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Structural transition induced by a local conformational change in biomolecules is formulated based on the gen-
eralized Langevin theory for the structural fluctuation of a molecule in solution, and the linear response theory,
derived by Kim and Hirata in 2012. A chemical/mechanical change introduced at a moiety of biomolecules, such
as an amino acid substitution or a structural change of a chromophore by the photo-excitation, is considered
as a perturbation, and the rest of the protein as the reference system. The linear-response equation consists of
two parts: a mechanical/chemical perturbation introduced at the moiety, and the variance-covariance matrix of
the reference system that works as a response function. The physical meaning of the equation is transparent:
the force exerted by atoms in the moiety induces the displacement in an atom of protein, which propagates
through the variance-covariance matrix to cause a global conformational change in the molecule. A few exam-
ples of possible application of the theory, including those in industry, are suggested.
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1. Introduction

It is a ubiquitous process in a biomolecule that a local perturbation of the structure, chemical or/and
mechanical, induces a global conformational change of the molecule. The conformational change so
induced affects the activity which biomolecules play in a variety of life phenomena [[1} 2]].

One of such processes is seen in the biosynthesis in a bacterium in which a structural change of the
retinal moiety bound at a residue of bacteriorhodopsin from “cis” to “trans” triggers a conformational
change in the host molecule, which in turn induces successive chemical reactions including the charge
transfer at the photoactive center [1]].

Another example of such conformational changes induced by a local chemical-perturbation is seen
in the mutation or amino acid substitution of a protein, that induces a change in the global structure,
which in turn causes acquisition or loss in activity of the biomolecule. Since the microorganism uses the
mutation to survive against a drug, it is important to find the conformational change of target protein,
induced by the amino acid substitution, as soon as possible [1} 3]].

The purpose of the present paper is to provide a theoretical framework to predict the global confor-
mational change of a biomolecule, induced by a chemical or/and mechanical perturbation introduced at a
moiety of the molecule, by means of the generalized Langevin theory (GLT) of the structural fluctuation
of a biomolecule, or the Kim-Hirata theory, combined with the statistical mechanics theory of molecular
liquids, or RISM/3D-RISM theory [4! 5]

In 2013, Kim and Hirata published a paper [4], based on the generalized Langevin theory, that
concerns a theoretical characterization of the structural fluctuation of a protein in solution. The most
important conclusion the authors extracted from the theoretical results is that the force to restore the
equilibrium conformation is proportional to the displacement vector, or fluctuation, of atoms in protein,
just akin to a harmonic oscillator. The result is equivalent to say that the probability distribution of the
conformational fluctuation is Gaussian. Therefore, the conformational fluctuation of protein in solution
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can be identified as a composite of many Gaussian-distributions with different variances, which are
hierarchically ordered [4} [5].

A direct experimental evidence that the structural fluctuation of protein is Gaussian can be seen in
the so-called Guinier plot of protein, in which the intensity of the small angle X-ray scattering (SAXS)
is plotted against the square of wave number, Q2 [6]. As it has been observed by Kataoka et al., the plot
shows a linear behavior for a variety of conformations of protein, including native, denatured, molten
globule, and so on, in the low wave vector region [7]]. The behavior indicates unambiguously that the
distribution of the conformational fluctuation of protein is Gaussian no matter what the structure is.
Of course, the plot deviates from the straight line as the wave number increases, but it just reflects the
hierarchical ordering of the modes, or the variance of a Gaussian distribution, which becomes less as the
wave number Q becomes greater (5} [7].

The Gaussian behavior of the structural fluctuation of protein in solution is also verified by the
molecular-dynamics simulation combined with the RISM/3D-RISM method, carried out by Chong and
Ham [} 9]. In the study, the authors calculated the solvation free energy by means of the RISM/3D-RISM
theory for each snapshot of the molecular dynamics trajectory, and found that the free energy including
both the direct interactions among atoms in protein and the solvation free energy forms the Gaussian
distribution, while the direct interaction by itself does not produce such distribution [§].

Itis arational strategy in the statistical mechanics theory to apply the linear response theory, developed
by Kubo, to such a system in which the fluctuational response is proportional to a perturbation [S} 10} [11].
In the same JCP paper in 2013, Kim and Hirata derived an equation of the linear response theory for the
conformational change of a protein in water induced by a perturbation. The equation is in accord with that
derived earlier by Ikeguchi et al. through an alternative route [4}12]. The theory was applied to formulate
the conformational change of protein induced by a thermodynamic perturbation such as pressure [13].

In the present study, the author employs the linear response theory for the conformational change of
a biomolecules, induced by a mechanical/chemical perturbation introduced at a moiety of the molecule.
In what follows, the Kim—Hirata theory including the linear response theory is briefly reviewed, and is
applied to the structural transition induced by a local conformational change in biomolecules.

2. Theory

2.1. Brief review of the Kim-Hirata theory

The Kim-Hirata theory [4] begins with the Liouville equation which describes the time evolution of
dynamic variables A(¢) in the phase space,

dA
d?) —iLA(1). 1)
In the equation, the vector A(#) is defined by,
AR (1)
_| Pal®)
A= spate) | @
J(l (r’ t)

where the Greek subscript @ and the Roman subscript @ denote atoms in protein and solvent molecules,
respectively. The variables AR, (7) and P, () represent the structural fluctuation of protein, and its
conjugate momentum, while §p,(r, ¢), and J,(r, t) are the density fluctuation of solvent around protein
and its momentum or the flux, defined by,

ARG (1) = Ry(1) ~ (Re),  Poln) = My G
5pa(r,1) = Z S(r—14(1) = (pa), Ja(r,1) = Zp?é(r —rf), 4)
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where (- - - ) denote an ensemble average of the variables.

Following the recipe of the generalized Langevin theory (GLT), Kim and Hirata projected all the
mechanical variables in the phase space onto A(¢) to derive essentially two GLEs for the time evolution of
the dynamic variables, one for the dynamics of a biomolecule, the other for that of solvent [4} 5, 11} [14].
Here, we just focus on that relevant to the structural fluctuation of a solute molecule, which leads,

t
2
M(,%t;@:_;AQBARW)-PS%@_S).%‘;(%wm, )

0

where the second and third terms in the right-hand-side represent the frictional force exerted by solvent
and the random force due to the thermal agitation, which are related with each other by the fluctuation
dissipation theorem. (Here, details of the expressions concerning the two terms are entirely skipped.)

Itis the first term on which we focus in the present paper, which looks like that of a harmonic oscillator:
the restoring force is proportional to the displacement of atoms from their equilibrium positions, or to the
structural fluctuation. In this respect, the equation is formally equivalent to that of a dumped harmonic
oscillator in a viscus fluid. By neglecting the second and third terms of equation (3]), one finds an equation
analogous to stationary dynamics of a harmonic oscillator,

d*AR, (1)

My— 3= =~ ; AapARg(1). (6)

In the equation, the characteristic or intrinsic frequency A g is related to (@, §)-element of the inverse
of matrix L by

Aap=ksT (L) (7
ap
where L is the variance-covariance matrix of the structural fluctuation of the biomolecule, defined as,
L = (ARAR). )

The form of equation (6) indicates that the energy surface to originate the restoring force is quadratic in
the displacement vector or fluctuation, and the probability distribution of the fluctuation is Gaussian, the
variance-covariance matrix of which is L defined by equation ().

At this point, some readers may raise the following questions. Why the free energy surface of
the protein in water can possibly be quadratic? What is the capability of probability distribution of the
structural fluctuation to become Gaussian? The quick answer to the question is: because it is a consequence
of the central limiting theorem [5, [15} [16]. Of course, the potential energy surface of protein in water
itself is never quadratic. As is seen in any computer-program of the molecular dynamics simulation,
the interactions among atoms in protein as well as those with water molecules involve non-harmonic
interactions, including the Lennard-Jones as well as Coulomb interactions. For such systems, the potential
energy surface becomes strictly harmonic only when the system is cooled down to the global minimum.
That is the essential requirement for the normal mode analysis (NMA) carried out earlier by several
authors [[17, [18]].

On the other hand, the protein structure in the thermal equilibrium is in the minimum of the free
energy surface by definition, that consists of the interaction energy among atoms in protein and the
solvation free energy, that is,

F({R}) =U({R}) +Au({R}), ©))
where {R} represents a set of coordinates of atoms in a biomolecule, and U and Au denote the intramolec-
ular interaction energy of the biomolecule and the solvation free energy, respectively [3]. Although it is
not explicitly expressed, the quantity is a function of the solvent coordinates, the degrees of freedom of
which are infinitely large. It is well regarded in the statistical mechanics that the fluctuation of such a
system consisting of an infinite degrees of freedom strictly satisfies the central limiting theorem, and that
the probability distribution of the fluctuation becomes Gaussian [} [15} [16]

A 1
teont ({RY) = | GV P [—5 2 ; AapORaARg| . (10)
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Based on the logical entailment, Kim and Hirata proposed an ansatz that plays a crucial role for further
developing the theory [4]. The ansatz is to equate the force constant A,g of the restoring force acting
on protein atoms, or the inverse of the variance-covariance matrix, to the second derivative of the free
energy surface of a protein molecule in solution. That is,

9°’F ({R})

Agp = ol
*F ~ JAR,0AR4

(1D

Since it is possible to calculate the solvation free energy F ({AR}) by means of the RISM/3D-RISM
theory, the ansatz makes feasible the calculation of the force constant in solution. The ansatz has a
mathematical isomorphism with the ordinary force constant k,g in the harmonic oscillator, which is
defined by,

_ PU(RY)

k ~ AaA1 A
%~ AR, 0ARg

(12)
where U ({R}) is the interaction energy among atoms in the molecule.
The expression for the force constant is quite useful to construct a linear response theory to
describe conformational changes of a biomolecule, induced by some perturbation applied to the system.
The equation (TT)) suggests that the free energy of protein at equilibrium is expressed in the following
form:

1
F({R}) = > Z AR A 0pARg. (13)
af
Let us apply a perturbation to the system,

1
F({R) =3 D ARG AapARg + Y AR - f, (14)
ap a

where f, is the perturbation acting on the atom « of the molecule.The conformational change induced
by the perturbation can be derived by the variational principle,

OF ({R})
0ARg 0. (15
which leads
AR = —1 E AR,AR f 16
< (l)l - kBT - < a B)()' £+ ( )

2.2. Structural transition induced by a local conformational change in biomolecules

The present section is devoted to the formulation of the theory to describe the structural change of a
biomolecule induced by a local conformational change, such as the photo-excitation of a chromophore,
and the substitution of an amino acid, based on the linear response theory described in the preceding
section. For that purpose, the potential energy U of the biomolecule in equation (9) is decomposed into
the three contributions as follows,

U({R}) = Ur ({R},) + U ({R}) + Urm ({R}, . {R},,)) , (17

where, {R},, and {R}, represent a set of coordinates of atoms in the moiety and that of reference protein
without the moiety, respectively, U,, and U, denote the potential energy of the respective portion of the
protein, and U,,, denotes interactions of atoms between the two portions.

Now, we make a thought experiment in which only the moiety portion of the entire biomolecule is
replaced by a new one. The difference in the potential energy before and after the replacement may be
written as,

AU ({R}) = AU ({R},,) + AU ({R},., (R},,) . (18)
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F({r})

reactant

product

R} —

Figure 1. (Colour online) Schematic picture of the reaction: the quadratic curves depict the free energy
surface of reactant and product, and AU ({R}) represents the perturbation defined by equation (T8).

where AU, and AU,,, are the change in potential energy among atoms in the moiety and that between
the moiety and the reference protein, respectively.
The expression for the perturbation can be obtained by substituting AU into equation as,

[ _ _OAU __9AUwm (R}, (R},)
P oR, ORg ’

(19)
where Rg denotes the coordinate of an atom in the reference system, and AU,.,, is the difference between
the interaction energy between atoms in the reference protein and those in the moiety before and after
the moiety is modified. It should be noted that the derivative of U,, disappeared, because it is irrelevant
to the coordinate of the atom S in the reference protein.

By substituting equation (I9) into equation (I6)), one finds,

! dAU,m ({R},, (R},
(ARa>1=m;<AR0ARﬁ>O.(_ (;R}B {R} )),

(20)

in which <ARQARB>O is the variance-covariance matrix of the reference system, that is, the protein
without the moiety. The linear response expressions, equation (20), is interpreted as follows. The force
exerted by atoms in the moiety induces the displacement in atom f3 of protein, which propagates through
the variance-covariance matrix (ARQARB>0 to cause a global conformational change of the molecule,
<AR0>1 :

The schematic picture that illustrates the reaction is presented in figure [T} in which the vertical
excitation due to the perturbation, AU ({R}), induces the successive chemical reaction.

A question may be raised with respect to the applicability of equation (20) to a process of mechanical
and/or chemical perturbation. The question is as follows. The response to the perturbation may not
necessarily be linear if the perturbation is too large, and the protein may lose the native conformation. In
fact, there are many such cases taking place in nature, in which the protein loses its native conformation
due to a chemical or mechanical perturbation. However, such cases are not of interest for us, because in
such a case the perturbation causes the protein to lose its activity. Only proteins which may survive in
nature are those that have some biological activity. In other words, we are interested in native protein, the
structural fluctuation of which is linear against a perturbation.

There is another concern with respect to the computational protocol to implement the theory to an
actual process of structural change of protein. It may largely depend on the computational procedure.
Actual process to implement the theory can be treated by an idea proposed by Hirata and Akasaka in the
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context of the conformational change of protein induced by a thermodynamic perturbation [[13]]. The idea
is to use the analytical continuation to keep the perturbation and response within the linear regime.

Let us divide the entire mechanical/chemical perturbation into N steps, each step of which can be
described by the linear response theory, or equation (20). Then, the entire change of the conformation
after N-steps may be expressed by,

1 < dAU ({R}, . {R},,)
(AR,) = o JZ:; ; (AR,ARg) - |- IR, . 1)

For an implementation of the theory to an actual biophysical problem, a careful choice of N, or scheduling,
may be required.

3. Discussions

The present section is devoted to discuss the feasibility of calculation to realize the theory derived in the
preceding section, and to provide a few examples to which the theory may be applied. In equation (I9),
AU,,, and its derivative with respect to the atomic coordinate of a biomolecule can be calculated
analytically by means of the molecular mechanics using the simulation programs such as AMBER [19].
Thus, it is a trivial problem for the current state of the art.

The crucial part of the calculation concerns the variance-covariance matrix
(AR(,AR/3>0. The calculation is non-trivial, because it involves an ensemble average over the con-
figuration space of solvent molecules, the number of which is ~ 10?3 or the thermodynamic limit. As is
clarified in the introduction, such a limit is the requirement for the central limiting theorem as well as the
linear response theory, on which the present treatment is based. It will be quite evident that the molecular
dynamic simulation never meets the requirement, no matter what the hardware or/and the computational
algorithm is.

It is the statistical mechanics of molecular liquids, or RISM/3D-RISM, that makes the calculation of
(AR(YARB> o feasible, with the ansarz expressed by equation 1D According to the ansatz, the variance-
covariance matrix is the inverse of the Hessian matrix, which 1s the second derivative of the free energy
surface F ({R}), defined by equation (9), with respect to the atomic coordinates of protein. It has been
demonstrated recently by Sugita and Hirata [20] that the second derivative can be calculated along
the numerical solution of the RISM/3D-RISM equations with the procedure proposed earlier by Yu
and Karplus [21]. The spectrum of small wave-number regions of alanine dipeptide, calculated from
the Hessian, showed a reasonable agreement with the results of the RIKES spectrum [22]]. Applying
the method to a real protein may require much larger computational time, but it is just the matter of
a hardware, not the matter which touches a basic principle of nature, or the central limiting theorem.
Examples of possible applications of the theory proposed in the previous sections to a biophysical and/or
biochemical process are discussed in what follows.

One of the applications concerns the drug discovery. It is well documented that a crucial step for
designing drug compounds, either by a wet chemistry or in silico, is not only to identify a target protein but
also to find its molecular structure. The current state of the art in the business is to determine the structure
by means of the X-ray crystallography, or the two-dimensional NMR, both of which are quite laborious
as well as time consuming. For example, in case of the X-ray crystallography, one has to crystallize the
molecule first to be able to get the diffraction pattern, from which one extracts the structure. In case
there are multiple candidate-proteins for a drug target, the process becomes formidable some time. If the
mutation of the micro-organism is very quick, such efforts become entirely hopeless, as was demonstrated
unambiguously by the latest pandemic of COVID-19. The theory proposed here can be applied to such
a problem to find the structure of a target protein, which is derived from the native protein by an amino
acid substitution. We still need to identify which amino acid is substituted by which. However, such an
identification would be neither very difficult nor time-consuming by means of the current state of the art,
for example, by the NMR spectroscopy.

Another example of the application is the mutagenesis to improve the activity of an enzyme, or to add a
new activity to the biocatalyst [[L]. In that case, too, it is important to confirm that the native conformation
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of the enzyme is intact after substituting an amino acid by a new one. If the biomolecule is denatured by
the mutation, it will lose or reduce the activity as a biocatalyst. Since the substitution of amino acid is
made currently in trial and error basis by means of a wet chemistry, the process becomes quite laborious
as well as time consuming. Therefore, it is desirable to predict the structure of the biomolecule after each
trial of an amino acid substitution employing the method proposed in the present paper.

4. Concluding remarks and perspective

Based on the Kim—Hirata theory for the structural fluctuation of a biomolecule in aqueous solution,
the author has proposed a new theoretical method to predict the conformation of the biomolecule, a
moiety of which is modified chemically or/and mechanically by such a process as photo-excitation or
amino acid substitution. The method is expected to be applied to the medical as well as biomimetic
processes in industry, in order to find the conformation of biomolecules after chemical or/and mechanical
modifications. It is a key to the successful application of the RISM/3D-RISM method in order to calculate
the free energy surface of the protein, including solvation free energy, and its second derivative with
respect to the atomic coordinate of the biomolecule.

The benefit of using the RISM/3D-RISM is not limited to the application described in the present
paper. Using the 3D-RISM theory in a series of chemical processes may accelerate an industrial innova-
tion, for example, the discovery of a new drug. Let us mention such two examples in which the use of
RISM/3D-RISM theory may accelerate the industrial processes.

One of such processes concerns the drug discovery. A drug discovery consists of many steps; finding
the target protein, screening the candidate compounds for the target protein, synthesizing the compounds,
solubility tests, clinical tests, and so forth. Among those steps, it is the compound screening in which
the in-silico approach may play a crucial role. The compound screening is to find a compound among
many candidate compounds, which has the highest binding affinity to the target protein, malfunctioning
of which is fatal for the host micro-organism. The RISM/3D-RISM method has been applied to many
target proteins and the candidate compounds to predict the binding affinity successfully. However, the
applications have been limited so far to those in which the structural information of the target protein
is provided. Such cases in which the conformation is unknown has been entirely “out of scope” for
the method. The method proposed in the present paper may be applied to such cases to determine
the conformation of biomolecules created by mutations. Then, the screening of drug compounds may
be dramatically accelerated, because the wet chemistry to determine the structure of mutant protein is
replaced also by the in-silico process.

The other process, to which the present theory may be applied, is the rate of chemical reaction in
biomolecular solutions. An example of such reactions is the photochemical reaction, in which the reaction
induced at a chromophore, such as a cis-trans isomerization of retinal, triggers a successive conforma-
tional change in the entire protein. The initial photochemical reaction is so fast that the conformational
change of the entire protein becomes the rate-determining step. Recently, the author has proposed an
Arrhenius-type theory of the reaction rate, in which the activation barrier is defined by the crossing point
of two parabolas representing the free energy surfaces of the reactant and product along the reaction
coordinate [23]]. It is supposed in the theory that the equilibrium conformations of the both reactant and
product states are provided. Then, all the quantities required to calculate the reaction rate, the equilibrium
free energy of the reactant and product states as well as the curvature of the free energy surfaces, can be
calculated by means of the RISM/3D-RISM method. It may be more productive if one can predict the
structure of the product state in silico by method proposed in the present paper, since it will help to skip
a wet chemistry to determine the structure of the product state.
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CTpYyKTYpHUIA nepexig niag BNANBOM /I0Ka/IbHOIO
XiMmiyHoro/mexaHiyHoro 36ypeHHs B 6iomonekynax

®. XipaTa

HauioHanbHWUIA IHCTUTYT NPUPOAHNYMNX HayK, IHCTUTYT MonekynspHUX gochidxeHb, Miogaiigxi, Okag3saci, ARTi
444-8585, AnoHis

CTpYKTypHWiA nepexig nig BNANBOM noKanbHOT koHGOpMaLiiHOT NepebyAoBuM y 6ioMonekynax onMcaHo Ha OCHO-
Bi y3arasbHeHOi Teopii JlaHxeBeHa AN CTPYKTYPHMX GyKTYyaL|ii MONeKyNn B PO34MHI Ta Teopii NiHiHOrO BiA-
ryky, po3po6neHoi Kimom i Xipatoto B 2012 p. XimiuHa/mexaHi4Ha nepebyaoBa, WO BigbyBaEeTbCA Y GparmMeHTi
6ioMoN1eKyn Taka Kk aMiHO-KUCNOTHe 3aMilLleHHs Yun CTPYKTYpHa nepebygosa xpoModopa npu GoTo36yaKeHHI,
TPaKTYETbCA AK 30ypeHHs, a peLuTa NPoTeiHY — AK cucTema BiAniky. PIBHAHHS NiHINHOIO BiAryKy CKNajaEeTbes
3 ABOX YaCTUH: Ti€i, AKy popmMye MexaHiuyHe/XimiuHe 36ypeHHs, BHeceHe ¢pparmeHTOM Giomonekynu, Ta iHLWOT,
LLIO 3aJla€ThbCA KOBapiaLiiHOK MaTpurLeo CUCTeMU Big/liKy | NoB'A3aHa 3 y3araibHeHOo cnpuiAHATAMBICTIO. Lie
PiBHAHHA Ma€ Npo30puii Gi3MYHNIA 3MICT: CUAa, 3 AKOK Ai0Tb aTOMU Y dparMeHTi 6ioMonekynun, BUKNNKAE 3Mi-
LLleHHs aToMa NpoTeiHy, NOLLINPEeHHS AKOro Bif0bpaxaeTbCs Yepes koBapiaLjiiiHy MaTpULLIo, L0 NPUBOAUTL A0
rnobanbHoi kKoHopMaLiiHOT NepebyA0BM MONeKy/n. 3anNpoNoHOBAHO Kifbka NPUKIaAiB MOX/IMBOIO 3acToCy-
BaHHA Teopii, B TOMYy Ynci B NPOMMUCNOBOCTI.

KnrouoBi cnoBa: cTpykTypHi ¢a3oBi nepexohu, piBHIHHA JlaHxXeBeHa, Teopisi NiHIiHOro Bigryky, 6iomonekyim
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