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Preface

This book is about the physical processes in reacting complex molecules, in
particular in biomolecules. In the last decade scientists from different fields as medicine,
biology, chemistry, and physics collected a huge amount of data about the structure, the
dynamics and the functioning of biomolecules. Great progress has been achieved in
exploring the structure of complex molecules. The knowledge of the structure of complex
molecules is of course a ‘conditio sine qua non’ for the understanding of their
functioning, however the understanding of the dynamics is as important. Without a deep
analysis of the physical mechanisms of the dynamics it seems to be impossible to
understand the all details of the functioning of biological macromolecules. In particular
this refers to the functioning of enzymes, which are the basic molecular machines
working in living systems. Since this molecules operate on many thousands of degrees of
freedom we have to start to analyse the physical mechanisms e.g. the dynamics of clusters
consisting of a many atomic units. Further we have to study the dynamics of
conformations, the dynamics of transitions between conformations etc. In order to give an
example, we want to understand the dynamics and the physical mechanism of enzy me-
catalyzed bond breaking in substrate molecules. In particular we want to find out what
determines the high rate of bond breaking in complex molecules. However to explore the
dynamics of this or other complex processes we have to pay a price, only very simple
structures allow a investigation of the dynamical phenomena. This is why we have to
restrict our studies to rather simple models. In this context we will analyse simple
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mechanisms as the transitions between two potential wells, the nonlinear coupling
between oscillatory modes, the Fermi resonance, the excitation of solitons in chains of
nonlinear springs etc.

The analysis of the complex processes developed in this book is based on methods
of nonlinear dynamics, stochastics and molecular dynamics. We start from the classical
stochastic reaction theory. We intended to show how the famous Kramers expression for
the chemical reaction rate is to be modified in the case of the more complicated processes
occuring during the enzymatic catalysis. Kramers classical reaction theory describes
reactions as (ransitions over a potential barrier (activation processes) by studying
Langevin equations and solving the corresponding Fokker-Planck equations. The basic
assumption of Kramers model is that transitions over a potential barrier are due to
stochastic forces. Kramers model is based on the assumption of uncorrelated stochastic
forces.

Our motivation is to overcome the limitations of Kramers theory and to generalize
it. Therefore we will develope in this work simple but more realistic microscopic models
for transitions in different molecular environments. The physical effects leading to
transitions are studied by means of theoretical models and molecular dynamics
simulations. Great impact we shall give to the role of nonlinear oscillations in complex
molecules. For example we will study the role of mode-coupling and nonlinear
excitations. Our special interest is devoted to local energy spots which may lead to an
enhancement of reactive transitions. An idea expressed by several authors is that complex
reactions is supported by nonlinear excitations capable to localize energy at special
reaction sites.

The authors of this book try to demonstrate the role of the physical processes at
certain stages of the chemical reactions, in particular, at the stage of bond breaking in
substrate molecules that is catalyzed by enzymes. In other words, we try to find out what
determines the rate of bond breaking with the use of the methods of molecular dynamics.
We intend to show how the famous Kramers expression for the rate of the chemical
reaction is to be modified in the case of the complex processes of the enzymatic catalysis.

Enzyme molecules consisting of hundreds and even thousands of atoms interact
with substrates in water environment. Any comprehensive mathematical description of
this process implies the solution of systems of nonlinear differential equations in the 3-d
physical space. However, not all the atoms and groups of atoms are involved in certain
stages of the catalytic act. It is always possible to select some basic variables whereas the
influence of all the others can be taken into account with substantial simplifications. This
is not due to reduction of the complete systems of equations but due to the fact that the
complex enzyme molecules always consist of subsystems each of which consists in turn
of hundreds of atoms. Such subsystems or clusters can be described using only several
variables. We discuss here several models which describe the transitions connected with
the chemical reactions.

In this book we do not intend to present a complete pattern of specific enzymatic
reactions or to figure out the ways of their effective control. Instead we will concentrate
on one of the most important aspects, the role of stochastic effects.

PeneH3Hs HA KHHTY
«CroxXacTHYeCKas! JHHAMHKA B3aHMOJIEHCTBYIOLMX GHOMOJIEKY 1>

Beunemmas B 2003 rogy B wm3garensctse Scientific World monorpadus
«Stochastic Dynamics of Reacting Biomolecules» (W. Ebeling, L. Schimansky-Geier &
Yu. Romanovsky, eds) nocesiena ¢pu3nyecKuM npoieccaM, MpoTeKAKLIMM B CI0KHbIX
MOJIeKy/ax, B YacTHOCTH, GHomosiekynax. B mecsitu riapax MoHorpacuu 06061IeHs]
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pe3yJbTaThl TEOPETHYECKHX HCCIEJOBaHUi, NPOBEJCHHBIX B MOC/IE[IHEE [NECATHIIETUE
HECKONbKMMM rpynnaMu yuyenbix B I'epmanum u Poccun. VIX ocHOBHO# Lenbio GbLIO
M3yYCHHE HEJIMHCHHOW [MHAMHKH CTPYKTyp, O0pa3syeMblX aTOMHBIMH €HMHHLAMK
CIIOXKHBIX MOJIEKYJT, M HX BIHSHUS Ha YHKIMOHUPOBaHHE GHOMOJIEKYN KaK XHMHYECKHX
# GHOTOrHYECKUX OOBEKTOB.

XapakTepHO#t OCOOEHHOCTBIO MaKpOMOJIEKYJbl ABIASETCH OrpoMHoe (mopsgka
ThiCSY U GoNee) YMCIIO cremeHei cBOGOMbI, O0YCIOBIEHHOE GOMBIIMM KOJIHYECTBOM
COCTABIIAIOIINX €€ 3JEMEHTOB, OOBbE[MHEHHbIX, KaK MpaBuso, B kiacrepbl. IToatomy
OCHOBHbIE (u3NYecKHe 3PGEKThI B TaKMX MOJIEKYJIaX CBA3aHbl C JHHAMMKOH KJIACTEPOB
U Koudopmauuer Momexyl. B omuceiBaeMbIx B MOHOrpadMu HCCAEOBAHHSX OHH
H3y4aloTCs B paMKax NPOCThIX MOAENEH C ropasgo MeHbIIHM YHCIOM 37EMEHTOB
(creneneit cBOGOMBI), HEXENN B pealbHbIX MOJEKYJIaX. TO MO3BONAET OGECHEYUTh
rny0oKOoe MPOHMKHOBEHHE B IMHAMHUKY CJIOXKHBIX MOJIEKYIAPHBIX CTPYKTYp Gnaromaps
3¢ peKTHBHOMY TNPUMEHEHHIO METOMOB HENIMHEeHHOM [MHAMMKH, CTOXacTHYECKOH W
MOJIEKY/IAPHOK [HHAMHKHM B COYCTAHMH C IUNHPOKMAM TNPHMEHEHHEM KOMIIBIOTEPHOTO
3KCIEpHMEHTa.

B mepBeIX riaBaX KHHTH MCCIEyrOTCA (hakTOpbl, BIHAIOWHE HA CKOPOCTBb
XMMHYECKHX peakii. ABTOPbI MOKa3bIBalOT, 4YTO Onarofjaps HeJIMHEHHBIM CBOWCTBaM
KoneGaHMi YacTHI[ B MOJEKYJAPHBIX LENovYKaX M U3MEHSIOIMMCA BCIEJCTBHE 3TOr0
3aKOHOMEPHOCTSM pa3pbiBa XHMHYECKMX CBs3eil («BBINPHIrMBaHHSA» YacCTHIbI M3
MOTEHUMANLHON SMbI) INPONUCXOJUT TOBBINEHAE CKOPOCTH XHMHYECKON peakiyuu I10
CpaBHEHHIO CO 3HaUeHHeM, IpeJicKasaHHbIM KJIacCHYECKOW TeopHell AppeHHyca -
Kpamepca. OdheKTUBHBIM B 3THX HCCHENOBAHHMAX OKasblBAeTCs IPUMEHEHHe
KOHIIECTIIMH «OKPaLIEHHOr0» LIyMa.

Hanee OmMMChLIBAIOTCA HECKONBKO HOBbIX 3((EKTOB, NpUpPOa KOTOPBIX TaKXe
OOyC/IOB/IEHA HEMHEHHOCTBIO TIOTEHIMaNa B3aUMOJEHCTBHS aTOMOB B CIIOXKHOM
MOJIEKyJie, B TOM 4HC/IE: CBsi3aHHble KojeGaHusd, TNPOUCXONSAIIME B Pa3HbIX
HalpaBJIeHHsAX B IBYMEPHBIX MOJIEKYNIAX; pe3oHaHC PepMu; TOKaIbHbIE 3HEepreTHYECKue
NATHA U JIp.

ABTOpbl  TIO[YEPKHMBAIOT OCOOYIO pONIb  CTOXAacTH4YecKux 3ddexkToB B
paccMaTpdBaeMbIX  [Ipolieccax, BO3IHMKAIOIMX M3-33 TEIIOBBIX  (PIYKTYyaluH
OKpyXalouieit cpembl H UG Y3HOHHBIX npoueccoB. MX u3yuyeHHe NpPHBOJMT K
BO3HHKHOBEHHIO HOBBIX 3a/la4 CTOXaCTHYECKOH HETHHEHHON IMHAMMKY KJ1acTepoOB.

Bonbiias 4acTe HOBBIX PpE3yJbTAaTOB MOMYYEHa C IOMOUIBIO OJHOMEPHOM
KONBIEBOM MOJENH LEMOYKH HEeNHHENHLIX OCLMJUIATOPOB, CBA3AHHBIX CWIAMH C
norenuuanoM Topel, Jlennappa - Ixkonca, Mopse. HM3yueHbl HeJlMHENHbIC SBICHAS B
TaKMX  Lenoykax, oOycloBiIeHHble  BO3OYXKAEHHMEM  KHOMJAJIbHLIX BOJH M
CONUTOHONONOOHBIX JIOKANBHBIX CTPYKTYp. VlccnefoBaHa TakXe OUYEHbL BaXKHas [UIs
GroMonexyn mpoGieMa 3aTyXaHus KojeOaHHi paslIH4YHbIX KJIaCTEPOB MaKpOMOJIEKYI,
B3aMMOJIEHCTBYIOIUMX C OKPYKaIOIIEH cpefloil.

Kuura nonessa cryfgeHTaM, acnMpaHTaM M HCCIE[OBaTEeNsAM, MHTEPECYHOWUMCS
npoGiieMaM¥ MOJIEKYJISAPHOH HEJMHEHHOH! JHHAMHKH, TEOpHHM KJACTEpOB, TEOPHH
CTOXaCTHYECKHX NPOLIECCOB B HEJIMHEHHBIX LIEMOYKaX U pelIeTKax.

Yn.-xopp. PAH, npoceccop L. HU. Tpybeyxos
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