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Major factors of protein evolution revealed by
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Abstract Here we attempt to characterize protein
evolution by its dominant factors. These factors
are revealed by top eigenvectors in the spectrums
of eigenvalue decomposition analysis. To reduce
the bias induced by closely related sequences in the
database, we introduce a parameter, sequence iden-
tity by which proteins with sequence identity below
certain level are involved in analysis. It is found
that, with drop of sequence identity level, residue
feature mainly conserved in mutation changes from
hydrophobicity to volume. The transition point is
at sequence identity ~ 45%. As residue hydropho-
bicity no longer governs residue substitution, it is
a doubt whether importance of hydrophobic inter-
action declines in conserving the family represen-
tative properties among remote homologues. So,
we also investigate the contribution of hydropho-
bic interaction in near and remote homologues. In
aligned homologues, hydrophobic interaction sys-
tems inbuilt in these proteins are aligned too; and
can be deemed to be similar and substitutable with
each other. With a comparison of aligned hy-
drophobic interaction systems, we can catch the
representative character of hydrophobic interac-
tion for the corresponding protein family. Here top
weighted feature in the substitution of hydropho-
bic interaction systems is revealed as a function
of sequence identity. It is found that a shift hap-
pens to the type of physical quantity which governs
the substitution of hydrophobic interaction. The
number of hydrophobic residue is the dominantly
unchangeable part in aligned hydrophobic interac-
tions as sequence identity > 30%. Below this point,
state of internal hydrophobic force which charac-
terizes the residue-residue pairwise interaction is
primarily conserved. With view of this shift, in-
trinsic requirement of protein evolution is sought
in the discussion section.
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1 Introduction

Though efforts have ever been made to reveal the na-
ture of protein evolution[l, 2, 3, 4, 5], major factors
conserved in the evolvement is still obscure. A clari-
fication of such factors will assist us in comprehend-
ing the development of protein universe, designing
artificial proteins, and etc. Here, by a revealment of
such factors, we attempt to present some outlines of
protein evolution to readers.

Residue mutation is vital for protein evolution.
Information obtained by the analysis of aligned ho-
mologous sequences can give us the significant char-
acters of protein evolution. In numerous sequence
alignment based works, the knowledge system BLO-
SUM (blocks substitution matrix) given by Henikoff
and Henikoff]6] is typical, and provides us a basis for
further investigation. In their approach, analysis was
based on local sequence alignments in a high qual-
ity database-BLOCKS]7] where the most highly con-
served regions of related proteins in PROSITE][8] cat-
alog were collected. Aligned residues were deemed to
be substitutable one another. To characterize substi-
tutability /similarity of residues, statistics of residue
substitution were converted into a log-odds ratio be-
tween a combined model and an independent one. In
order to reduce the bias induced by closely related
sequences in the database, the level of sequence iden-
tity was introduced as a parameter in the clustering
of homologous proteins. Sequences that were identi-
cal for at least certain level were grouped together,
and weighted as a single sequence in data counting.
In this way, non-redundant samples, i.e. proteins
which were alike below certain identity level were an-
alyzed. Consequently, one matrix characterizes the
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propensity of residue substitution in sequences below

a certain sequence identity level. Further analysis of

this scoring scheme can outline the governing residue
features in the substitution of amino acid.

In this work, we firstly identity the governing fea-
ture in residue substitution by analyzing Henikoff’s
BLOSUM matrices with a general method, eigen-
value decomposition. It is revealed that there is
an intrinsic transition point at sequence identity
= 45% where the dominant feature related to residue
substitution shifts. Hydrophobicity[9] and residue
volume[10] are two significant residue features in pro-
tein evolution. Hydrophobicity is the major con-
served residue feature as sequence identity is above
this transition point. Whereas, residue volume is a
governing feature below this point.

Hydrophobic interaction is confirmed as the dom-
inant driving force for protein folding[11, 12]. Since
hydrophobicity is not the governing residue feature
in amino acid substitution of remote homologous
proteins, it is a doubt whether importance of hy-
drophobic interaction declines in conserving the fam-
ily representative properties among remote homo-
logues. So, we are also interest in the contribution
of hydrophobic interaction in sequences of different
homologous levels.

Though there is no difference in physical mecha-
nism, every protein has its distinctive character in
hydrophobic interaction. In a protein family, the
hydrophobic interaction systems of different homo-
logues can be deemed to be similar in some way.
Once homologues are aligned site by site, hydropho-
bic interaction systems inbuilt in these proteins are
aligned too. The respective character of each sys-
tem can be compared one another. Difference ex-
ists in such comparison, especially for remote ho-
mologues. Factors conserved in such comparison
should be essential for the family representative char-
acter of hydrophobic interaction. Using a coarse-
grained model, we construct a new scoring scheme
named TLESUM,,(TripLEt SUbstitution Matrices
with hydrophobic and polar information). Accord-
ing to the forementioned reason; sequence identity
is introduced as a parameter. Eigenvalue decompo-
sition analysis of these matrices achieves a new un-
derstanding of the top weighted feature in the sim-
ilarity of aligned hydrophobic interaction systems.
It is found that number of hydrophobic residue and
internal force given by residue hydrophobicity are
two physical quantities which govern the substitu-
tion of localized hydrophobic interaction at different
identity stages. When residue-residue pairwise inter-
action is investigated in a protein molecule, a force
contributed from hydrophobicity exists between each

residue pair. As remote homologues are compared,
it. is significant to maintain the similarity between
forve states of a protein and those of other molecules.
Whereas in near homologues, the most important
feature in conserving the similarity of aligned hy-
drophobic interaction systems is keeping an equal
number of hydrophobic residue approximately. Sig-
nificance and implication of this observed shift are
discussed. The major conclusions are:

1. For remote homologues, hydrophobic interac-
tion is still vital in conserving family represen-
tative properties, but changes its aspect of em-
phasis, from conservation of the number of hy-
drophobic residue to the preservation of family
specific hydrophobic force network. ~

2. Intramolecular hydrophobic force network has
a crucial contribution to the representative hy-
drophobic interaction of a protein family, meets
the intrinsic requirement of protein evolution,
and help the conservation of family representa-
tive biological properties significantly.

2 Materials and methods

2.1 Eigenvalue decomposition
analysis

In an eigenvalue decomposition approach, a given
N XN real symmetric matrix M can be reconstructed
as

N
My =3 AaVaiVay (1)

a=1

where M;; is the element of the matrix in row ¢ and
column j, A, is the orth eigenvalue, and V,, ; is the ith
component of the ath eigenvector, Vo = (V4;). Ac-
cording to the absolute values, eigenvalues are sorted
in a descending order. In this way, information in-
volved in a matrix would be decomposed and ranked
according to significance. Item given by the top
eigenvector, A1V ;V1; has the largest contribution
to element M;;.

A matrix is analyzed after subtracting its mean
from each element of the matrix. Such a subtraction
procedure is necessary to remove a trivial source of
a large eigenvalue[12]. Any matrix with a nonzero
mean mg can have one dominant eigenvalue propor-
tional to Nmyg if the dimension N of the matrix is
large. Removing this trivial regularity enables us
to clearly identify other intrinsic regularities which
could be obscured in the spectrum of the unsub-
tracted matrix.



In eigenvalue decomposition approach, item
A
MViiVig = 5 VE+ Vi = (V= Vi) ()

has the largest contribution-in-reconstructing ma-
trix element A;;. If the first eigenvalue A; is posi-
tive, the fewer the difference between Vi ; and V15,
the more positive value is contributed to the element
M;;. In a scoring scheme, large value of a matrix
element means the large propensity in substitution.
Consequently, mutations with few difference in the
component of Vy are conserved or may be positively
favored.

2.2 Construction of triplet
substitution matrices

We treat protein sequence as successive triplet words
of amino acid.. A Miyazawa-Jernigan matrix[13]
based 2-letter scheme is employed in the classifica-
tion of amino acid( hydrophobic h={M, F, I, L, V,
A7 W}7 polar p:{07 Ya Qa H7 P, G) T7 Sa N> R7 K) D)
E}. According to the former work, this classification
scheme[14] has a strong correlation with residue hy-
drophobicity). Two neighbors of the central residue
are mapped into h/p letters. Consequently, the orig-
inal 20 x 20 x 20 types of triplet are clustered into
2% 20 x 2 alphabets. Residue sequences are rewritten
with the 80 letters alphabet set.

The aligned sequences in BLOCKS9 database[7]
are used in our approach. In this database, a group of
ungapped multiple aligned residue segments is called
a block with each row a different protein segment and
each column an aligned residue position. A single
block represents a conserved region of a protein fam-
ily. Totally, 3179 blocks are involved in BLOCKS9
database. According to the same reason of the con-
struction of BLOSUM matrices, sequence identity is
introduced as a parameter in segment clustering.

It is considered that triplet words in a column
can substitute with each other in protein evolution.
We count all possible pairs of triplet word substitu-
tions in each column of every block. All these counts
are summed. The result of this counting is a fre-
quency table listing the number of times for each of
the 80479 +..1 = 3240 different triplet word pairs to
occur in the BLOCKS9 database. The table is then
used to calculate a 80x80 symmetric matrix repre-
senting the log-odds ratio between these observed fre-
quencies and those expected by chance. We denote
the total number of triplet word pair ¢,7(1 < j <
i < 80) by oy;. Then the observed probability of the
occurrence of pair 4,7 is gi; = aij/2§il ;:1 Tij-
The probability for triplet word ¢ to occur is then
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Pi = Qi + 2 ;4; 3ij/2. The expected probability e;;
of occurrence of pair 7,5 is then p;p; for ¢ = 7 and
pip; + psp; = 2pip; for i £ 7. A lod ratio is then cal-
culated in half bit units as s;; = 2logy(gi;/e:;) which
is rounded to the nearest integer value to produce
TripLEt SUbstitution Matrices with hydropobic and
polar information(TLESUMp,).

3 Results

3.1 Views obtained by the analysis of
BLOSUM matrices

In BLOSUM matrices, 90% contributions are made
from the first 9-14 eigenvalues. Here we focus on
the first eigenvalues which contribute ~1/5 to the
total eigenvalue. Due to the positive values, compo-
nents of these eigenvectors are dominantly conserved
or may be positively favored in each BLOSUM ma-
trix.

Table 1. Correlation coefficients r between the first eigen-
vectors of BLOSUM matrices and several residue fea-
tures. Chou-Fasman’s strand propensity correlates to
hydrophobicity with r=0.59, and to residue volume with
r=0.52. Molecular weight correlates to hydroghobicity
with r=-0.25, and to residue volume with r=0.92.

Matrices Residue features
hydrophobicity  residue strand molecular
volumn propensity weight
BLOSUM95 0.77 0.54 0.84 0.75
BLOSUMS90 0.77 0.54 0.84 0.73
BLOSUMS85 0.77 0.54 0.84 0.74
BLOSUMS80 0.77 0.54 0.84 0.76
BLOSUM75 0.77 0.54 0.84 0.77
BLOSUMT70 0.77 0.53 0.84 0.77
BLOSUM®65 0.77 0.54 0.83 0.77
BLOSUM60 0.77 0.54 0.84 0.78
BLOSUMS55 0.76 0.57 0.84 0.79
BLOSUMS50 0.75 0.58 0.84 0.78
BLOSUM45 0.71 0.64 0.83 0.69
BLOSUM40 0.59 0.74 0.80 0.58
BLOSUM35 0.47 0.75 0.73 0.26
BLOSUM30 0.31 0.73 0.57 0.22

To illustrate the meaning of these eigenvectors, we
study the linear regression between eigenvector V,
and vector R, which is a 20-dimension vector intro-
duced as a representation of residue feature k, where
& refers to hydrophobicity, residue volume, secondary
structure propensity[15, 16], and etc. Correlation co-
efficient r is calculated as

ly
r=—t

m
v o by= @ -Bw-7) ()
la::clyy G=1
where m is the vector dimension, z = % S T
The obtained correlation coefficients are shown in
table 1.
It is found that there is a transition point at se-
quence identity = 45% where a switch occurs for the
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dominant related residue feature. Hydrophobicity

has a strong relationship with the principal eigen-

vector as sequence identity is above this transition
point. However, below this point, residue volume is
tightly related[17].

We want to point out that many residue fea-
tures are inherently correlated. There are other fea-
tures(correlating to both hydrophobicity and residue
volume) which are more related to these eigenvec-
tors. To make an indubitable analysis, we select two
orthogonal vectors as the presentive features(The
correlation coefficient between hydrophobicity and
residue volume = 0).

3.2 Views obtained by the analysis of
TLESUM,,, matrices

We focus on the comparison of hydrophobic inter-
action systems at local level. Protein sequence is
treated as successive triplet words of amino acid.
Each triplet owns a subset of the hydrophobic in-
teraction of corresponding protein. As the basic el-
ement of residue-residue interaction is residue pair,
focusing on such fundamental element, we investi-
gate features of hydrophobic interaction between a
pair of residues. T'wo side residues of triplet provide
a hydrophobic environment for the central one. In
aligned homologous sequence, the inbuilt hydropho-
bic environments are aligned column by column.
Hydrophobic environments in aligned samples are
deemed to be substitutable with each other. Simi-
larity /substitutability of these hydrophobic environ-
ments can be observed in similarities of triplet words
as they interchange with each others in aligned ho-
mologous proteins.

Scoring scheme TLESUM},, is introduced to eval-
uate triplet’s similarities. In this scheme, two neigh-
bors of the central residue are classified into hy-
drophobic(h) or polar(p) groups respectively, and
provide four kinds of coarse-grained hydrophobic en-
vironments(h-h, h_p, p_h, p_p) for the center, where
‘.’ stands for the center residue. Counts of samples
for a triplet pair will be sparse if no residue cluster-
ing is employed. But excessive clustering will make
the scheme less sensitive. As the central residue of
triplet is not degenerated, distinctiveness of localized
hydrophobic interaction is kept moderately.

To compare the contribution of hydrophobic en-
vironment among sequences which are alike in iden-
tity meaning below certain level, 14 matrices with
different levels of sequence clustering are analyzed
by eigenvalue decomposition approach. In a 80 di-
mensional eigenvector V, each type of triplet cor-
responds to a component of this vector. For central

residue (2, there are four relevant components, hQh,
hQp, pQh, and pQp. Since the central residues are
identical, difference of values in these components
are due to type difference of hydrophobic environ-
ment. So, in case of central residue €2, contribution
of hydrophobic environment can be described as the
following unit vector Cpun

Vaor — Voo (4)

Coak = PR
T Voo — Vool

where k stands for the four kinds of hydrophobic en-
vironments, Voo = Ziﬂ Va,ak/4. Then, we cal-
culate vector C, = Z%O__:l Coq, and rescale it into
a four dimension unit vector Q.. Q. describes the
general contribution of hydrophobic environment in
eigenvector V.

Table 2. Vector Q1 derived from the first eigenvectors of
TL np matrices. It describes the general contribu-

tion of hydrophobic environment in eigenvector Vi.

Matrices Q1 of the 1st eigenvector
(hh, hp, ph, pp)
TLESUMp,95  (0.70,0.03, -0.01, -0.72)
TLESUM,,90 { 0.69, 0.05, -0.02, -0.72)
TLESUMA,85 ( 0.68,0.05, -0.02, -0.72)
TLESUMp,80 ( 0.69, 0.04, -0.01, -0.72)
TLESUM,75 (0.69,0.04,-0.01, -0.72)
TLESUMp,70  (0.68,0.04, -0.02, -0.72)
TLESUMp65 - - (-0.70-,0.03, -0.01 ,.--0.72)
TLESUM,60 (0.70,0.02, -0.00 , -0.71)
TLESUMp,55  (0.70,0.02, -0.01, -0.71)
TLESUMp,50  (0.71,0.03, -0.03, -0.71)
TLESUMp45 {0.71,0.04, -0.04 , -0.71)
TLESUMp,40 (0.71,0.06, -0.07, -0.70)
TLESUMp, 35 (-0.68 , -0.18 , 0.18 , 0.68)
TLESUMp,30  (-0.13,-0.69, 0.70, 0.13)

Vectors Q1 derived from the first eigenvectors
of different TLESUMp, matrices are shown in ta-
ble 2. As the first eigenvalue is positive for each
TLESUM}p,;, matrix, mutations with few difference in
the component of Q; are conserved in hydrophobic
environment substitution.” Obviously, there are only
two kinds of Q1 vectors in table 2. A transition of
Q3 happens at sequence identity =~ 30%. Substitu-
tion between h_p and p_h are primarily conserved as
sequence identity > 30. As sequence identity < 30,
interchange h.h«p_p is favored.

Vector Q1 characterizes the dominant feature in
similarity of localized hydrophobic interaction. As
sequence identity > 30, after simple translation
and rescaling, Q; * s nearly equal to vector G =
(2,1,1,0) which describes the number of hydropho-
bic residue in environment (h_h, h_p, p_h, p-p). Cor-
relation coefficients |r| between Q;° and G are no
less than 0.97. Namely, in the substitution of hy-
drophobic environment, mutations with few differ-
ence in the component of G is favored, i.e. number
of hydrophobic residue is dominantly conserved for



near homologues. Contrast to such simpleness, im-
plication of the other type Qfao is not obvious. To
clarify meaning of this vector, we introduce internal
hydrophobic force f, a coarse-grained physical quan-
tity contributed by an environment.

In an aqueous solution, water molecules attract
each other, and have the effect of squeezing the hy-
drophobic residue. Such force does not exist for polar
residue. Then there is a non zero resultant force for
a residue pair which own single hydrophobic residue.
For example, in environment h.p, hydrophobic force
squeezes the hydrophobic side of the triplet, but not
the polar side. Once we consider a force along the
residue-residue virtual line, there will be a non zero
resultant force F(h—p) pointing to the C-terminal
residue. With a neglect of detail residue type, we
can define hydrophobic force along the virtual line of
a residue pair as

1 if a;=ha;=p
fij == O Zf a; = aj (5)
-1 if ai=pa;=nh

where ¢, (i < j) are site indices, a;, a; are the classi-
fied alphabets of residue ¢ and j. For triplet words,
i = 0,j = 2. Hydrophobic force loaded on hp
is roughly evaluated by value 1. As pointing to
an opposite direction, force of p.h is defined as -
1. Hydrophobic environments with identical type
of members(h.h or p_p) are considered to receive
0 resultant force along the virtual line. The ob-
tained vector f = (0,1,—1,0) is nearly equal to
—Qf * after a simple rescaling. Correlation coeffi-
cient |r(Qf3°,f)I > 0.98. So mutations with few dif-
ference in internal hydrophobic force f is dominantly
conserved in environment substitution as sequence
identity < 30.

4 Discussion
Here we reveal the dominant factors in residue sub-

stitution and localized hydrophobic interaction inter-
change. Our analysis is based on statistics of thou-
sands sets of un-gapped multi-alignéd fragments or
blocks. Consequently, these results adapt to most
protein catalogues, in other words, to substitutions
of most sites and localized hydrophobic interactions.
As a result of these general phenomenons, the double
transitions may lead to concerted switch of residues’
substitutability on multiple sites of homologous se-
quences; and hinder the efforts to deduce property
from analysis of single point mutation.

In near homologous proteins, large amount of
aligned residues are identical. Similarity of bio-
logical properties owes much to the identical phys-

Int'1 Conf. Bioinformatics and Computational Biology | BIOCOMP'08 |

ical/chemical features contributed by the same
residues. What we do is peeling such simple contri-
bution off with identity threshold decreased level by
level. In remote homologues, the contribution from
identical residue is not high anymore. Since trivial
source of homologue’s similarity is reduced, analy-
sis based on the data of remote homologues is more
suitable for touching the truth of evolution. We can
extend the definition of residue-residue internal hy-
drophobic force to a scope larger than triplet. Then
a complicated intramolecular network of hydropho-
bic force will be obtained for each protein. For re-
mote homologues, internal hydrophobic force f is top
weighted. So property given by such intramolecular
network should

1. contribute much to the family representative
hydrophobic interaction, and

2. provide some clues to intrinsic requirement of
protein evolution.

Based on this idea, we have developed a simple 2-
letter model to characterize the family representative
intramolecular network of hydrophobic force. We
extend the definition of residue-residue hydrophobic
force from triplet to quintuplet. In given multiple
sequence alignment, hydropliobic force networks of
quintuplets are aligned column by column. Based
on the column specific statistical information of hy-
drophobic force, significance of a sequence is charac-
terized by the deviation of its inbuilt network from
that of background|[18].

We apply this algorithm to case of Socolich’s 42
natural WW sequences[1]. With a threshold T =
1.657, almost all natively folded proteins(24 out of
28) can be identified. Percent of natively folded
proteins predicted correctly(sensitivity s,) and per-
cent of predictions correct for natively folded pro-
teins(specificity s,) achieve 85.7% and 82.8% respec-
tively. This model is absolutely based on the net-
work of hydrophobic force, and can estimate whether
a protein folds to WW structure or not sufficiently.
It means that the contribution of hydrophobic force
network to family representative hydrophobic inter-
action is quite significant.

There is distinct difference between this algorithm
and HP model[19]. Traditional HP model investi-
gates whether a fold is designable or not. We are
interested in ‘Why does a protein select fold A as
its native structure, but not other competitors B, C,
and etc?” As this character is essential for protein
evolution, we want to quest for the relationship be-
tween contribution of hydrophobic force network and
intrinsic requirement of protein evolution. This is
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done by design artificial members of WW domain al-

most solely based on the contribution of hydrophobic |

force network.

For WW domain, it has ever been claimed by
Socolich that site-independent residue propensity in
multiple sequence alignment is weak in determin-
ing family specific fold of WW protein. So the col-
umn specific residue type can provide poor informa-
tion, but candidate amino acid. We further dimin-
ish residue’s contribution by restraining the sequence
identity at a low level. In this way, the evolution-
ary demands required by remote homologues are also
simulated. Five artificial proteins are designed. All
of them have low pairwise sequence identity(30%)
with each others, and with each proteins in the learn-
ing set. The only requirement is that significance
evaluated by the model of hydrophobic force network
is more than threshold Ty = 1.657. (see supporting
information:Design of remote homologous proteins in
WW domain). Usually it is difficult to write such se-
quences out, and saying nothing of sharing a family
specific fold.

Results of molecular dynamics simulation show
that artificial proteins fold into similar structures to
the wild type WW proteins(see supporting informa-
tion:Molecular dynamics simulation of artifical pro-
teins). Wefind; expect residues in loopl and N/C
terminals which are less important for keeping bi-
ological properties of WW domain, residues at the
vital sites fold into nearly identical structure to the
natively folded protein. Similarity of these struc-
tures is not only in secondary structure representa-
tion, but also in the twisting direction, and side chain
coordinate of the evolutionary conserved residues at
position 7 and 31(expect residue 31 of protein 3). Al-
though not perfect, these results are sound enough,
and indicate the significant role of hydrophobic force
network in meeting the intrinsic requirement of pro-
tein evolution. As only two types of letters are used
in the representation of protein sequence, success of
this simple model reflects the creditability of our re-
sults on the other side.

The algorithm is powerful. Ih another test set
of 1612 nonredundant sequences, utilization of this
model achieves prominent increase in searching the
structurally alike reside segments at a low identity
level. Therefore, though residue hydrophobic is not
governing feature in residue substitution of remote
homologues, hydrophobic interaction is still vital in
conserving family representative properties. But it
changes its emphasis from conservation of the num-
ber of hydrophobic residue to the preservation of
family specific hydrophobic force network.

In near homologues, residue hydrophobicity is the

dominant feature for residue substitution. Number
of hydrophobic residue is seldom impacted in muta-
tion, therefore conserved. Such conservation is like
a coat beclouding the preservation of family specific
hydrophobic force network, although the second one
does work inherently. But in remote homologues,
hydrophobicity is no longer a feature dominating
residue substitution. The forementioned foundation
of being a governing physical quantity disappears.
Significance of hydrophobic force network emerges.
So the transition might be more like a fadeout of
significance of the former physical quantity, but not
strengthening of the second.

We find that, in remote homologues, it is not
hydrophobicity but volume acts as the dominant
residue feature for the substitution of amino acid.
Then, in remote homologous proteins, the major
challenge of mutation is to pile up a given struc-
ture with residues of suitable size of side chain(Other
features, e.g. hydrophobicity, charge, and etc, are
the secondary considerations.). Contribution of hy-
drophobic force network meets this requirement and
help the conservation of family representative biolog-
ical properties significantly. For example, in residue
triplet, hydrophobic force loads on non-polar side
chains of the edge residues, induces different side
chain rotations(with shapes ( ,_,, /- /,\ _\, ,_,) for
(h-h, h p, p_h, p_p) respectively, where ., means zero
resultant force is loaded on this residue; side chain ro-
tation along the residue-residue virtual line is weak).
This shapes a bed for the stacking of central residue’s
side chain. Consequently, similar hydrophobic force
results in a similar way of side chain packing, and
benefits the conservation of family specific fold.

In methodology, without comparison, we will not
know all animals of quadrumana have five fingers
in one hand. In the same way, no matter what we
success in the investigating the physical mechanism
of individual protein, without a comparison among
different homologues, we are still a blind to some sig-
nificant mechanism common for the whole set of ho-
mologous proteins. When we are interested in prop-
erties of a protein family, the primary object we fo-
cus is the set, but not its members. As an analogy,
rule of government is different from that of citizen.
Though there are many works on hydrophobic inter-
action, main focus of them is single protein, but not
homologue set. Topics of former work and us are two
different subject.

There is complicated intramolecular forces in pro-
tein, hydrophobic force is only a vital component of
them. And since such component is already signifi-
cant for conservation of family representative prop-
erties, it is reasonable that intramolecular forces and



molecule’s mechanics property should be worth to be
more concerned than ever.

To ensure a healthy development of mod-
ern biology, a patent is applied for correspond-
ing method. We encourage pure scientific re-
search. Contact authors when the method is
to be used.

We are grateful to professor Lu-Hua Lai
and Chao Tang for their helpful discussions.
This work was supported in part by the Spe-
cial Funds for Major National Basic Research
Projects and the National Natural Science
Foundation of China.
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Supporting Information

Design of remote homologous proteins in WW domain

Socolich's 42 natural WW sequences(Socolich et al, 2005) are ana-
lyzed with the model of internal hydrophobic force network. We use the
information of multiple sequence alignment as they provided in their sup-
plementary materials. For this 34 letters WW domain, we design artifical
remote proteins with the information of internal hydrophobic force and
column specific residue type. It was ever claimed by Socolich that site-
independent residue propensity i multiple sequence alignment s weak
in determining family specific fold of a protein. So the column specific
residue type can provide poor information, but candidate amino acid. Fur-
ther restraining the level of sequence identity makes such information much
flimsier than ever. For each position in an artifical sequence, we assign
a residue selected randomly from what have ever appeared at this po-
sition in the multiple sequence alignment. For an artifical sequence, if
its score calculated from the forementioned model is more than threshold
Ts = 1.657, and if its pairwise sequence identity with each protein of
Socolich's 42 natural WW sequences and with each fore adopted artifical
sequence is less than 30%, then we adopt it as a member of our designed
proteins. Due to the limit of computing power, we design five sequences
in this work. Detail sequences are listed here.
1) SVP-DG---WKEFKDEK-NVSFFWNIEAGTSSFAQPRLP
2) RVE-EP---WESRLSPM-DLIFFWDRFIRQSQWKDPSFI
3) PLQ-SN---YERGIDPA-ALTYYFHH(SKESSFAKPDFP
4) GVK-EV---YSIHSDLL-AVIFYFDAATNESTWAPPRME
5) SSA-EG---YQIYQTPH-AVVFFHNTESHTSQWTKPKGT
Molecular dynamics simulation of artifical proteins

Al the MD simulations are performed by the GROMCAS package(van
der Spoel, 2004), and the GROMOS-96 force field(van Gunsteren, 1996)
is used for all simulations. Initial conformations are obtained by TASSER-
Lite algorithm(Zhang and Skolnick, 2004). The proteins are enveloped in
water boxes, and periodic boundary condition is used in all three directions.
All simulations are performed with NVT ensemble and temperature cou-
pling at 300K, where the coupling constant = = 0.1ps. Pressure coupling
is used with a coupling constant ~ = 0.1ps, at a bar in all three directions.
The cut-off of Lennard-Jones(LJ) interaction is 1.5nm, while the cut-off of
electrostatic interaction is 2.0nm. Every system is equilibrated more than
10 ns, convergent after the equilibrium process, and the time step is 1fs.
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