CHIN.PHYS.LETT.

Vol. 20, No. 10 (2003) 1883

Conservation of Hydrophobic and Hydrophilic Residues in Four-Helix Bundle 
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The conservation of the hydrophobic and the hydrophilic residue sites obtained from 1000 designed sequences with
the Z -score method for a four-helix bundle has been studied. The folding dynamic and thermodynamic features of
the designed sequences and their di erent mutations are also studied. It is found that this conservation is related
to the stability and the fast folding of the model proteins. Our results are consistent with the experimental
results.
PACS:

87. 15. Cc, 87. 15. Aa, 87. 14. Ee

The protein folding is still an unsolved problem
in molecular biology.[1 3] Sequence design, the reverse folding problem, is an approach for understanding not only the relationship between amino acid
sequences and their corresponding three-dimensional
structures, but also the underlying physical principles
that govern the folding and functions.[4 7] Experimental studies showed that the natural protein sequences
which have been evolved for thousands of million years
present some characteristics about the conserved arrangement of the hydrophobic (H) and the hydrophilic
(P) residues at some sites in the sequences.[8;9] These
conserved sites have a great correlation with their corresponding structural features, which is very important for the folding processes, the stability and biological functions.[10;11] To simplify the complexity of the
real proteins, coarse-gained models are used in study
of the folding processes and sequence design.[12;13] In
this work based on a simple lattice model, we use the
so-called Z -score design method[6] to design sequences
to mimic the natural sequence evolution. We then
identify the positions where the amino acids are most
conserved in these designed sequences. We analyse
the folding dynamic and thermodynamic features of
both the \wild type" and mutated sequences to study
the importance of the conserved sites to the folding
process and stability. We nd that the site conservation is consistent with the preservation of the features
of folding and stability, and the results of the natural
evolution are a ected mutually by these factors. Our
results are in agreement with the previous experimental and theoretical conclusions.
The lattice protein models have been argued to
provide many insights for real proteins, such as the
folding behaviour.[10;14] Two nonconsecutive beads,
spatially neighbouring with one lattice spacing a, can
form a contact. The energy of the system is considered
as the contribution of all the contacts,
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where indicates the conformation, Usi ;sj is the contact potential between residue Si and Sj and the potential of the modi ed MJ matrix (MMJ) is used,[15;16]
and Æ (rij a) characterizes the geometrical requirement of the contact between residues i and j with
Æ(0) = 1 for a contact or 0 otherwise.

Native structure of the four-helix bundle lattice
model. The chain length is 55 and the number of the
native contacts is 61.
Fig. 1.

The Z -score design method is a popular and successful method among all of the current protein design methods. It enlarges the energy gaps between
the native state and the unfolded states to realize a
funnel-like landscape. The Z -score is de ned as
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where Etarget is the energy for the sequence in the
target structure, Eaverage is the average energy of the
unfolded conformations for the sequence and is estimated from the contact averages as Eaverage = N hei,
in which hei being the average energy of all possible
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contacts and N is the number of contacts in the native
state or the target state. By xing the compositions
of H-residues (L; I; V; M; C; F; Y; W ) and P-residues
(R; S; T; Q; H; D; E; K; G; A; N; P ) to 22:33,[18] we design more than 1000 sequences (each sequence is designed for 107 Monte Carlo steps, and because the
amino acids of each sequence are random chosen, each
designed sequence is nearly independent) by maximizing the values of the Z -score. A target structure for
the design is a lattice model of the four-helix bundle
protein which contains only -helix (see Fig. 1).[19;20]
We obtain the distribution of the hydrophobic and
the hydrophilic residues at each site of the model chain
by averaging over 1000 designed sequences. The occurrence of the hydrophobic residues (OHR) in each
site of the chain is shown in Fig. 2. It is found that
there are 11 sites where the probabilities for the hydrophobic residues occurring are more than 90% (or
the value of OHR  0:90). These conserved hydrophobic sites distribute in the interior of four helices, and
interact with each other thus form a hydrophobic network. This hydrophobic interaction network performs
as the hydrophobic core, which plays an important
role on the stability of the native state and the folding process, especially in the beginning of the folding
since the hydrophobic interaction is the main driving
force.[21] Surprisingly, about 16 sites distribute few or
none H-residues among the 1000 sequences, and their
values of OHR  0:1. These conserved hydrophilic
sites are located at the surface of the four-helix bundle
and are so packed that the waters are excluded from
the interior of the structure to make the model chain
more stable. We also nd that there are six extraordinary conserved sites, namely sites 13, 14, 27, 29, 42, 43
with OHR = 0. According to the structure of the fourhelix bundle, these sites are located at three turns (or
loops) which connect the four helices. The presence
of these hydrophilic (polar) residues decreases the opportunity of hydrophobic residues to form other competitive cores, which leads the energy landscape to
be smooth. These weak interactions also increase the
exibilities of some local conformations, for example,
the loop regions. It is well known that in real proteins
most of the residues on the surface are hydrophilic.
Our results really imply that this observation and
the conserved hydrophilic residues are highly on the
surface sites and have interactions with the solvent
molecules. The separation of the hydrophobic and
hydrophilic residues in the structure can energetically
increase the energy gap, which increases the stability
of the target structure. Changing the composition of
di erent ratios of the H-residues to the P-residues, we
obtain the similar results (data not shown). From our
results, we also nd that some sites located between
the hydrophobic core and the hydrophilic surface are
not so sensitive to the types of the residues and the
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values of OHR are about 0.3{0.5. These sites locate
at the interface of the hydrophobic core and the hydrophilic surface, re ecting the diversity of the protein
sequences.

Occurrence of the hydrophobic residues (OHR)
distributions over the site. The number in each pane represents the corresponding sites.
Fig. 2.

The conservation of the hydrophobic residues and
the hydrophilic residues is related to the natural
proteins.[11] For the four helix domain in the nature proteins (for example the cytochrome b562 , human growth hormone, myohemerythrn and so on), the
residues in each helix of the domain are arranged so
that the hydrophobic residues are buried between the
helices, and the hydrophilic residues are on the outer
surface of the domain. For each helix, the arrangement of the residues has a tendency to change from
the hydrophobic residues to the hydrophilic residues
with a period of about four residues. This feature is
also re ected in our designed sequences as shown in
Fig. 3. The arrangement of residues for each helix is
similar to the shape of the letter \W", and this distribution can make the hydrophobic residues in the
interior of the structure to form the hydrophobic core
and the hydrophilic residues to expose to the solvents
for the folding and function reasons. It is found that
each helical segment has a similar distribution of the
hydrophobic and the hydrophilic residues and the occurrences of the hydrophobic residues in each helix
segment are 47.42%, 46.21%, 46.30%, 42.40%, respectively. This shows that the four helices have similar
role in their folding and stability.
The special residue patterns are closely correlated
to the stability and the dynamic characters of the
proteins. Now we use the mutation method to analyse what can be produced from the folding characters
and stability.[10;11;22] We make the mutations at four
sites of a designed sequence (the wild-type sequence),
namely two sites in the region of the conserved hydrophobic core (site 8 and 26) and the other two in
the non-sensitive sites (site 12 and 22). All of the
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mutations are made simply by replacing the wild Htype residue to a P-type residue or by replacing the
wild P-type residue to an H-type residue. For these
mutated sequences, we perform the folding simulations, and analyse the dynamic and thermodynamic
features with respect to those of the original wild-type
sequences.

Fig. 3. OHR of each helix of the four-helix bundle versus
the chain sites. The symbols , Æ, 4, and ? correspond to
the 1; 2; 3; 4 helix of the four-helix bundle.

The thermodynamics of the sequence can be reected by the folding temperature Tf , which is measured by the peak of the heat capacity versus the
temperatures.[23] We nd that the folding temperatures of all these mutated sequences are less than the
original sequence, especially for those sequences mutated at the hydrophobic core. In details, the Tf values are 0:50, 0:44, 0:42, 0:41, 0:37 for the wild type
sequence, sequence mutated at the sites 22, mutated
both at 22 and 12, mutated at 8, and mutated both
at 8 and 26, respectively. At the same time, the gaps
between the Eaverage and Etarget become small after
the mutations are made. This shows that the highly
conserved regions of the hydrophobic core are very important to the thermodynamic stability of the native
structure and these conserved sites are also the requirement of the structural stability.
We obtain the relationship of the folding time f
over a wide range of temperatures as shown in Fig. 4.
The shapes of the curves of f versus 1=T for four
mutated sequences are similar to that of the original
wild-type sequence but the fast folding (the minima of
f ) temperatures Tmin shift to the low temperatures.
When the mutation is made for a conserved hydrophobic residue, e.g., site 8, from a hydrophobic residue M
to a hydrophilic residue D, the folding becomes slower
than that of the original wild-type sequence (see the
curve with the lled circles). When we mutate two
sites (sites 8 and 26) in the core region, it folds slower
than that of one site mutation and the fast folding
temperature shift to much low temperature (see the
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curve with open diamonds). Thus, the conserved hydrophobic sites a ect the folding processes and play
an important role in the thermodynamic stability. It
is noted that the values of f for the sequences mutated in the non-sensitive regions are similar to that
of the wild type one (data not shown). At high temperature we observed that the four mutated sequences
fold slower than the wild type sequence, especially for
the sequences mutated at the core position. This is
due to the fact that at high temperatures, the partially folded conformations of the mutated sequences
can be destroyed more easily, leading to a large number of the partially folded conformations. Therefore,
it needs longer time to search the folded state among
these partially folded states of the mutated sequences
than that the wild type sequence does. This e ect is
more signi cant for the sequences mutated at the core
positions. However, the folding behaviours are more
or less the same if the mutations are made for these
conserved sites with the residue belonging to the same
types, for example an H-type is replaced by another
H-type residue. Our simulations are consistent with
the experimental results of the mutation of the conserved core of the SH 3 domain.[24] Thus, these conserved sites have been evolved to t the requirement
of the fast folding. We can conclude that the characteristics of the sequences mutated with di erent types
of residues in the region of the hydrophobic core become worse both in the kinetic folding process or in
the stability. The mutations for the insensitive sites
almost do not a ect the folding process but increase
the thermodynamic stability little bit. Such features
may result from the evolutionional conservation. For

Logarithm values of folding time log10 (f ) versus the reciprocal of the folding temperature 1=T . The
symbol ? corresponds to the wild-type sequence,  to the
sequence mutated at the site 8 from residue M to D,  to
the sequence mutated at the sites 8 and 26 from residues
M and I to D and G, Æ to the sequence mutated at the
site 22 from residue I to H, 4 to the sequence mutated
at the sites 12 and 22 from residues K and I to F and H,
respectively.
Fig. 4.
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the case of the two-site mutations related to pairs of
the H-residue and P-residue, the e ects depends on its
place in the four-helix structure, and the detail results
would be presented in our further study. For the case
of the two-site mutations related to pairs of the H-type
and P-type residues, the e ects depend on sites in the
four-helix structure, and the detail results would be
presented in our further study.
In summary, we show that the conserved residues
from 1000 designed model protein sequences have a
tight relationship with the important regions of the
native structure. From the analysis of the dynamics and thermodynamics for these sequences (wild and
mutated), we show that the conserved residues in the
evolution of the protein sequences are very important to the folding process and the thermodynamic
stability. Protein sequences selected by the natural
environment for thousands of years conserve important residues in some special regions. These particular patterns are the requirement of the fast folding
process, the stability of the native structures and also
the functional activities. Conclusively, the sequence
and the folding/stability cooperate harmoniously to
realize the conservation of proteins. Our observation
is really consistent with some experimental studies of
the four-helix bundle protein design.[4] These can also
provide us some insights into protein folding and the
function prediction.
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