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OCHOBHble NOHATUA 3BO/IIOLLMOHHOMN TEOPUU: PENAUKALMA U
penjnKaTop

Pennukauusa (ot nar. replicatio - Bo3obHOBNEHWE, NOBTOPEHME) — Pa3MHOXEHUE,
KONMMpoBaHMe.

Bua — COBOKYMHOCTb TOXAECTBEHHbIX APYr APYry OpraHM3moB, CNOCOOHbIX AaBaTb NogobHoe
NMOTOMCTBO.

B Teopunmn bruonornyeckom aBosatoLUMN 3TOT TEPMUH B OCHOBHOM NMPUMEHAETCA K NpoL.eccy
KonmnpoBaHuAa monekyn JHK. B pe3ynbtaTe npouecca pensinkaumm noay4yaroTca ABe Konmu
aAsonHow cnupanu AHK. S




Pa3nnyHblie noaxoabl K onpeageneHno peniankaTopa

Penaukartop —

> 06BbeKT, 0bnasatoLWwmi cnocobHOCTbIO CAMOBOCNPOU3BOAUTLCA U HAaCNeACTBEHHOM
M3MeH4YnBOCTbIOL;

> ntoboi 06beKT, NobyKaatoLmnii ocobble cpebl ero KoNMpoBaTb?;

> CYLHOCTb BO BCE/IEHHOM, C KOTOPOW caenaHbl Konum3,

—

1) Mapkos A., Halimapk E. 3sBontouma: Knaccuyeckue naen B

RIC HARD CcBeTe HOBbIX OTKPbITMI. --- ACT, Corpus, 2014.
DAWKINS 2) Deutsch D. The fabric of reality. --- New York: Allen Lane, 1997.
THE 3) Dawkins R. The selfish gene. --- New York: Oxford University
SELHSH Press, 1976.
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ObLWan gapBMHOBCKAsA Mmoaenb

s < [Ona matemaTtmnyeckon popmanmnsaumm 3BoIIOLUOHHOIO
HacnencTBeHHoCTb Monynsuus <:m npolecca 3afaeTcA:
L p PENINKATOP KaK HEKOTOpaa MHPOPMALLMOHHAA
W — 4 LeNI0CTHOCTb
3aKOH, onpeaenAoWnm MHTEHCMBHOCTb €ro
M3MeH4YnBOCTb SBOJ'IIOLJ,MOHHaFl
L ) cmera chopu KONMpPoBaHUA
v MHTEHCUBHOCTb MYTaLUMN U 3HAYMMblE AONOJIHUTENbHbIE
T daKTopbI

YcnoBHasa cxema mopgenu asontoumn Y. [lapsuHa, npegnoxkeHHas B.B. Kypenumkom m
B.M. Kypeiumkom

Modenu 3sonoyuu u 2ceHemuyeckue anzopummsi //BuoHnyeckne MHGOPMaLNOHHbIE CUCTEMbI N NX NPAKTUYECKNE
npumeHenusa. (nog pea. 3uHuyeHko J1.A., Kypeiumka B.M., Peabko B.I.). M.: dusmatnuT, 2011. C. 109---126.



PeI'IJ'II/IKaTOpHaﬂ cnucrema B CJ/iydae BoCnpom3ssoancrtresa snNA0B

d’f;t“) N, (), N;(0) = N?

{N;(t)}- - UuCNEeHHOCTM COOTBETCTBYHOLLMX NONYNALMIA BULOB

[Mepexon K OTHOCUTENbHbIM YUCAEHHOCTAM (4acToTam)

N o
w(®) = g s ;ulu) =1

n

du;

eu(n- @), f@ =) ru)
i=1

7; —npucnocobaeHHOCTb i-ro BUAa

f(t) — cpegHas npucnocobneHHOCTb coobuiecTsa BMAOB



Teopema P. duwepa

The rate of increase in (mean) fitness of any organism at any time is
equal to its genetic variance in fitness at that time.

dZit) = Zn:ri U; = Zn:rizui — (i riui)

Eui(t) —1u, =0

=1




Nanawadt npmcnocobneHHOCTU
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fitness

Pesce, Diego, Niles Lehman, and J. Arjan GM de Visser. Phil. IF; ?13|S\f\gjak }:’)elzsrartg\l;eJa.l’ :tt:?ésslfk:?eple”\fcjlu?i?ne:rsy



Nanawadt npmcnocobneHHOCTU

b us
| dm (b)

e (a) ,

Ficure 3. The phase space (a) and adaptive fitness landscape (b) of the hypercyclic system
in Example 3.1 on S3. The parameters are ky = 0.25, ks = 0.3, k3 = 0.35. Note that although
there exists a strict Lyapunov function and the internal equilibrium 1 is globally asymptotically
stable, it is not evolutionary stable and does not coincide with the global maximum wu,, on the

S mean fitness surface X. o o ]
Adaptive fitness landscape for replicator systems: to maximize or not to maximize. Bratus A.S., Semenov Y.S., Novozhilov A.S.

Math. Model. Nat. Phenom. (2018, in press)



Nanawadt npmcnocobneHHOCTU

CxemaTunyeckoe npeacrtasieHne npmnmepa naH,a,Luacha I'IpMCI'IOCOGIIEHHOCTM rmnepunKkna.
(a) EanHcTBEeHHOe BHYTpEHHEE NONOKEHUE PaBHOBECUA COBMadaeT C rnobanbHbIM MaKCMMYyMOM U
ABnAeTcA rMobabHO aCUMMMNTOTUYECKU YCTOﬁHMBbIM.

(b) BHyTpeHHee nonoXeHne paBHOBECUA He ABASETCS MAaKCMMYMOM, PEeLLIEHNA CXOAATCA K
npeaenbHOMY LMKAY.

Adaptive fitness landscape for replicator systems: to maximize or not to
maximize. Bratus A.S., Semenov Y.S., Novozhilov A.S. Math. Model. Nat.

Phenom. (2018, in press) 10



Teopua pennnkatopHbix cmctem MaHdpeaa ImreHa

Manfred Eigen, born 1927

> M. Eigen, Naturwisenschaften,
58(10), 1971:465-523

> M. Eigen, P. Schuster, The
Hypercycle, Springer, 1979
> M. Eigen, J. McCaskill, P.

Schuster, J Phys Chem, 92(24),
1988:6881-6891

DIE NATURWISSENSCHAFTEN
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58 Jahrgang, 1971 Heft 40 Ohtober
Sclforganization of Matter
and the Evolution of Biological Macromolecules
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PenanKaTopHbie ypaBHEHUA ANA YNCNEHHOCTEM BUAOB

» ABTOKaTanuUTU4YecKas penanKauuma.

Vi .
L = bi}’i: I — 1, .y 1L
Yi
» [unepumKknnyeckan penamkaumn:
Vi .
—=k;Vi—1, Yo= Yn, i=1,..,n.
Vi
» 06wuin cnyyan:
Vi

—.= (Ay)l =Zaijyj, [ = 1,...,Tl.
‘ j
» Yi- YACNEHHOCTb NONyAALMM BUAA |



PennnkatopHblie cuctembl AnddepeHumanbHbIX YypaBHEHUN

r_ ]

AAHaCTOT
Yi
. = , ; — 1
pl 2?:1 Yi Zpl

% = C1 — fl(p), (He3aBMcumasn) 1=1,...n
l

% = bipi — fz (p), (aBTokaTanuTuueckas) 1=1,...n
i

Obwmnmn cnyyan:

e Z aijpj — f(p), fp) = z a;jpip; = (Ap,p) iLj=1..n

Pi . —
J L]



[MPUHUNN KOHKYPEHTHOIO UCKIOYEHUS

» HeszaBucmmas penamKkaums

pi =pi(a; — Xai;p)), 2pi =1,
i=1,...n
> ABTOKaTaIMTUUECKAn penanKaums

pi = pi(bipi — X;bjp?), 2D =1,
i=1,...n

(1,0,0)




Pennnkauua lmnepuukn

p; = pi | kibi-1 z iPipj-1 |, xpi=1

» BHYTpeHHee nonoxeHue paBHOBecvm P € int S,, ABnAeTca rnobanbHO
YCTOMYUBbIM NPU KOPOTKUX runepumknax (n = 2,3,4)

» MnepumnKknmnyeckasa peakumsa nepmaHeHTHa

> [1na rmnepumnknos n = 5 nossaseTca robasbHO YCTONUUBDIN LUK

Ref: Hofbauer and Sigmund, Evolutionary Games and Population Dynamics,
Cambridge, 1998

Mallet-Paret and Smith, J Dyn Diff Eq, 2, 1990



N3MeHYNBOCTb

pi = pilkipi_1—f), i=1,....n

1
f=) kipipic1. pESs

=1



OTb0p

pi = pilkipi—1 — f),1=1.2,3, p; =pi(kipi1 — f), 1 =4,5,6

6
f= Zkipﬂ'-}i—la Zﬁi =1
i=1



[1Tapa3uTbl




M. 3%ren, N Wycrep

rMNEPLUMKN

NPMHUMANST CEMOOPTaHW3aLIuK
MaKpomaonexyn

PHR-Mmnp v
MOEeNb IUTEeHa

* [nnotesa mmnpa PHK cocTtout B
NpeanonoXKeHun, Yto Ha sTane
BO3HUKHOBEHUA KU3HU QYHKLMIO
XPaHEHMA N penanKaumm
reHeTu4YecKkom nHpopmaumm
BbIMO/IHANM aHCaMbnu
pnboHyKknenHoBbix Kucnot (PHK).
Bnocneacrteuu passuaach
coBpemeHHaa [HK-PHK-6enkoBas
U3Hb.




MaTemaTmnyecKkasa moaesib runepumnkia u ee mognpuKkaumm

’l.l,l' = U; (k-ul-_l —f(t)) i =1,..n

u(t) € S, ={u EIR”u>OZul—1}

fu) = Zk Uj_1U;

o 'MnepunykJ/ nepMaHeHTEH: eCJIH ul(O) 2 >0, Tou;(t) =6 > 0.
t

1
lim — U; (t)dt = ﬂi
tooo t 0

1t _
lim - | f@ode=

U, f - mnoJio>keHrue paBHOBECHS

20
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» XapaKTepHoe Bpemsa 3BO/IIOLMOHHOM
afjanTaumMy NapameTpoB CUCTEMbI
(3807110U4UOHHOE B8PEMA) HAMHOTIO

_ Mme[JsieHHee, Yem Bpems, onucbiBatoLlee

ANHAMUKY CUCTEMbI A0 AOCTUXKEHUA

No/I0XKeHUs paBHOBeCKUS.

* 3BOJIIOUMNOHHbIE UBMEHEHMUA

MOAXOA: CNCTEMa C napamMeTpoB CUCTEMbI MOTYT
ANHAMUNYECKNM NMPOUCXOAUTb B NOJIOKEHUN

naHawadToMm PAaBHOBECUA Ha MHOXeCTBe
AONYyCTUMbIX NaHALWadToB

npucnocobn1eHHOCTN B COOTBETCTBUM C

YTBEPHKAEHNEM OCHOBHOW TEOPEMDbI

ecTecTBeHHoro otbopa P. Puwepa.

[Tpeanaraembim




MHOecTBO A0NYCTUMbIX NaHALWadTOB NPMUCNOCOONEHHOCTU

[IpeanosoKuM, 4TO MONYJISALMSA Pa3BUBAETCS B YCJIOBUAX OTPAHUYEHHOCTH PECYPCOB,
3a/laHHbIX MHOXXECTBOM MaTpHIL A, KOTOphbIe olNpeAeseT JaHamadT
IPUCIIOCO0JIEHHOCTU. MHOKECTBO JIaHAIIa)TOB OTPAaHUYEHO, HAIpUMep, ChepUdeCcKou
HOPMOHW MATHUIIbI:

n

z al-zj(r) <RVTt=0

ij=1

JieMeHTbl MaTpUIlbl A BbIOMPAIOTCA U3 3TOI0 MHOXKECTBA B IpolLiecce
M3MEHEHHUS 3BOJIIOIMOHHOrO0 napaMeTpa (BpeEMEHHM) T C LleJIbI0 MAaKCUMU3allMH
CpeAHEeU IPUCIIOCO0IeHHOCTU (PUTHECA) CUCTEMBI T.€. SIBJASITCS

GYHKIHMSMU 3TOr0 lapaMeTpa. 2



IBO/IIOLMOHHbBIN NpoLecc usmeHeHna naHgwadTta npucnocobaeHHOCTH

JBOJIOIIMOHHBIU MTPOILECC MAKCUMU3UPYET BEJIUYUHY CpelHEN
IIPUCIIOCOOJIEHHOCTH B IOJIOXKEHHWH PAaBHOBECHUSA: 3JIEMEHTBI MaTPUlbl A
MEHSATCA IIPU YCJIIOBUAX OTPAHUYEHHOCTU PECYPCOB B MacCIliTabax
3BOJIIOIIMOHHOT'O BPEMEHH.

f(@) = (f(r)a(r),a(r)) - max
z al-zj <R VT=0

ij=1

Ka<ablii Wwar 380110L4MOHHOro npoLecca cCBOAUTCA K 3aaaye IMHeAHoro
npPorpaMmmMmmpoBaHUA pasmMepHoOCTU N X N.

23



CBeaeHue K NocnenoBaTe/lbHOMW npoleaype peleHus 3a4a4 IMHEUHOTo
nporpammmnpoBaHUs

T>T+AT1, 7o =0

a;;(t + At) = a;;(7) + a; i(DAT + ;a (t)AT? + 0((AT)?)

la; (T)‘< g, |a; (T)| <¢gATt ~ 0(¢)

f(o+At) = f(r) + fi(v)AT + o(AT)

u(t + At) = u(r) + u,(v)At + o(A71)

24



MaKcmmmnsauma cpeagHero CI)MTHeca Ha KaXX4AO0M Wware apoJikuUMOHHOTO

(N aWalHFaWValala

ApPoHecCCa

% = f(0)(A"*4.u, 1) » max, I = (1,...,1)
4y = |l @I
n

z Clij(T) a{] (T) <0

ij=1
‘agj(r)| <¢

[,j=1

(A~ 1Au,Du > A"1Au

[lorpemHoCTb BEIYMCAEHUIH Ha KaX/J0M L1are uMeeT nopagok 0(e3)

25



Hpmmep: 3BO/TIOUNOHHOE naMmeHeHne CMCTtembl rMNeEPUNKIia

PaccmaTpuBaeTcda cucreMma:
”L'l,l' = U; (ui_l —f(u)),l — 1, ., N

n

f(u) = z Uil

i=1
MaTpuna JanamadTa NprUCIoCO0JIeHHOCTU:

26



0.3 |

NMHaMWKa N3MeHeHMA
KOOPAMHAT NOJI0XKEeHUA
PaBHOBECKA N BENNYNHDI

01 \
\ cpeaHero GUTHeca B

; i — e rnpouecce aBO/TIOUNOHHOIO
/ N3IMEHEHWNA CMCTEMDI.
Bratus A., Drozhzhin S. Yakushkina

T., On the Evolution of
Hypercycles // Mathematical

I, — - . .
i Biosciences,2018.
0.1 ' ' '
0 100 200 300
(top) Steady-state u = @ of the hypercycle system changing over evolutionary time
7 for the cycle length n =9
(bottom) Mean fitness f of the hypercycle system ) changing over evolutionary time 7

for the cycle length n =9 27



[pad 3BONIOLMOHHOW aganTaumm naHawadpta NpmucnocobaeHHOCTH
rMnepumnKnia
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Figure = The frequencies of the species in the hypercycle system with a parasite | and
cycle length n = 5 changing over system time ¢ at the beginning (top) and at the 200th
step (bottom) of the fitness landscape evolutionary process. Solid lines correspond to the
original hypercycle, dots — to parasite

Pe3ynbTaT NnpuMmeHeHuA
3BO/IFOLIMOHHOrO NpoLecca
K cMcteme rmnepumkia c
NnapasnTU4YeCcKMMm BUOOM

ﬂi = ui(ui_l — ’I’T’L(ll)),l = 1, vee) 5
116 = u6(u5 + 17u6 — m(u))

n

m(u) = z uui_1 + L7ugug
i=1
n=6

29



A | A [Topor
‘ T 3BONOLMM
N (3pdeKT
b — = — = cTabunmnsaumm)

Figure  Stabilization:
(top) The frequencies of the hypercycle system components with n = 3 changing over
evolutionary time 1.
(bottom) The mean fitness of the hypercycle system n = 3 changing over evolutionary
time 7.
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9BONOUMA ABONHOTO rMNEepPLMKAA

u; = ui(aiai—lui—l(t)ui—z(t) - f(u)),i =1,..n

F) = ) aagyu(©w,(Oug(6)

=1

— o S e
—

09 - - —
sl .7 The mean fitness f of the bi-hypercycle

P forn=5
07
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3BOI'II-OLI,MOHHaFI ANHAMWUKa KOOPANHAT NOJTIOKEHNA PABHOBECUA

ABOWNHOrO rMnepumKkia

09

0.8

07

0.6

1= 0.5

04

0.3

0.2

01

800 1000 1200 1400 1600 1800 2000
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Pe3ynbraT B3anMoaencTBUs 3BONIHOLMOHHOIO ABOMHOIo rmnepumnKkia ¢

0E -

0Er

¢ 0I5

b)

'
ol

d) |

YacToTbl BUAOB B ABONHOM rMMAEPLUKA
O/IMHbI 5 OTHOCUTENIbHO U3MEHEHMUA
3BOJIIOLLMOHHOIO BpeMeHU T.

a) HayanbHoe cocToAHuMe.

b) 30 Wwaros 3BOAOLMOHHOIO NPOLLECC:
c) YBennyeHme MHTeHCMBHOCTHU
BO34ENCTBUA Napa3uTa B ABa pa3a:

30 ntepauunin 3BOIFOLLUOHHOTO
N3MEHEHUA.

d) 55 waroB 3BONOLMOHHOIO NPOLLECC:

33



IBONOLUMNA CUCTEMbBI ABOUHOTO FMNEpPLIMKAA C BKIKOYEHUEM HOBOIo BUAA
B C1Y4YaWHbIN MOMEHT BpEMEHMU

PaccmaTpuBaeTcs npouecc onTMmm3laumnm cpegHen npmcnocobieHHocTum
nonynauum runepumnkna. B cnydyamHbli MOMEHT (LWwar) 3BO/IIOLMOHHOTO
npouecca ¢ Homepom k nobasnserTca HoBbIN BUA,

OCHOBHble NPeanoNOXKeHUA:
1. CpegHee 3HayeHUe puTHeca Ha (k+1) ware coBnagaeT co 3Ha4eHUEM Ha
npeablayLem Lare.

2. MNepBble n CTPOK M cTONOLUOB MaTpuubl naHAawadTa npucnocobneHHocTn Ha (k+1)
ware A( k+1) cosnaaatot c naHawadptom A(k).

3. lMepBble n anemeHTOB pacnpeaenenna Ha k u (k+1) ware ocratotca
HEU3MEHHbIMUM C TOYHOCTbIO A0 IMHENHOTO Ko3dPuumeHTa.

34



IBONOUMA CUCTEMbI TUMEPLMKAQ C BKAOYEHMEM B CAYYAUHbIN MOMEHT
BPEMEHU HOBOIro BMUAA

a

a) Mpad B3anmmocsszen rmnepuymkna Ha 67 ware 3BOSIKOLUMOHHOIO
npouecca.
b) Npad nocne npucoeanHeHna HOBOro Buaa Ha 68 ware.
35



9BONOLMA CUCTEMbBI ABOMHOIO rMnepLmnKna ¢ BKAtOYEHMEM BTOPOro BMaa
B C/ly4anHbI MOMEHT BPEMEHMU

a) pad runepumkna Ha 528 ware 3BONOLMOHHOrO NpoLecca C BUAOM
npucoeanHEHHbIM Ha 68 ware. b) Mpad nocne npucoeanHeHUs BTOPOro
BMAA Ha 529 ware.

36



buonornyeckme NnpuUNoKeHnA

» T.A. Lincoln, G.F. Joyce.

Self-Sustained Replication of an RNA m
Enzyme// Science. 2009. 323. P.1229-1232 AYAAAS

» N. Vaidya, M.L. Manapat, I.A. Chen, R. nature
Xulvi-Brunet, E.J. Hayden, N. Lehman. s '
Spontaneous network formation among
cooperative RINA replicators// Nature.

2012.



ARTICLE

doi:10.1038/naturel1549

Spontaneous network formation among
cooperative RNA replicators

Nilesh Vaidya', Michael L. Manapat®, Irene A. Chen®t, Ramon Xulvi-Brunet®, Eric J. Hayden® & Niles Lehman'

The origins of life on Earth required the establishment of self-replicating chemical systems capable of maintaining and
evolving biological information. In an RNA world, single self-replicating RNAs would have faced the extreme challenge of
possessing a mutation rate low enough both to sustain their ow ninformation and to compete successfully against molecular
parasites with limited evolvability. Thus theoretical analyses suggest that networks of interacting molecules were more
likely to develop and sustain life - like behaviour. Here we show that mixtures of RNA fragments that self-assemble into
self-replicating ribozymes spontancously form cooperative catalvtic cycles and networks, We find that a specific
three-membered network has highly cooperative growth dyvnamics. When such cooperative networks are competed
directly against selfish autocatalytic cycles, the former grow faster, indicating an intrinsic ability of RNA populations to
evolve greater complexity through cooperation. We can observe the evolvability of networks through in vitro selection.
Our experiments highlight the advantages of cooperative behaviour even at the molecular stages of nascent life.
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Figure 2 | Cooperative chemistry out-competes selfish chemistry when
directly competed. a, Empirical results using cooperative (I}, I, and [, that is,
Fig 1b) and selfish subsystems (S, S; and Sy, where IGS and IGS targets were
changed to be matching in each subsystem). Yields of total WeXeY+Z RNA
tracked the concentrations of cooperative (mismatched) or selfish (matched)
W-containing RNAs (0.05 pM initial concentrations) over time either when the
cooperative (green) and selfish (red) sets of subsystems were incubated
separately (dashed lines) or together in the same reaction mixture (solid lines:
upper left inset). Data points areaverages of three independent trials. Error bars
show the standard error of the mean (s.e.m.), and the yields of the cooperative
trials in the mixed experiment are significantly greater than those of the selfish
trials at the 10- and 16-h time points (P < 0.05 by {-tests using Sidak's
correction for multiple a posteriori comparisons). b, Simulation of growth
dynamics using a toy model of the network of cooperation and selfish
interactions (see Supplementary Information). Cooperative enzymes fare better
in competition than do selfish enzymes, as demonstrated empirically in panel a.
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Figure 3 | The randomization experiment. a. Fxperimental design. The
middle nucleotides of the 1GS and the tags were randomized to create diverse
RNA pools. A reaction of 300 pmol each (05 M) of

s Wenetn W Xz cane WX Y s, X ¥oZ, YoZ and Z was sampled at
05,2, 4 and B h, and millions of recombaned full-length WeXe YeZ ribozymes
were genotyped by nudeotde sequence analysis (Supplementary Table 2).

b, Comparison of growth curves from fixed and randomized RNAs. Yidds over
time were compared for the smple three-membered cycke (filled tnangles,
Ux(G 4 AyA + CzU; the sum of the three curves in Fig. 1d) to that in the
randomized format (filled circles, pane a) when both were at the
same RNA pool concentrations (0.05 uM). <, Proposed succession from simple
to complex networks using genotype frequency data from experiment in pancl
a. Simple atocatalytic cycles where M and N are complementary were directly
wacked by the sum of such WeXeYeZ molecules (dashed line with crosses; for
example, AzU). Reciprocal two-membered cyces were tracked by the sam (% 10,

for ease of presentation) of the jolnt freguencies of all genoty pes that can
potentially participate in such cyckes (dashed line with squares; for example,
AxA + UxU), The nse of three-membered cycles can be seen from the sum

(X 10000 for ease of presentation) of joint frequencies of three sets of genotypes:
Fig. 1b and its two ions by junction (sobd line; UxG + AyA + CxlJ;
UyG + AzA + CxU; UzG + AxA + CyU) See Supplementary Infornation foe
calculation ofthe joint frequencies d, The potential nctwork of RN A genotypes.
Each node is one of the 48 possible MjN genotypes: size scales with relative
frequency in the 8 h pool. Nodes are autocatalysts (red) o those that must
replicate coopenatively (green). Grey arrows show all possible direct catalytic
events; orange arrows show reciproca two-membered cydes in which the
frequencies of both members at least double between 30 min and 2 h; green
arrows show key three-membered networks: thick green is the system studsed in
depth (Fig. 1b), thin green are permutations by juncton, detted green is AxC +
GyA + Uyl Starred genotypes can participate in a four-membered network,



KaTanutunyeckas ceTb cCaMopenInLMPYOLLUXCA MONEKY
PHK

Pt ) T
[ (6) - (1) (2 B |
| ﬁ A S 1/
\ _'/ ) L Y
Y
,r’_“\_ o Ilr‘_“\
I“«Ex’l (9 > MEJJ
N ’A
.f"5““a
l,ﬂ" NI
P

KaTtanntmnyeckaa cetb U3 WeCTH MaKPOMONEKY/. CTpEfIKl/I MOKa3blIBAakOT BO3MOXKHYHK KaTa/IUTUYHECKYHO
dKTUBHOCTb MOJ1IEKY/I. |'(03CI)(1)I/ILI,I/IEHTbI Ha CTpe/iIKaX COOTBETCTBYHOT MHTEHCNBHOCTAM Mnepexoaa.
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JBostoUMNA ceTn camopenanumpyrowmxca monekyn PHK. Npadpuk
3BOJIOLLMOHHOIO U3MEHEHUA cpeaHen npmucnocobneHHoctTn (putHeca)
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NaHawadTa NPMCNocobAEeHHOCTM, KOTOPbIA ONUpPaEeTCH

Ha TMMNOTE3y O TOM, YTO 3BOJIIOUMOHHOE BpeEMA
NpoTeKaeT 3HAYUTE/NIbHO MeadJIeEHHEE, YEM BPEMA
dKTUBHOIO UaMeHeHNA AUHaMUKU CUCTEMDBI A0 BbIXOAda
Ccnctembl B CTabulmMoOHapHOeE rnos1oxKeHne paBHOBECUA.

Ba KJKOYeHNEe * [MoKa3aHo, YTO NpoLEecc 3BONOLUMOHHON aganTaLum
MPUBOANT K 3HAYUTENbHOMY YC/IOKHEHWIO NOBEeAeHUA

CUCTEMbI, YBENIMYEHUIO BENNYMHbBI CPEAHEN
npucnocobneHHocTH (pUTHECA), yCTOMUYMBOCTH
3BOIIOLIMOHHOM CUCTEMbI K BO3AENCTBUIO
napasUTUYECKUX BUOOB.

* [MoKa3aHo, YTO NpU 33, aHHOM pecypce NPOUCXOAUT
cTabuansauma 3BOIOLMOHHOrO Npouecca.
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