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Cracking the folding code. Why do some proteins adopt partially folded
conformations, whereas other don’t?
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Abstract Many, but not all, globular proteins have been shown
to have compact intermediate state(s) under equilibrium condi-
tions in vitro, giving rise to the question: why do some proteins
adopt partially folded conformations, whereas other do not?
Here we show that charge to hydrophobicity ratio of a
polypeptide chain may represent a key determinant in this
respect, as proteins known to form equilibrium partially folded
intermediates are specifically localized within a unique region of
charge-hydrophobicity space. Thus, the competence of a protein
to form equilibrium intermediate(s) may be determined by the
bulk content of hydrophobic and charged amino acid residues
rather than by the positioning of amino acids within the
sequence. © 2002 Federation of European Biochemical Soci-
eties. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

A variety of different physico-chemical forces play a role in
stabilizing the unique three-dimensional structure of a protein.
Both the strength and specificity of many of these forces are
strongly dependent on environmental conditions in such a
way that changes in the environment can reduce or even elim-
inate part of the conformational interactions, while the re-
mainder are unchanged, or even intensified. Under some en-
vironmental conditions, the native protein structure can be
transformed into new conformations with properties inter-
mediate between those of the native and the completely un-
folded states. Thus, the ability of a protein to adopt different
stable partially folded conformations should be considered an
intrinsic property of a polypeptide chain. It is known that
many globular proteins may exist in at least four different
conformations: the native (ordered), molten globule, pre-mol-
ten globule, and unfolded states [1-5]. Different partially
folded conformations play crucial roles in the birth (synthesis
and folding), life (function) and death (degradation) of glob-
ular proteins [1,6-10]. Moreover, the aggregation of partially
folded proteins is responsible for a number of human diseases
[11,12] and is a significant problem in biotechnology [13].
Since all the necessary and sufficient information to fold
into the native, biologically active conformation is thought
to be present in protein amino acid sequence [14], the capa-
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bility of a given protein to adopt equilibrium partially folded
conformation(s) may also be encoded in specific features of its
amino acid sequence.

Interestingly, it has been shown that not all proteins (even
homologous ones) have an identical response to changes in
their environment. For example, hen egg white lysozyme rep-
resents a textbook illustration for the two-state model of de-
naturant-induced unfolding [15], whereas accumulation of
classical molten globule under different experimental condi-
tions was described for its homologue o-lactalbumin [16].
We show here that the charge to hydrophobicity ratio of a
polypeptide chain may represent a key factor, determining
competence of a protein to form equilibrium intermediate(s).

2. Materials and methods

Literature data on equilibrium unfolding of globular proteins (with
unfolding induced by changes in pH, temperature or by increase in the
concentration of strong denaturants, such as urea or guanidinium
chloride) were analyzed. A test set of 154 globular proteins, for which
data are readily available, was chosen based on this analysis. This test
set was subdivided into two subsets based on the published unfolding
behavior. In the first subset, 115 globular proteins were included with
each being shown to adopt equilibrium partially folded conforma-
tion(s). The second subset contained 39 globular proteins, each of
which has been shown to unfold without the formation of any inter-
mediate state. Using the Swiss Institute of Bioinformatics (SIB) server,
ExPASy [17], the following information was extracted for each indi-
vidual protein: (i) number of amino acid residues; (ii) molecular
mass; and (iii) total number of negatively (Asp+Glu) and positively
charged (Arg+Lys) residues. The hydrophobicity of each amino acid
sequence was calculated by the Kyte and Doolittle approximation
[18], using a window size of five amino acids. The hydrophobicity
of individual residues was normalized to a scale of 0-1 in these cal-
culations. The mean hydrophobicity is defined as the sum of the
normalized hydrophobicities of all residues divided by the number
of residues in the polypeptide. The mean net charge is defined as
the net charge at pH 7.0, divided by the total number of residues.

3. Results and discussion

Our analysis of literature data on equilibrium unfolding of
globular proteins induced by changes in pH, temperature, or
strong denaturants (urea or guanidinium chloride) revealed
that unfolding in 115 proteins is accompanied by accumula-
tion of equilibrium intermediate states of one sort or another.
Another set comprises 39 proteins, which were shown to un-
fold according to a simple two-state model, i.e. no equilibrium
intermediate of any kind was formed during their unfolding.
The full list of proteins from both groups will be published
elsewhere.

In an attempt to understand which factors may be respon-
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Fig. 1. Comparison of the general amino acid sequence features of
the set of 115 proteins able to form equilibrium intermediates (open
symbols, black lines) and the set of 39 proteins shown to unfold
without accumulation of partially folded conformations (gray sym-
bols and lines). Data are presented as: (a) the distribution of pro-
teins as a function of length of amino acid sequences; (b) depen-
dence of the mean net charge (net charge at pH 7.0/number of
residues) on the length of the polypeptide chain; (c) length depen-
dence of the mean hydrophobicity (Kyte and Doolittle approxima-
tion, normalized from 0 to 1).

sible for such tremendous difference in the formation of equi-
librium partially folded intermediates, the general sequence
features of proteins from both groups have been analyzed
using a simple method comparing global sequence charge
and hydrophobicity in a set of 154 globular proteins. Fig.
la shows the differences in sequence length distribution of
proteins from both groups. Those proteins observed to form
equilibrium intermediates are generally larger than those pro-
teins shown to unfold without accumulation of partially
folded conformations, with mean lengths of 270+ 176 and
145+ 66 amino acid residues, respectively. However, Fig. la
shows that length distributions for both classes overlap, sug-
gesting that chain length alone cannot be used to discriminate
proteins from the two classes. Further, Fig. 1b shows that
there is essentially no difference between the two groups in
terms of their mean net charge as a function of sequence
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length. However, statistical analysis reveals that globular pro-
teins which are able to adopt partially folded intermediates
have a lower overall net charge (0.027 +0.022) compared to
proteins which unfold according to a two-state model
(0.051 £0.032).

A different situation is observed when the hydrophobicity
of the polypeptide chain is taken into account. Fig. 1c shows
that the set of intermediate forming proteins is relatively well
separated from the set of proteins unable to adopt a partially
folded conformation. Statistical analysis of these data gives a
mean hydrophobicity of 0.446£0.023 and 0.422+0.017 for
the members of the two groups, respectively. Thus, the
mean hydrophobicity may be a significant contributing factor
in determining whether a protein will form equilibrium inter-
mediates or not. Finally, combining both factors, mean hy-
drophobicity and mean net charge, allows for the reliable
separation of both groups of proteins; they occupy different
areas within the charge-hydrophobicity phase space (Fig. 2).
These data imply that the competence of a protein to form
equilibrium intermediate(s) may be predetermined by the bulk
content of hydrophobic and charged amino acid residues.

Patterns of hydrophobic and hydrophilic residues are very
important for protein folding and function. For instance, the
burial of hydrophobic residues is considered to be the major
factor determining the formation of the cores of globular
proteins [19]. Further, alternating hydrophobic and hydro-
philic residues in B-strands represents the major factor stabi-
lizing proteins rich in these structures. Interestingly, it has
been recently shown that sequences of three or more consec-
utive hydrophobic residues are significantly less common in
globular proteins than would be predicted if residues were
selected independently, which was interpreted as evolutionary
selection against long blocks of hydrophobic residues within
globular proteins [20]. Thus, the spatial distribution of hydro-
phobic and hydrophilic residues within polypeptide chains is a
critical feature of amino acid sequences to direct the folding of
proteins.

Although the distributions of the quantities used in our
study to discriminate globular proteins overlap considerably
(0.027£0.022 vs. 0.051£0.032 and 0.446%0.023 vs.
0.422 +0.017 for the mean net charge and mean hydrophobic-
ity calculated for the proteins that are able to adopt partially

0.15 4

0.10 4

0.05

Mean net charge

0.00 -

0.40 0.45 0.50
Mean hydrophobicity

Fig. 2. Comparison of mean net charge vs. mean hydrophobicity
for the set of 115 proteins able to form equilibrium intermediates
(open symbols, black lines) and the set of 39 proteins shown to un-
fold without accumulation of partially folded conformations (gray
symbols and lines).



V.N. Uversky/FEBS Letters 514 (2002) 181-183

folded intermediates and for those that unfold according to a
two-state model, respectively), reliable separation of these two
groups of proteins was achieved when both factors were con-
sidered simultaneously. In fact, these groups occupy different
areas within the charge-hydrophobicity phase space (Fig. 2).
Thus, our data show that the capability of a protein to adopt
equilibrium partially folded conformation(s) may be encoded
in the charge/hydrophobicity ratio of its polypeptide chain,
not its sequence. This may mean that partially folded confor-
mations are stabilized mostly by non-specific, side chain-side
chain interactions of hydrophobic amino acid residues. Inter-
estingly, proteins that do not have equilibrium intermediates
are less hydrophobic and have, in general, a larger net charge
than those competent to form discrete intermediate states.
This may indicate that such proteins are less strengthened
by hydrophobic interactions and more disturbed by electro-
static repulsion. Thus, smaller environmental changes may be
required to overcome the marginal stabilization energies lead-
ing to immediate and complete unfolding of the protein.
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