IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

The lack of long-range correlations is a necessary condition for a functional biologically active

protein

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
1997 J. Phys. A: Math. Gen. 30 7765
(http://iopscience.iop.org/0305-4470/30/22/015)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.110
The article was downloaded on 02/06/2010 at 06:05

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0305-4470/30/22
http://iopscience.iop.org/0305-4470
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

J. Phys. A: Math. Ger30 (1997) 7765-7773. Printed in the UK PIl: S0305-4470(97)82369-4

The lack of long-range correlations is a necessary condition
for a functional biologically active protein

E Sh MamasakhlisqW F Morozov aml M S Shahinian
Yerevan State University, Department of Physics, A Manoogian st 1, 375049 Yerevan, Armenia

Received 3 March 1997, in final form 30 July 1997

Abstract. We studied a random heteropolymer chain with a Gaussian distribution of types
of monomers. Long-range correlations between types of monomers were introduced. The
mean-field analysis of such a heteropolymer indicates the existence of an infinite energy barrier
between the heteropolymer random coil and the frozen states. Thus, the frozen state is kinetically
unavailable for the random heteropolymer with power-law correlations in the sequence of the
monomer. The relationship between our results and some obtained earlier for the DNA intrones
sequences are discussed.

1. Introduction

The relationship between the sequence and conformation of a protein macromolecule is
one of the great unsolved problems in biophysics. At the present time it is widely
believed that functional proteins usually form a single compact three-dimensional structure
that corresponds to the global energetic minimum in conformational space. Recently this
guestion has been addressed by the study of random heteropolymers and comparing them
with proteins. The fact that even chains with random sequences can have a unique ground
state characterized by the frozen path of the polymer-chain backbone was first examined in
terms of the random energy model (REM) [1,2]. Subsequent investigations were carried
out on the basis of ‘microscopic’ Hamiltonians in which the interactions between pairs of
monomers were assumed to be random, independently taken from a Gaussian distribution
[3], or with polymer sequences explicitly present [4—6]. All these models were shown to
exhibit a freezing-phase transition for the random chain.

Recently, Shakhnovich and Gutin [7] found that to have such a minimum it is sufficient
that an amino acid sequence forms an uncorrelated random sequence. These results give
rise to the question: Is the lack of long-range correlations in protein sequemeEessary
condition for a three-dimensional biologically functional structure formation? Here we give
some positive answers to this question.

From this point of view it is very interesting that recently some results regarding
long-range (scale-invariant) correlations in non-coding DNA sequences were obtained [8].
For example it was reported that only non-coding DNA sequences exhibit long-range
correlations. This finding, had some support [9,10]; however, other authors [11,12]
disagreed. For example Voss [10] recently proposed that coding as well as non-coding
DNA sequences display long-range power-law correlations in their base-pair sequences.

In this paper, using the above-mentioned problem, we will examine the heteropolymer
with the quenched random sequence described by the set of random vargbles
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characteristic of each monomer. In the past [4—6] the monomer species were considered as
independent random variables or, as in [13], were examined using short-range correlations
(with exponential decay) between types of monomers. Here we investigate the folding
problem for the random heteropolymer with the quenched sequence monomer in the presence
of long-range (power-law) correlations.

2. Model and mean-field theory

Let us discuss the heteropolymer chain with a frozen sequence of monomers using a
Hamiltonian function of the monomer coordinatgs}. Our model Hamiltonian can be
written

H = a—Tz D i —ri)?+ > Bid(ri—r)+C Y 8(ri — )8y — 1) (2.1)
i i<j i<j<k

where B;; = Bo + Bo;o; and C are virial coefficients describing two- and three-particle
interactions,o; is a variable of the species @th monomer,a is the statistical segment
length andT is the temperature. We work in units wherg = 1.

Earlier reports [1-6] discussed this problem usipgstatistically independent variables.
Here we are using; as random variables with long-range correlations, characterized by
the Gaussian distribution function in the form:

P{o} o exp —%(0', 12—10)]

(2.2)
02(013"-70N)
whereK = |K;; |l is the matrix describing correlations in the chain sequence:
Kij = <O’,’O’j>p. (23)

There are several reasons for the existence, in non-coding regions of DNA (intrones) only,
of scale-invariant long-range correlations in DNA sequences (see, e.g. [14]). The correlation
function of the monomer species in this case has the form [14]:

K(l) 171 (2.4)

where 0< 8 <1 andl = |i — j|.
Now we are going to find the free enerdy The standard way to derive the partition
function of a system with quenched disorder is to use the replica device:

.0
F = (F(0))p = —T im —(Z(0)") (2.5)
n—00n

where() p means the average over all possible realizations.of these terms the averaged
value of the partition function will come to:

(Z") p = / Drig(rf, —r%) exp( —CY D sy =8y — rg))

a  ijk

x exp( —BoY Y 8(ry — fr_;?‘)><exp< — B oi0; ) 8(rf — r}")>>
o ij ij a P
(2.6)

wherea are replica indicesr{ describes the position of th&éh monomer of replicar in
three-dimensional space agdr{ — ) is the Gaussian normalized probability distribution
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such that/ dr g(r) = 1. After linearization over th_, 0;8(x — r¥) and putting into the
expression fofZ") p the value of the distribution functioR{c}, we will be led to:

(Z")p o / Dr{ g(r{ — 7,1 exp( -Ccy / dz p3(x) — Bo ) / dxﬁf(m))

1
x f DV, (z) exp[ > / d dy Wi, () W (1) (2, )

2 a<f
1

3 2 [ @ dy @i - v @7)
where

fa(@) = 8(x — 1)

, ’ (2.8)

Gup(@, y) = Y Kijd(@ — )z — 7).

ij

Thus

(Z")p / DpaDQaﬂ exp[—F (pq, Qaﬁ)] (2.9)

whereF (oo, gup) = E (0 4up) — S(0as gap) IS the free-energy functionakl (pq, gqp) is the
conformational energy anl(p., g«5) is the entropy of: polymer chains which correspond
to polymer-chain residue densiti¢s,} and two-replica overlap parametdes,s}:

—E(par qup) = —C Y / d (pu () = Bo ) _ / dx (p2(x)) +n / DY, (x)

1 1
X eXp{2 %://XV dz dy Vo () Vg (Y)qes (T, Y) — 28|
X Z // , dx dy ¥, () Vs (y)d(x — y)} explS(oa, qup)l

= / DT?g(r?+l - T‘?)(S(pa - ﬁa)(s(qaﬁ - C}aﬂ)~ (210)

In the mean-field approximation we need to minimize the free-energy functfofal, g.s)
over the one- and two-replica order paramelgrsyqs.

The expressions obtained above are identical to those obtained in [4] for the random
sequence without correlations. The main difference is in the two-replica overlap parameter
q«p definition (see equation (2.7)).

Let us make a Fourier transformation of the order parameter of the system:

Gup() = V1Y qup () explikr) (2.12)
k=0

where V indicates the volume used by the macromolecule. This transformation will lead
us to a new expression for conformational energy:

14 8
—E(q) = In/ DY, (k) exp{ -5 ZZwa(k)qfﬁ(_k)[ﬁ - qaﬁ(k)]}. (2.12)
e |B]
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Using Gaussian properties this integral expression for conformational energy can be rewritten
as:
1
—E(g) = const— 5 Z IndetP,z (k)
k#0 (2.13)
Bup

Pop(k) = 18]~ Gap (E).

The microscopic order parameter of the system can be displayed in the following form:

Gup(@ —Y) = Qup(@ —y) + Y _ Kijd(x —r0)8(y — ) (2.14)
i#]

where Qaﬁ(a: — y) is a two-replica overlap parameter used in papers dedicated to random
heteropolymers with non-correlated sequences [3, 4]:

Qup(@—y) =Y 8@ — 1)y — 1)) (2.15)
From the normalization condition

/ Qaﬂ(w - y) dx = Pa (216)
the order paramete@aﬁ (x — y) was found using the method of Shakhnovich and Gutin [3]

- P rT—y

Qaﬂ(iﬂ -y = ﬁ‘ﬁaﬂ (R) (2-17)

whereR is the characteristic scale of the two-replica overlap and

/dz vap(z) = 1. (2.18)

The order parameter of the systegy, obviously satisfies to normalization conditions
as follows:

/dyqaﬁ(w, Yy) = K pu(x)
Ig = Z K,'j.
j
Because the thermal average of quaniity — r#)8(y — rf) may be interpreted as a prior

probability of corresponding localization of thereplicaith residue and thg replica jth
residue(Prob= Pjoj‘.ﬂ(x, ¥)), the order parametey,s (k) required may be found in the form

(2.19)

dap (k) = (Kp/R")g0p (‘”;’) +Y Ky PP (@ y). (2.20)
i+

Taking into account the system translation invariance probability distribtﬁ&ﬁ’mm, y) we
find '

P (x, y) = constantP” (y|x) (2.21)

wherePi‘jﬁ(y|x) = Prob8 replica jth residue situated in point, if the o replicaith residue
situated in pointc} is the conditional probability distribution.
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It is known [15] that the polymer chain behaviour in the globular state is described
by Gaussian statistics. Accordingly, by analogy with [3,4] and taking into account the
normalization condition (2.19), we will use the following equation 4g:

Qop(@ —Y) = K Qup(@ —y) + »_ Kij P (@ — )
i#j

.y (2.22)
Dtﬂ -
PP (@ —y) = /dzP(z—w = D3 et (R)
where
. . 2 - c\—d/2 (m_z)Z

Here P(r, |j —i|) is the probability distribution of the end-to-end vectofor the Gaussian
polymer chain. After simplifying in the limitv — oo we will come to a new equation for
Fourier transformation of the order parameter:

Gup (k) = d%ﬁ(km— YD K(j—ilexp—a®k?j —il}
i J#i
= Kpop(KR) + 20 Y (1) exp(—ak*DGap(kR) = pGop(kR)A(K)  (2.24)
>1
wherek = |k|. It is obvious that without correlations in the polymer-chain sequence our
results reduce to those obtained recently in [4].
Using the results of [16, 4] leads us to the following form of conformational energy, in

limit n — O:
£, 1 Z/ — InAg(x) (2.25)

where
1
A(x) =1/|B| — pA(k) — / dy Mi(y) — x My (x) (2.26)

and the Parisi functio, (x) parametrizing the off-diagonal elements of the hierarchical
matrix Ppg(k) in then — 0O limit.

Now we have to minimize the free-energy functional (see equations (2.8) and (2.9)). It
is known [3, 4], that the replica-symmetric solution is invalid for random heteropolymers,
because in this case the entropy contribution has the form [3]:

S{pas qup} = (n — DAS(R) (2.27)

where AS(R) is the loss of entropy of the ideal polymer chain constrained in a tube of
diameterR; here
—Na?/R*(R
AS(Ry = | TNa/RAR>a) (2.28)
NdIn(R/a) (R < a)

Following the Parisi ansatz for one-step replica symmetry breaking (RSB}, feplicas
there aren/x groups withx replicas per group. The entropy loss is therefore:

S{Pa: Gu) = = (x = DAS(R). (2.29)

In the same one-step RSB the energy contribution ffes 0) becomes

E{qup} dk
E= nﬂ 5 f Rd{ In[b — xpA(k/R)(1— ¢(k))] + (1-) In[b]} (2.30)
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whereb — 1/|B]|.
For the subsequent minimization consider the functidrik) behaviour (see
equation (2.23)) defined above

Al =K+2) K()ex —zﬁ (2.31)
R)= 2 p 7 ) )
For the correlation function (2.4) th&(k/R) can be evaluated as
kN ak\ % ak
A (R) =K {1+ 2r'(B) (R) } for R <1 (2.32)

Consequently, the functiod (k/R) is increased monotonically witR/k and thus for
any k value we can find th& scale such that the energy contribution in equation (2.30) will
diverge as I —constant R /a)?#). From the form of equations (2.30) we can see that there
is a wide-scaler region, which is forbidden energetically, as the dependdnaersusr
has the form shown by figure d). The entropy losAS(R) due by restrictions with scale
R has the form shown by figure d), It is obvious that, for the small enough valuesrf
scale, we have a situation identical with that of [3, 4] (for the random heteropolymer (RHP)
with a non-correlated sequence). Consequently, free energy for the one-step RSB has one
maximal value at th&® ~ 0 (see figure X)) and, correspondingly, one thermodynamically
stable state. Moreover, the free energy for the one-step RSB has the infinite energy barrier
due to divergence (see above), which separates the stable statek withO from the
other (unfrozen) states. In the case of the two-step RSB we carried out the calculations
analogous to equation (2.30). For this scheme the conformational energy also diverges at
large enough replica overlap scales. Thus, the above results are not due to the one-step
RSB approximation; however, they reflect the system properties examined here.

E | E |

v1 id R

(a) ®) (©

Figure 1. (a) The conformational energy dependence versus the scale of replicas o\®ylap
Herev is the excluded volume of chain residue aRg is the scale of conformational energy
divergence. lf) The conformational entropy plotted versus the scale of replicas oveRap
Herev is the excluded volume of the chain residue atlis the scale of the conformational
energy divergence.c] The full curve is the free-energy dependence versus the scale of replicas
overlap (R). The broken curve free-energy plotted versus sdalfor the RHP with a non-
correlated sequence of residues (see, e.g. [3,4]).
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3. Discussion

As well as other investigated peculiarities, there appear to be long-range correlations of
residue sequences in the heteropolymer chain folding. The interresidual correlations are
defined by the Gaussian distribution function (2.2) with a non-diagonal correlation matrix
(2.3). The probability distribution does not factor on the terms corresponding to the chain
residues which are different from the non-correlated sequence case. In this paper the standard
techniques, developed in [3] were used. The results obtained above are mathematically
similar to those in [4], but the two-replica order parameter redefinition led to unexpected
physical properties in the system under examination.

In the case of the power-law correlations decay (see equation (2.4)), the off-diagonal
terms which have contributions in the order paramefgr (see equation (2.8)) led to
the qualitatively different behaviour of the energetical term (2.30). Taking into account
estimation (2.33) we can see that each harménenergetic contribution characterized by
some space scalR of divergence, is defined by the expression

b—xpA <2> (1—¢g(k)) = 0. (3.1)
At the large enough values & the last expression may be rewritten as
R\
b=2px(1—¢k)I'(B) <ak) . (3.2)

Expressions (2.17) and (2.18) show that the characteristic scale @fthdéunction decay is

|z| ~ 1andp(z) = ¢(]z|) has the form schematically represented in figure 2. Consequently,
there exists*, such that for any > k* @(k) < 1. So, for example, fop(r) o exp(—r2/2)

we haveg (k) o« exp(—k?/2). Thus, fork > k* equation (3.5) has the solution, defined by

AE

A° )

Ud -

-
0 1 r
Figure 2. The overlap function behaviour plotted Figure 3.  The scheme of different harmonics
versus the dimensionless scale of replicas overlap. contributions for the conformational energRy is the

scale of divergence for the wavevector length{see
equation (3.3)).
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the expression

. b g
R ak (2px<1 - ¢><k:))> 33)

and the system energy may be considered as a superposition of different harmonics

contributions, (see figure 3). It is obvious that for large enough valueR-s€ale the

system energy becomes divergent. Thus, for the polymer globule the only frozen state

(with R ~ 0) is stable.

Taking into account the normalization condition fgfr) (see the explanations of
equation (2.6)), the random-coil state-free energy in the polymer globule mean-field theory
[15] evaluated asF = 0. Consequently, our system has two stable states. One,
corresponding to the frozen-chain backbone path and the other a random-coil state. Because
in the large enough values @&-scale the system energy became divergent these stable states
are separated by an infinite energetic barrier. This result may be interpreted as follows. The
heteropolymer chain with a long-correlated sequence can exist in a fBlde@ or random-
coil state, but the folded state is kinetically not available. Thus, the power-law correlations
led to the random heteropolymer folding impossibility.

It is of interest that the correlations exponential decay

K (1) o exp(—1/&) (3.4)

in the limit & > 1 is equivalent tg8 = 1 in (2.4), which is the marginal case of maximal
long-range correlations in the sequence

Gap (K) = o (kR) { 1+2) expl-l(ak* + 1/%)] }

>1

~ p(ﬁaﬁ(k:R){l + 22 exp(—a?k?l) } (3.5)

=1

If we haveé ~ 1, then

Gup () = pmacm{l 12y exp(—z/f,%)} (3.6)
>1
which is completely equivalent to the order parameter obtained in [4] for the heteropolymer
with a non-correlated sequence. It is quite natural because, in the cése @f the chain
sequence may be divided into enough small pieces that will be statistically independent.
The above results are in agreement only with the hypothesis of long-range correlations
in non-coding DNA sequences [8]. Recently, Shakhnovich and Gutin [7] found that for RHP
to have the energetically stable folded state it is sufficient that the sequence of monomers
forms an uncorrelated random sequence. Our results show that the lack of long-range
correlation sequences is a necessary condition for RHP folding possibility.
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