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One sequence of cycle 1 One sequence of cycle 5
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FIG. 1. Number of mismatches computed in all possible alignments between an evolving se-

quence and lacO. Alignment 0 means that the left of the two sequences coincide. Alignment 1
means that the 20 base long sequence is shifted to the right by one base, and so on. The dark
circles represent the first alignment with the smallest number of mismatch. It defines the distance

and the phase of the evolving sequence. The sequence of cycle 1 (left) has a phase of 1 and a
. e T S A e e et T ey

distance of 11. The sequence of cycle 5 (right) has a phase of 12 and a distance of 3.
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TABLES

mismatches 1] 21 3 6 9| 10f 11| 12{ 13| 14| 15
cycle 1 1 3 2
cycle 2 1 1 2 2
cycle 3 cline tp W Moj 3 4 5
cycle 4 21 2 (Ti' - 3 3 6
cycle 5 6| 4 3 'g-'u (@re ) juntd qne
cycle 6 5| 2
cycle 7 1] 3| 2
cycle 8 2 3 5

TABLE I. Number of sequences with m mismatches for each cycle of evolution.
phase 0 6] 7 8 100 11} 12} 13| 14| 15
cycle 1 1 1
cycle2| 1 1 1 1
cycle 3 1 1 1 1
cycled| 4 1 1} 2 1 2
cycle 5| 3 3| 1 1| 2|evefe) unM,
cycle 6] 2 3| 1 1 P"M
cycle 7| 2 3
cycle 8| 3 1] 4 2

TABLE II. Number of sequences with phase p. The phase cnrresp::-mds to the alignment with the

smallest distance reported tablel.
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FIG. 3. (c) Numerical simulation of the DNA population evolution. Parameters of the evolu-

tion: starting number of DNA duplex: 10~'6mole, mutation rate: 10~* per cycle per nucleotide.

Influence of (a) the rate of mutation per cycle per nucleotide and (b) the initial concentration on

the speed of convergence. In (a), the initial number of DNA molecule is 10~ $mole, in (b) the rate

of mutation is 10~4.
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Basic RecA Facts

E. Coli protein, MW=38kDa; |
Plays essential role in homologous recombination and DNA repair

An Allosterically regulated DNA-binding protein
Binds DNA with 3 bases per monomer
Forms a right-handed helical filament

DNA-dependent ATPase:
RecA-DNA-ATP -> high affinity
RecA-DNA-ADP -> low affinity
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GENETICAL IMPLICATIONS OF
THE STRUCTURE OF
DEOXYRIBONUCLEIC ACID

By J. D. WATSON and F. H. C. CRICK

Medical Research Council Unit for the Study of the
Molecular Structure of Biological Systems, Cavendish
Laboratory, Cambridge

TH.E importance of deoxyribonucleic acid (DNA)
within living cells is undisputed. It is found in
all dividing cells, largely if not antirely in the nucleus,
where it is an essential constituent of the chromo-
somes. Many lines of evidence indicate that it is the
carrier of & part of (if not all) the genetic specificity
of the chromosomes and thus of the gene itself,
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Fig. 1. Chemieal
chals deoxyribo-
ancleie acid

!

wWas
would only be one in the structural unit. However,
the density, taken with the X-ray evidence?, sugpests
very strongly that there are two.

The other biologically important feature is the
manner in which two chains are held .

Reprinted with permission from
Nature, Vol. 171, No. 4361,_May 30, 1953
Pp. 964-967.

Until now, however, no evidence has been presented
to show how it might carry out the essential
operation required of a genetic material, that of
exact self-duplication.

a structure! for the
‘ of deoxyribonucleic acid which, if ecorrect,
immedistely suggests a mechanism for its self-
duplication. X-ray evidence obtained by the workers
at King's College, London?, and presented at the
m?'ti:m, gives ql';:ljt-lt.ga = to our structure
and is incompatible wi previously proposad
structures’. Though the structure will not be com-
pletaly proved until & more extensive comparison has
been made with the X-ray data, we now feel sufficiant
o0 ical m;?!l&m. ‘are. e
genetical implicati In doing 80 we are assuming
ot artefacts acising n the vaothod of preperation
=ot arising in ‘method of

since it has been shown by Wilkins and his co-workers

Fig. 4. Fairing of adepine and thymine, Hydrogen bonds
shown dotiad. mmmummumm

Fig. 5. Hﬂiwmm-gmMm

bases on one of the nair af shainge were oiven Ane
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Measurement Setup
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Condensation of recA-ATPys on ssDNA

single stranded DNA[40 bases poly I’ 20°C
WZ&T]M Tris-HCI pH7.5, 150mM NacCl,
m gCl,, 1TmM DTT, 1mM ATPys

0.35 T
S, 025G | $ :
Q. f ]
O 02 - ’ g
- L " -
O - ' ]
@9 015 ¢ / -
< f’ :
F ’ ]

0.1 | i self assembly -

0.05 © Py | E
S v z

0 | ; , v o4 s 1l . , s a1l , e

0.001 0.01 0.1 1

total recA [uM]

B

+ e e e S e

o 5
OOOO
008



(34) 93" &2 "y *oy pn
...‘ik:o_:s.m._.._.-.é

| y F e 100 100°0

_.n_|Lra B nU_". @_ Oﬂm_ﬁu‘ e | — O

m : -1 G0°0

m | <1 10

W\ VNG
: V-V
m | -1 GL°0

DW l . :.ﬂ.q..._.f?..... B N.O

m IR Ly e o .. 4620

< lmll__\\

ol



[16] Dr. A. Libchaber, Rockefeller U. (ITP 4/4/01) Molecular Evolution

[NT] wo8Y [e10)

10

10°0

N

I

| 1 [ 1 1 1 |

J.iﬁ.thcru

EAANAL &

GO0

10

VNQ

GLO

¢0

G20



[17] Dr. A. Libchaber, Rockefeller U. (ITP 4/4/01) Molecular Evolution

C NG MM Now Sune_

total RecA [uM]



[18] Dr. A. Libchaber, Rockefeller U. (ITP 4/4/01) Molecular Evolution
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DNA Folding and Stacking:
A Nucleation Barrier for RecA Binding

Onset=0.034 x exp(-0.11AG)
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Effect of “Lattice Defects”
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Single Mismatch Detection
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Hemoglobin-Beta-Normal:

ATG GTG CAC CTG ACT CCT GA G GAG AAG TCT GCC GTT ACT

Hemoglobin-Beta-Sickle:

ATG GTG CAC CTG ACT CCT G L'G GAG AAG TCT GCC GTT ACT

Glutamate --> Valine

can optimize discrimination signal to noise ratio with salt !
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Condensation of RecA on ssDNA with ATP
Hydrolysis: Assembly <--> Disassembly
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ATP-driven assembly: Treadmill
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THEORETICAL CONSIDERATIONS RESPECTING THE SEPARA-
TION OF GASES BY DIFFUSION AND SIMILAR PROCESSES.

Lonvd.

[ Philosophical Magazine, XL1L pp. 493—498, 1896.]

THE larger part of the calculations which follow were made in connexion
w_ﬂ_h _f_:x_perimenﬂ upon the concentration of argon from the atmosphere by
the method of atmolysis®. When the supply of gas is limited, or when it
is desired to concentrate the lighter ingredient, the conditions of the question
are materially altered; vue 1o woee - comv . 070 77 'ty problem
which then presented itself of the simple diffusion of a gaseous mixture
into a vacuum, with special regard to the composition of the residue. The
diffusion tends to alter this composition in the first instance only in the
neighbourhood of the porous walls; but it will be assumed that the forces
promoting mixture are powerful enough to allow of our considering the
composition to be uniform throughout the whole volume of the residue,
and variable only with time, on account of the unequal escape of the

constituent gases.

_ Let z,y denote the quantities of the two constituents of the residue at
any time, so that — dz, — dy are the quantities diffused out in time dt. The
values of dz/dt, dy/dt will depend upon the character of the porous partition
and upon the actual pressure; but for our present purpose it will suffice to
express dy/dz, and this clearly involves only the ratios of the constituents
and of their diffusion rates. Calling the diffusion rates p, », we have

dy vy

In this equation z, y may be measured on any consistent system that
may be convenient. The simplest case would be that in which the residue
is maintained at a constant volume, when z, y might be taken to represent

the partial pressures of the two gases. But the equation applies equally well

when the volume changes, for example in such a way as to maintain the total
pressure constant.

The integral of (1) is

yP=Call v, . (2)
where C is an arbitrary constant, or
yla=Cz 1, e, (3)
If X, ¥ be simultaneous values of z, y, regarded as initial, -

Y= _(m\Te
7z (- L — ()
so that | z=X (—%E)Fm_”. ........... ceeeeeasanseanes (5)
In like manner y= F(%)'m-ﬂ. ........................... (6)
‘If WE write - zyfitzﬂr’ 'l"l'l“l--lil--l-l.l-ll-'-rilutnitt;vtvtttiil(?)

_r represents the enrichment of the residue as regards the second constituent,

and we have from (5), (8),
ety

et = X wiir—p) 4 1= n)
TP X370 T nn(®)

an‘equa.tinn 'w*hich exhibits the relation between the enrichment and the
ratio of the initial and final total quantities of the mixture.

T 1
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Returning now to the separation of gases by diffusion into a vacuum,
let us suppose that the difference between the gases is small, so that
(v — u)/u = &, a small quantity, and that at each operation one-half the total
volume of the mixture is allowed to pass. In this case (8) becomes

X 1 Y 14« 1
B &5 Xy’ = neatly;
Y
so that %{T"&}“ ctrterscnssensrtestesnnansatne (15)
This gives the effect of the np&mtmn in question upon the composition of

thr =aeidenl eoe TF o dannta the eorresnonding symbol for the transmitted
gas, we have .
‘E:(F-y)j_’f’ 1-y/¥Y 1—rz/X I_I_(l—r)m,i'.ng_r

—z)|X 1-z/X 1-z/X l-zf/X

approximately, since r is nea-.rlz ﬁu&l to unitxi Accordingly
..]-'.— 1 = 4§ 0 l ]
| 8§ 2—r cary;
so that approximately s and T are reciprocal tions, For example, if
F'I—-Illl_-—ll

ot nu,: with anv l'tiﬂm we collect th : |..-_1u 20_Da Hu'hmlt- it
» another operation of the same sort, refaimine the hall nﬂl’r transmitted,

the final composition corresponding to he npemtmns sr 18 the same (ap-

, proximately) as the composition with which we st.nrted and the same also

as would be obtained by operations taken in the reverse order, represented
by rs. \A complete scheme® on these lines is indicated in the diagram..

trd ' 31

1¥$
" ) fsr) L

Repreaentlng the initial condition by unity, we may represent the result o«
the first operation by

}r+4s or §(r+3),
in which the numerical coefficient gives the quantity of gas whose character
is specified by the literal symbols. The second set of operations gives in the

first instance
}r+der+drs+ 18

or, after admixture of the second and third terms (which are of the same
quality), «

|
1(r + 2rs 4 &%) = "-?)

In like manner the result of the third set of operations may be represented
T ;ﬂ)’, and (as may be formally proved by “induction”™) of n sets of

operations by
(’%)'. ................................. (16)

When we take account of the reciprocal character of  and s, this may be
written
1 n(n—1)
2» 1.2
the number of parts into which the original quantity of gas is divided being

{r‘+ Pl P T r‘“l» ......... (17
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