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In vitro protein evolution is comprehended as a hill-climbing process on a fitness landscape in sequence

space, just like the protein folding is comprehended as a valley-descending process on an energy landscape

in comformation space. In this review, based on a mathematical model for in vitro molecular evolution, we

demonstrated an analogy between evolutionary dynamics and thermodynamics and then many concepts in

evolutionary dynamics became comprehensible. By introducing thermodynamics-like concepts such as

“free fitness”, it is interpreted that evolution is driven in the direction in which free fitness increases. In

this process, the evolving population climbs the fitness landscape by absorbing “fitness information” as the

negative entropy from the surroundings as an experimental set-up.

in vitro evolution / fitness landscape / information / thermodynamics / sequence space
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Fig. 1 An analogy between protein folding and protein evolu-
tion. In protein folding, a folding polypeptide descends
the energy landscape by emitting the thermal entropy
—AHIT(= AS,,) to the surroundings. In protein evolu-

tion, we interpret that the evolving sequences climb
the fithess landscape by absorbing “fitness informa-
tion” AWIT(= Al;) as the negative entropy from the
surroundings, which is defined by an experimental
set-up. (71 7 —ILE T3 + — F )Lhttp://www.jstage.
jst.go.jp/browse/biophys/Z &)
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Fig. 2 Time course of the fitness 7 in adaptive walks by a
single walker. k=0, M=1, N=10, v = 140. d-values
are shown in the figure.
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Fig. 3 (Upper) A probability density of the mean-fitness
change after a single step walk (=generation) from the
mean-fitness 7. J and X represent the expectation
and standard deviation of the change. (Middle) The
fitness-information change, Aly, is the digitized mean-
fitness change by the unit of uncertainty, kKT =
2% ((J/M + 1)/4). (Bottom) The concept of Al is analo-
gous to the thermal entropy, AS,, = AQ/T = —AHIT,
which is the digitized heat change by the unit of the
fluctuation of energy per particle, k7. (71 7 — XX %
¥ v — 7 )Lhttp://www jstage.jst.go.jp/browse/biophys/
ZR)
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Fig. 4 Thermodynamical interpretation of evolutionary dynam-
ics. The solid line and dashed line represent the
entropy S and free fithess G, respectively, as a func-
tion of fitness. The right (left) dashed line is for the
case of a low (high) evolutionary temperature T. 7
represents the stationary point, in which G takes the
maximum. The vector (=arrow) represents the evolu-
tionary force X that acts at the point 7. Details are
described in the text.
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Fig. 5 Change of fitness information /;, and Shannon infor-
mation /g, after a single step walk (=generation).
Al = AZIT is interpreted as a change of the height of
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as a change of the area of the cross section. (77—
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Table 1 An analogy between the thermodynamical system and our evolution system

Thermodynamics

Evolution

Number of moles: M

Molar energy or molar enthalpy: H,,
Boltzmann constant: g

Molar entropy: S, = kzlnQ
Temperature: T

Chemical potential: = H, —-TS,,
Free energy: G=u x M
Generalized flux: J

Generalized force: X = d (w/T) /dx
Linear transport equation: J = LX
Diftusion coefficient: D

Einstein relation: L = MD/k),

Mean thermal energy of a particle: k7" x const
AS, e/ M= AS,,

AS, IM=-AH,/T

AS, /M =—-AulT

surroundings’
universe

Shannon information gain: Al

Number of walkers: M

Mean fitness of walkers: 7

Landscape constant: k;, = o

Walker’s entropy: S = &, InQ

Evolutionary temperature: T ~ ./d/4In(N./ M)
Evolutionary potential: = %'+ TS

Free fitness: G = uxM

Expectation of climbing rate: J = E[AY /]
Evolutionary force: X=d (u/T)/d%

Linear relationship between J and X: J= LX
Diftusion coefficient: D

L=MD/lk,

Standard deviation of climbing rate: k, 7x4/ (/M + 1) = SD[AY|¥/]

-AS

ha

Fitness information gain: Al = A%/T
Biological information gain: Al,, = Au/T

7
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