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Abstract In the present study, we have devcloped the
method brought forward recently for protein design based on
the relative entropy. The new approach can be used in more
commeon situation other than the special limits in the anterior
method. The results indicate that our generalized method has
increased the prediction precision for proiein sequence and
will be in favor of the study for protein design.
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Protein design can be also called inverse protein
folding which is a very important and challenging topic in
melecule biology. The aim of protein design is to find out
the amino acid sequence which admits a given target
structure as its stable conformation. Since protein function
15 mainly connected with its three-dimensional structure,
there is a broad application prospect for protein design in
the field of molecule design and drug design. The study of
inverse protein folding is also groundwork of de nove de-
sign of protein. We can uvse this method to deal with pro-
teins in nature as well as to create proteins that never ap-
pear in natore. For the field of protein design, many ap-
propriate algorithms!’ 'Y have been proposed and gain
great achievements, When Shakhnovich and Gutin!' ¥
met difficulty using the method to the Hamiltonian of the
molecule system of protein as a minimization function
(3G method), Kurosky and Deutsch pointed out that the
free energy of the system could not be neglected and thus
introduced a free-energy-based design method (KD
method)™*?!, which expanded out the free energy by keep-
ing the lowest cumulant with itself. The KD method has
been tested on the lattice model using the simulated
annealing and proved to be better than the SG method!*™,
Seno et al.®™ devised a dual Monte Carlo (MC) procedure
for searching in both the conformation space and the se-
quence space and tested it within the framework of two
sitnple lattice models. Tt is found that their procedure is
more successful than the SG and KD methods mentioned
above. Unfortunately, the dual MC methed will consume
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CPU time and this problem becomes apparent when the
methad is applied to the larger system. There is no report
about the dual MC procedure on the off-lattice model of
real protetns up to now.

In order to overcome the difficulty in use of the dual
MC procedure for the large molecules and the off-lattice
model, we have proposed a new algorithm'™™"* for pro-
tein design based on the relative entropy. Qur method can
overcome the prablem in the SG method because the
Hamiltonian minimization is replaced by the relative en-
tropy minimization in the method. Tt is found that the
method 1s more effective and faster than the previous ones
in the test for a group of protein. When we established the
method for protein design based on the relative entropy,
some approximations are correct only under the special
condition. Actually, these approximations restrict the use
afl the method although they are logical in physics princi-
ple. In this paper, some new approximations were put
forward to make the general use of the method as well as
to improve the prediction accuracy of the protein se-
quence.

1 Theory and method

Assuming H(S, r) 1s Hamiltonian of a protein system,
it can be expressed as a type of the contact polential;

1
H(S,r)=— 2 Uls, .5 DAl - 1)), (1)
i i
where N is the total residue number, S= (s, 55, . 5,) is
the sequence of a protcin and #is the coordinate of the

residue i U(s;, s,) is the contact potential between the
residues 7 and j, which can be written as

Uls;ys;)=ap +ays;+ays; +ags;s;, 2)

where s;, §; are the residue sequences of a protein, and ap,
@), 4z, ty are the potential parameters'*!. The function A(r;
—r;) is the contact intensity between the residues i and j,
which has a continuous value between 0 and 1. It is de-
fined as''"!

Q™Y -+

Alr—r)=
0, otherwise,

(3
where r; is the distance between the residues i and j, the
unit of ry is in nm. The bigger the value of A(ri-r)), the
more compact the contact between the residues i and J.
The normal energy minimization is to optimize the sys-
tem’s Hamiltonian and find the best sequences with the
Hamiltonian minimum from all possible sequences for the
given target structare {r“}. The method for protein de-
sign based on the relative entropy is that the relative en-
tropy G(S) is minimized as an object function instead of
directly minimizing the Hamiltonian of the system to find
the best sequence with the minimum entropy. The deepest
descent algorithm for minimization of G(S) can be ex-
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pressed as

ds; ]
—=-n—0G(5), 4
dr ’as‘ )

i
where s; is the ith residue sequence, and 77 is an adjustable
parameter with a value between 0 and | for controlling the
iterative convergence speed. The numerical iteration for-
mula'' is obtained as
kel
st =) =onBY AGT - )
J#i
I
—< Al —r;) >yl +a5s5;), (5)

where the superscript & represents the kth iteration,

B=URT. A" ) is the contact strength function be-

tween the ith and the jth residues for the given structure a.

#* is the coordinate of the ith residuc i for the target

structure o, r; corresponds to the coordinate of ith residue
of protein with any structure. < A(5; ~r;)>, is the en-

semble mean value of contact strength function A(r, — )
over the probability distribution P,. Because the function
of G(8) is minimized with restrict to sequence s, this algo-
rithm has a fast iteration pace. The classical hydrophobic
and polar model (HP model}''"" was chosen to test the
algorithm, in which twenty amino acid residues were
sorted into the hydrophobic (H) and polar (P) ones. De-
fining 5; = 1 for the hydrophobic residue and 5, = —1 for
the polar residue, eq. (5) can be expressed as

A+l

5=

—Hgn["‘?ﬂZ[A(r,-” _rja)_< Alr =) > l(a +ﬂ3S:€) .

I
(6)
where sgn () is the sign function, i.c.
sgn(e) = {1 if xZ0, o
-1 otherwise.

The key to eq. (6) is to calculate < Alx, —r;) >y . How-

ever, it is very difficult to calculate the value of
<A{r—r;)>; or only give its precise more estimate

value for the off-latticc model. In Ref. |14], an approxi-
mation o0 < A{r —r;)>, for the off-lattice model was

given as follows. When the iteration converges with the

. ds; ,

deepest descent algorithm, we can get —d~‘=0. Substi-
f

titing it into eq. (53, we obiain
N N
DA —rf ey +aF) = 3 < Al = 1) > (g +ayT)),
J#i J#i

(3
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where 5, denotes the residuc sequence for the given

structure ¢ after the iteration is convergent, However, the
value of s; is unknown for protein design. Thercfore, an

approximation to < A(r, —r;) >, was used to solve this

problem in Ref. [t4] as [ollows. The term ;j in eq. {8)
can be neglected in the case of a1 >> lasl. then we can get

ey + @387 ~a;. Il the sum in eq. (8) takes over all sub-
scripts f and < A(x; —r;) >, is regarded as a constant Al

without retation with both § and j. from eq. (8). we finally
have

A=Y S AT = NN -1 @)

(L
The approximation o < Al —r;) >, Is beter but it is

still fairly crude. It is clear that the assume of Juyl >> layl
means that the 4th term of eq. (2) can be neglected.
Nevertheless, 1t is very important to select a proper con-
tact potenfial in protein design. Although in the assume
the property of Uls;, 5;) can saus(ly the condition on the
contact potential {unction suggested by Miyazawa et al.2"”
or Maiorov et at.””!), the method given by Ref. [14] is not
general enough. In fact, the term of ms;s, embodies the
relationship between residues i and j, which plays a piv-
otal role for the structure of forming protein. More general
situation is that, once the selection of ¢, and a; makes
Uls;, 33 sauisty the essential condition that the contact po-
tential between two hydrophobic residues is the strongest
while the contact potential between two polar residues is
the feeblest (1. e, U(L1) < Utl,~1) < U(—1, —1) =< 0), the
method is applicable withoul any other conditions. The
goul ol this work is 1o give a new approximation to
<A(r,—r;) 5, which can make the method for protein

design based on the relative entropy general. The basic
ideal is as follows. First, the right side of eq. (8) can be
transformed as

N _ b -
Z< Alr =) gl tays ) =A,-Z(a, +ays;). (10)
JEI i

The basic idea for the change from eq. (8) to eq. (10) is

according to the way to calculate the center of mass of the
multiparticle system. In the multiparticle system, we can

get
Smp=rym, (1)
i i

where s, and r; are the mass and coordinate of the ith par-
ucle, respectively. and r, is the center of mass of the sys-

tem. In eq. (10), <A —r) >, a +a3§j and 4; cor-

respond with m;, r; and r, in eq. (11), respectively. Note
that A, is relative with i. Substituting eq. (10) into eq. (8),
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we have
Z A(r{” - rj‘j’)(al +dy8i)

A =L = _ {12)
Z (@) +azs;)
R
In order to calculate the precise value of A; in eq. (12), the

value of ;; should be given. However, s; is unknown
at beginning of protein design. To solve this problem, we
can make the following approximation. It is noticed that
the numerator of eq. (12) is the sum taken over subscript j
which are unequal to i, and the value of A(r—#) is between
0 and 1. Consequently, the terms whosc values of A(r—r)
approach 0 can be neglected due 1o their little contribution
to the numerator of eq. (12). Hence, we get

D AT —rTYay +azs5)

J#

=2 AUT =R eyt ays)), (13)

where L' is defined as the sum taken over all the terms
Alr®

; —rj")z 1. As mentioned above, the contact inten-
sity  A(r; —r;} between two hydrophobic residues has the

maximem value because the contact between two hydro-
phobic residues is the most compact. We consider ap-

proximately ;j:] when A5 —r")=1. OF course,

LA
’i)

there is a possible casc of s; =—1 when A(r"-
~1, but it is insignificant. According to eg. (2}, the terms
that have A(x —r,;) with a value close © | and ;j ==

can be neglected because their contact potential {/(s,, s,) is
quite small. Taking all factors above into consideration,
the above approximation we get is reasonable. The nu-
merator of eq. (12} can be cxpressed as

Z AP - .r;”)(aI + ﬂ'};j)

=
={a +ay)y, AU -, (14)

It is found from eq. (3) that A(ri—r) =1 when #; < 0.75
nm. Therefore, £ becomes the sum taken over all terms
ry = 0.75 nm instead of the sum taken over all possible ;
for A(%—r")=1. The function image of A(;; - 7} s
shown in Fig, 1.

The denominator of eq. (12) can be treated as the
following approximation. Defining A = m / n, here m is the
number of hydrophobic residues, and # is the number of
polar residues. If & is the total number of residucs, we can
get N=m+ n. Substituting 4 into the denominator of eq.
(12), we have

Z(u, +a3;j)22a] +u3Z;J‘ =(N-1)a, +a;(m—n)

J# J#i J#i
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/1-1)
=(N-D|u +a;—|. (15)
i J( ! TA+L)

Substituting eq. (14} and eq. {15) into cq. (12), we obtain
(ay +a3)Y AT =1

(16)
! A=l
N-1
{ ){a]-}—nal_H)

Il
10
0.9
0.8
0.7
=06
T s
0.4
0.3
0.2
0.1

0 0.5 1.4 1.5 20
£, /om

[
n

Fig. 1. The image of the contact intensity Airg), r; is the distance be-
tween (wo residues, and unit of 7 is in nm.

Note that there are different values of 4; in eq. {16) tor the
different residues /. In order to cuncel the dependence of

A;on i, we let K:%ny and substitute it into eq. (16).
i

Thus, we get

{(a, +a3)zz‘ Al —rja )

. (17}
N(N-—l)(a\+a3 ;&H

Replacing < A(r; —r;)>; with A in eq. (6), we have

e

the numerical iteration formula as

s,-“" =-sgn (nﬂZ[A(ri” - !ff)—A](al +c13.s‘§ }], (18)
Fei
Because ¢q. (18) is obtained without any restriction on the
selection of 4, aa. the modified methed in the present pa-
per is independent of the choice of a; and ;. This means
that the contact potential between residues can be chosen
without any restrict using the method developed in this
paper for sequence prediction. Of course, the fundamental
physical principle must be satisfied. For any protein
molecule, A can be calculated with eq. (17) directly as
long us its crystal structure is known, Therefore, the pre-
sent method improves applicability of protein design.

Comparing eq. (17) with eq. (9), we find A~eA', here
£is expressed as
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g=——»>1 "3 (19)
P Avl

Because of A < | and U(1,1) < U(1, =1y < U(~1,=1) < 0,
we can obtain @; < 0 and (a, + a;) < 0. Consequently, we

have £> 1. That means that A', as the approximation of
< A(5; —r;) >, in Ref. [14], is smaller than the real value.

Obviously, when la)) >> 1 a: 1, we can get £ = 1 and

A=A" further. Obviously, the approximation of
< A(r;—r;} > in this paper is consistent with thal ob-

taincd from Ref. [14]. In other words, the method reported
in Ref. [14] can be regarded as the special cuse of the
method given in this paper.

2 Results and discussion

A new computational program was generated for
predicting prolein sequence based on the method given
above. The paramelers were laken as 7= 02, T= 1, q, =
ay = =5, a3 = - 2.2. The classification of residues sug-
gested by Sun et al was used, i. e. residues of A, V, L, I,
C, M, FE Y and W were classified as the hydrophobic
residues, and the remaining residues, such as G, P, H, S, T,
K, R, D, N. E and Q are considered as the polar ones. The
initial sequence was chosen randomly. The convergent
results were compared with the real protein sequences,
and the success rate was defined as a percentage of the
correct class of amino acid residues predicted with our
procedure to the total residue number of protein,

The types of protein are classified as four classes!™!
according to their secondary structure: the whole o protein
{content of o-helix is more than 40% and content of
B-sheet is lower than 5%), the whole f§ protein (content of
B-sheet is more than 40% and content of o-helix is less
than 5%, the o+ 3 protein (both contents of o-helix and
B-sheet are morc than 15%, but in separate parts of the
structure), and the @ /B protein (both contents of a-helix
and [(-sheet are more than 15%, where both helices and
sheets interact and often alternate along the polypeptide
chain). The 60 proteins, which were taken from the Pro-
tein Data Bank (PDB)mi, were selected to est our method.
The homclogy of all the proteins is lower than 50%. All
sclected protein included 20 whole « proteins, 20 whole B
proteins, 10 o+ proteins and 10 o /B proteins. The analy-
sis results of A (the ratio of the number of hydrophebic
residues to the number of polar residues) for four classes
proteins (o, B, o0+ B, o /By are 0.727, 0.646, 0.646, 0.733,
respectively, and the mean value of A is (.688,

First, we have predicted the sequences of four classes
proteins using their respective 4. The tested results are
listed in Table 1. The arithmetical mean values of success
rates of whole o proteins, whole § protcins, ct+ 8 protein
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Table t  The test result of four ¢lasses proteing
_ L S, o arp af
PDE ID Residues  Success PDB  Residues  Suceess PDB Residues  Success PDB Residues  Success
number  rate (%) 1D number  rate (%) 1D number rate (%) 1D number Tate (%)
o lalw 83 759 la% 137 812 Ibm8& 99 8.8 lacf 125 744
2 1a32 85 75.3 laly 46 719 Ibta 89 76.4 [ahn 169 71
3 ladd 185 73 {cdl 114 728 1e9x 124 71 lain 105 819
4 laep 153 T84 ledy 178 837 1d8z 89 74.2 1bli 122 75.4
5 I bd® 156 70.5 lezs 160 e lddw 63 63.5 Ibfe 110 73.5
6 1buy 166 72.3 Tdix 125 68.8 Tek® 185 822 Ibyr 152 it
7 lddf 7 74.8 1153 84 798 lekg 119 71.3 lejw 166 723
b led] 114 81.6 1fna 91 79.1 lewd 106 81.! lels 173 78.6
9 luxe 50 82 Lfnl 173 74 Lf7w 144 722 legb {89 704
Y tks a3 78.5 tfse 61 63.9 lgd3 98 75.5 lerk i49 785
1 Ineq 74 75.7 1g43 teh 775 - - - - - -
2 Ihyb 50 78.8 Inoa 113 69 - - - - - -
13 lhyp 75 76 linm 91 78 - - - - - -
14 1jf2 190} 5.3 ) 102 71.6 - - - - - —
15 tmot 53 60.4 lwha 171 743 - - - - - -
16 lgsq 162 735 Twit a3 9.9 - - - - - -
17 Ir6% 63 79.4 2eif 133 68.4 - - - - - -
13 lrzl 9l 81.3 2fch 173 76.9 - - - - - -
19 Lsra 151 72.8 2ilb 153 752 - - - - — _
20 ibel 124 70.2 2rhe 114 772 - - - - - -
Average success rate (%) 75.3 743 75.2 749
Table 2 The prediction results for 20 proteins
No. PDB ID Residues number Success rate( %) Success rate (%'
B | 1bba 6 528 472
2 1bbl 37 703 73.0
3 3ebx 62 69.4 742
4 laba 87 73.6 73.6
5 Zhpr 87 839 828
o laps 98 78.6 76.5
7 JETT) 105 1.4 68.6
8 lerv 105 81.9 84.8
9 1yce 103 75.7 738
10 Sepv 108 71.3 67.6
11 3rnd 124 726 677
12 lhel {29 78.3 798
13 lifb 13} 74.8 an.s
14 lecd 136 743 70.6
15 losa 148 72.3 72.3
16 1mbd 153 75.8 75.2
17 [raB 15¢ 74.8 76.7
18 1192 162 72.2 73.5
19 2lzm 164 72.6 738
20 Spup 212 66.3 69.3
Average success rite {%) - — 73.1 725

and o /f} protein are 75.3%, 74.3%, 75.2% and 74.9%,
respectively. This result proves that our method is reason-
able. For the 4 types of proteins, there are 25% residues
which can not be recognized correctly. An important rea-
son is that the HP model is too simple. As mentioned by
Micheletti ct al!""), the division of 20 types of residues
just into two classes, H and P, is too coarse. In addition,

430

the value of the average contact intensity, < A(r; ~1;) >,
has a stronger influence on the prediction precision. To get

the approximation for < A(r, —r;) >, we assume s; =1

when A(r® —rj“)z 1. This means that only the contact
mtensity between two hydrophobic residues is close to 1.
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In fact, there are a few cases that the contact intensity be-
tween polar residucs is also of a stronger value. Therefore,
this approximation also brings error. But these inslances
are infrequent,

Next, the same A is used for all proteins to predict
their sequences. The purposc of this test is to know
whether a union A (4 = 0.688) can be used for all proteins.
The arithmetical mean valucs of success rates of ¢, B, ot +
B and o /B protcins are 75.2%, 74.3%, 75.0% and 74.8%.
respectively. It is found that the success rates are very
close to thai mentioned above using the different A,
Therefore, a union A used for sequence prediction of all
proteins is rational in the HP model,

In order w compare our results with those obtained
in Ref. [14], we selected the same 20 proteins used in Ref,
[14] from PDR. Table 2 lists the PDB codes, the residue
numbers and the success rates for 20 proteins with two
methods. Our prediction success rate (73.1%) is better
than that given in Ref. [14] (72.5%). This indicates that
our method for protcin design based on relative entropy
can be generalized and the precision of our method is also
improved.

Through testing the method with several groups of ¢
and a3, we have found that there is no abvious change of
the success rates for using different a; and @; while some
) and &3 make iteration converge siowly.

3 Conclusion

In this paper we have generalized the method for
protein design based on the relative entropy given in Ref.
[14], in which the method takes effect only if the contact
potential between residues is useful in the special cases.
With our work, the contact potential between residues can
be selected freely. That makes the method more powerful
and precise. The method in Ref. [14] can be regarded as
the special case of the present work.

In addition, we also note that the average contact in-
tensity < A(r, -} >, has an obvious influence on the

predict precision. The more accurate approximation to
< A(r—r;) >, can make the better success rate, We are

attempting to find a new approximation to < A(r; — ) >g.

Additionally, our model is only limited to the simple HP
model. The work for predicting sequence of 20 kinds of
amino acid residue using the off-lattice model is currently
under way.

Acknowledgements We thank Liu Chunli for the tesult analysis and
making a part of the test program. This work was supported in part by
the Nutional Natural Science Foundation of Chipa (Grant Nos. 10174005
and 30170230) and the Beijing Natural Science Foundation (Grant No,
5032002).

References

1. Shakhnovich, E. L. Gutin. A. M., Engincering of stable and
fast-folding sequences of model proteins, Proc. Natl. Acad. Sci.

Chinese Science Bulletin Vol. 49 No.5 March 2004

20.

21,

22,

23

ARTICLES

LUSA, 1993, 90: 7195- 7199,

Shakhnovich, E. L., Gutin, A. M., A new approach to the design of
stable proteins, Protein Eng.. 1993, 6: 793—800 .

Shakhnovich, E. 1., Proteins with selected sequences fuld into
unique native conformation, Phys. Rev, Leuw.. 1994, 72: 3907—
3910,

Kurosky, T., Deutsch, J. M., Design of copolymeric materials, J.
Phys, A: Math. Gen., 1995, 27: L387— L393.

Deutsch, I. M., Kurosky, T.. New algorithm for protein design,
Phys. Rev. Lett., 1996, 76: 323—326.

Morrissey. M. P., Shakhnovich, E. 1., Design of proteins with se-
tected thermal properties, Fold Des.. 1996, 1: 391—405,

Sun. §. ., Brem, R.. Chan, H. S., &1 al., Designing amino acid se-
quences to fold with good hydrophobic cores, Protein Eng., 1995, 8:
1205—1213.

Seno, F, Vendruseolo, M., Maritan, A. et al,, Oplimal protein de-
sign procedure, Phys. Rev. Lett., 1996, 77: 1901—1904,
Micheletti, C., Sena, F, Maritan, A, el al,, Protein design in a las-
tice model of hydrophobic and polar amino acids, Phys, Rev. Let.,
1998, 80:; 2237—2240.

Seno, F., Micheletti, C., Maritan, A. et al,, Vaniational approach 1o
protein design and extraction of interaction potentials, Phys. Rev.
Lett,, 1998, 81: 2172—2175.

Michelein, C., Senw, ¥, Maritan, A. et al., Design of protcins with
hydrophobic and polar amine acids, Proteins, 1998, 32: 80—87.
Gutin, A. M., Abkevich, V. I, Shakhnovich, E. 1., Chain length
scaling of protein folding time, Phys. Rev. Lett., 1990, 77; 5433—
5436,

Wang, B. H., Yun, Z. X., Wang, Z. X. et al., A unified design ap-
proach for the inverse folding and direct folding of protein, I. Bia-
science, 1999, 24 (suppl, 1): 61.

Liu, Y., Wang, B. H., Wang, C. X, et al.. A new approach for pro-
tein design based on the relative entropy. Science in China, Ser. G,
2003, 33(4) : 248—350.

Lu, B. Z., Wang, C. X., Wang, B. H,, A new minimization method
for real protein folding prediction, Chinese J. Chem. Phys., 2003,
1602y 117—121.

Lu, B. Z., Wang, B. H.. Chen, W. Z, ¢t al., A new computational
approach for real protein folding prediction, Protein Eng., 2003:
659—663.

Lau, K. F., Dill, K. A.. A lattice statistical mechanics maodet of the
conformational and sequence spaces of proteins, Macromolecules,
1989, 22: 3986—3997.

Chan, H. 8., Dill, K. A., Origins of strocture in globular proteins,
Proc. Natl. Acad. Sci. USA., 1990, 87: 6388—62392,

Chan, H. 8, Dill, K. A,, “Sequence Space Soup” of proteins and
copolymers, §. Chem. Phys,, 1991, 95 3775—3787,

Miyazawa, S., Jernigan, R. L., Estimation of effcctive inferresidue
comtact energies from protein crystal structures: Quasi-chemical
approximation, Macromelecules, 1985, 18: 534—552,

Maiorav, V. N., Crippen, G M., Contact potential that recognizes
the correct folding of globular proteins, J. Mol, Biok., 1992, 227:
876—888.

Chou. K. C., A novel approach to predicting protein structural
classes in a (20-1)-D amino acid composition space, Proteins, 1995,
21(4): 319—344.

Berman, H. M., Westbrook, J., Feng, Z. et al., The protein data
hank, Nucleic Acids Research, 2000, 28: 235—242.

(Received December 2, 2003)

431



