresistant structure [ 151.
The translocation of dihydrofolate
reductase
fused with a mitochondrial import signal [5] has
been dissected into two stages the second of which
is ATP dependent. In the first step attachment to
the membrane,
which can be inhibited by
methotrexate, occurs in an at least partly unfolded
form (as it is sensitive to proteolysis) [5,6].
In addition to this direct evidence that denatura232

tion is required for translocation
more indirect evidence.
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there is also some

2.4. Denaturation facilitates binding to native and
model membranes
The major portion of the diphtheria toxin
molecule can be transformed at low pH to a
denatured state [16,17] which retains a large proportion of the native secondary structure [16]. In
this state the protein has an increased surface
hydrophobicity [ 16,181 and is bound to detergent
micelles [ 16,191. Bovine ru-lactalbumin binds to
phospholipid vesicles at low pH (i.e. in the
denatured state) with part of the molecule inserted
into a lipid bilayer [20]. Recently Harter et al. [21]
reported that many proteins (including the water
soluble domain of hemagglutinin, ovalbumin, carbonic anhydrase, etc.) bind to liposomes at acid
PH.
2.5. Non-matured proteins are translocated
Proteins are translocated before their leader sequences are cleaved off. The existence of leader sequences may delay the formation of protein native
structure [22]. The last statement receives indirect
support from the fact that protein disulphide
isomerase (which catalyses the formation of the active protein with the correct disulphide bonds) is
located at the trans side of the endoplasmic membrane [23]. It is well known that many proteins
cannot achieve their native structures without the
formation of native disulphide bonds.
3. THE MOLTEN GLOBULE STATE AS THE
DENATURED STATE REQUIRED FOR
TRANSLOCATION
3.1. Nature of molten globule states
Denatured
proteins possess the completely
unordered structure of a statistical coil only under
certain
extreme
conditions.
More
usually
denatured proteins can be described as being ‘partly unfolded’ [24]. The most interesting examples of
such ‘partly unfolded’ states are the ‘molten
globule’ states which have been observed for a
number of proteins [25-331 at low pH, high
temperatures, etc. These states can be slightly
[25-27,341 or more 1351 expanded as compared
with the native state but all of them are much more
compact than the statistical coil and possess native-
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like secondary structure. However they lack rigid
tertiary structure as indicated by circular dichroism
of aromatic groups (fluorescence and circular
dichroism) and NMR spectra. Especially important is the fact that molten globule states are
mobile and contain water inside the globule. The
increased mobility of the molten globule state has
been confirmed by NMR [27,36] and deuterium exchange [25-281. The existence of water inside the
molten globule (suggested by the increase of its
volume) has been predicted theoretically [37] and
confirmed by the measurements of its partial
specific volume and compressibility (Kharakoz,
D.P. and Bychkova, V.E., unpublished). Molten
globule states have been described also as kinetic
intermediates which accumulate during folding of
the protein from the completely unfolded state
[32,36,38,39]. Their properties are similar to those
of the equilibrium molten globule states. There are
examples (see e.g. [33,40]) that even proteins which
do not exhibit the equilibrium molten globule state
still fold through a molten globule as a kinetical intermediate.
3.2. The molten globule as a translocating species
Based on the above findings concerning
translocation and the near native conformational
states of proteins, the following hypothesis is proposed. The combination of mobility and of internal water capable of solvating polar groups allows
the possibility of equilibria of the following type
occurring within the molten globule state:

0

2 = -c

-

charges exposed

- -I-

charges sheltered

The protein molecule in the molten globule state
can thereby accommodate both to polar and to
non-polar environments. This may permit proteins
in this state to interact with lipid-water interfaces
more readily than in the native state thus explaining the increased membrane binding at low pH
[20,21]. Moreover the second species, with a less
polar surface would be translocated through the
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bilayer with a small free energy of activation. It is
proposed therefore that a protein in the molten
globule state may readily be translocated across a
membrane.
4. CONCLUSION
It is quite possible that non-native protein conformations are involved not only in transmembrane translocation but also in other events within
a living cell. (i) A nascent protein chain may have
a non-native stage which can be stabilized by
binding to &o/EL protein [13]. (ii) Heat-shock
and other stress proteins bind non-active protein
subunits preventing them from aggregating until
the quaternary structure is formed [41-451. The
same proteins (as well as Gro/EL in procaryotes)
can be involved in transmembrane translocation of
proteins [46,47]. (iii) Protein degradation, at acid
pH [48,49] or in the ubiquitin system [49,50], may
demand the presence or formation of non-native
states. It is possible that in some of these cases also
the non-native state of the protein may be the
molten globule state.
Acknowledgements:
The authors thank Drs A.V. Finkelstein,
AS. Girschovich, T.A. Rapoport and E.I. Shakhnovich for
valuable discussions and for reading the manuscript.

REFERENCES
[l] Walter, P., Gilmore, R. and Blobel, G. (1984) Cell 38,
5-8.
[2] Schatz, G. (1986) Nature 321, 108-109.
[3] Rothmann, J.E. and Kornberg, R.D. (1986) Nature 322,
209-210.
(41 Singer, S.J., Maher, P.A. and Yaffe, M.P. (1987) Proc.
Natl. Acad. Sci. USA 84, 1015-1019.
[5] Eilers, M. and Schatz, G. (1986) Nature 322, 228-232.
[6] Eilers, M. and Schatz, G. (1988) Cell 52, 481-483.
[7] Endo, T. and Schatz, G. (1988) EMBO J. 7, 1153-1158.
[8] Vestweber, D. and Schatz, G. (1988) EMBO J. 7,
1147-1151.
[9] Eilers, M., Hwang, S. and Schatz, G. (1988) EMBO J.
1139-1145.
[lo] Hay, R., Bohni, P. and Gasser, S. (1984) Biochim. Biophys. Acta 779, 65-87.
[ll] Randall, L.L. and Hardy, J.S. (1986) Cell 46, 921-928.
[12] Verner, K. and Schatz, G. (1988) EMBO J. 6,2449-2456.
[13] Bochkareva, ES., Lissin, N.M. and Girshovich, AS.
(1988) Nature, submitted.
[14] Schleyer, M. and Neupert, W. (1985) Cell 43, 339-350.
(151 Minsky, A., Summers, R.G. and Knowles, J.R. (1986)
Proc. Natl. Acad. Sci. USA 83, 4180-4184.

233

Volume 238, number 2

FEBS LETTERS

[16] Zhao, J.-M. and London,
E. (1986) Proc. Natl. Acad.
Sci. USA 83, 2002-2006.
[17] Ramsay, G. and Freire, E. (1987) Biophys. J. 51, 164a.
[18] Dumont, M.F. and Richards, F.M. (1986) J. Biol. Chem.
263, 2087-2097.
[19] Hu, V.W. and Holmes, R.H. (1984) J. Biol. Chem. 259,
12226-12231.
[20] Kim, J. and Kim, H. (1986) Biochemistry
25,7867-7874.
[21] Harter,
C., Bachi, T., Semenza,
G. and Brunner,
J.
(1988) Biochemistry
27, 1856-1864.
[22] Park, S., Liu, G., Topping,
T.B., Cover, W.H. and
Randall, L.L. (1988) Science 239, 1033-1035.
[23] Freedman,
R.B. (1984) Trends Biochem. Sci. 9, 438-441.
[24] Tanford,
C. (1968) Adv. Prot. Chem. 23, 121-282.
[25] Dolgikh,
D.A.,
Gilmanshin,
R.I., Brazhnikov,
E.V.,
Bychkova,
V.E., Semisotnov,
G.V., Venyaminov,
S.Yu.
and Ptitsyn, O.B. (1981) FEBS Lett. 136, 311-315.
[26] Dolgikh,
D.A.,
Abaturov,
L.V.,
Bolotina,
I.A.,
Brazhnikov,
E.V.,
Bushuev,
V.N.,
Bychkova,
V.E.,
Gilmanshin,
RI.,
Lebedev, Yu.O., Semisotnov,
G.V.,
Tiktopulo,
E.I. and Ptitsyn, O.B. (1985) Eur. Biophys. J.
13, 109-121.
[27] Ptitsyn, O.B. (1987) J. Prot. Chem. 6, 273-293.
[28] Dolgikh,
D.A.,
Abaturov,
L.V.,
Brazhnikov,
E.V.,
Lebedev,
Yu.O.,
Chirgadze,
Yu.N. and Ptitsyn,
O.B.
(1983) Dokl. Akad. Nauk SSSR 272, 1481-1484.
[29] Carrey, E.A. and Pain, R.H. (1978) Biochim. Biophys.
Acta 533, 12-22.
[30] Creighton,
T.E. and Pain, R.H. (1980) J. Mol. Biol. 137,
431-436.
[31] Mitchinson,
C. and Pain, R.H. (1985) J. Mol. Biol. 184,
331-342.
[32] Zerovnik,
E. and Pain, R.H. (1987) Protein Eng. 1, 248.
[33] Craig, S., Schmeissner,
U., Wingfield, P. and Pain, R.H.
(1987) Biochemistry
26, 3570-3576.

234

October 1988

[34] Wong, H.-P. and Hamlin, L.M. (1974) Biochemistry
13,
2678-2683.
[35] Wong, H.-P. and Tanford,
C. (1973) J. Biol. Chem. 248,
8518-8523.
[36] Semisotnov,
G.V., Kutyshenko,
V.P. and Ptitsyn, O.B.
(1988) Molekularnaya
Biologiya (USSR), submitted.
[37] Finkelstein,
A.V.
and
Shakhnovich,
E.I.
(1988)
Biopolymers,
submitted.
[38] Dolgikh,
D.A., Kolomietz,
A.P.,
Bolotina,
I.A. and
Ptitsyn, O.B. (1984) FEBS Lett. 165, 88-92.
[39] Semisotnov,
G.V., Rodionova,
N.A., Kutyshenko,
V.P.,
Ebert, B., Blank, J. and Ptitsyn, O.B. (1987) FEBS Lett.
224, 9-13.
(401 Kuwajima,
K., Hiraoka,
Y., Jkeguchi, M. and Sugai, S.
(1985) Biochemistry
24, 874-881.
[41] Ellis, J. (1987) Nature 328, 378-379.
[42] Hendershot,
L., Bole, D. and Kearney,
J.F. (1987)
Immunol. Today 8, 11 l-l 14.
[43] Pelham, H.R.B. (1986) Cell 46, 959-961.
[44] Gething, M.-J., McCammon,
K. and Sambrook,
J. (1986)
Cell 46, 939-950.
[45] Kassenbrock,
C.K., Garcia, P.D., Walter, P. and Kelly,
R.B. (1988) Nature 333, 90-93.
[46] Deshaies,
R.J., Koch, B.D., Werner-Washburne,
M.,
Craig,
E.A. and Schekman,
R. (1988) Nature
332,
800-805.
[47] Chirico,
W.J.,
Waters,
M.G. and Blobel, G. (1988)
Nature 332, 805-810.
[48] Hershko,
A. and Ciechanover,
A. (1982) Annu. Rev.
Biochem. 51, 335-364.
[49] Rechsteiner,
M., Rogers, S. and Rote, K. (1987) Trends
Biol. Sci. 12, 390-394.
[50] Ciechanover,
A. (1987) J. Cell. Biochem. 34, 81-100.

