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A stochastic model on DNA renaturation kinetics
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Abstract

A simple stochastic model on DNA renaturation kinetics in the presence and absence of cooperativity have been
developed[the corresponding deterministic models have been explicitly treated in our previous work. Biochem
Biophys Res Commun 29@002 870-873. Theoretical mean and variance of number of bases in single-stranded
DNA (ssDNA), (which is of course a random variableave been calculated and compared with the experimental
values. The results showed that only the cooperative model correctly predicted thg tinehich variance becomes
maximum whereas, the non-cooperative model overestimated it and thus proved the validity of the cooperative model.
Some of the applications of this cooperative theory in resolving the problems of the central dogma of life, PCR etc.
have also been discussed.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction Wherek, (mol=* s71) is the bimolecular rate
_ _ constant,[ssDNA| is the concentratiofimol/I) of

The denaturation and renaturation of comple- single-stranded DNA anftsDNA] is the concen-

mentary strands of DNA is an important phenom- tration (mol/l) of double stranded DNA and the

enon in molecular biology, especially iy corresponding  differential (rate)  equation
analysis[1-3], PCR and denaturing high-perform- pecomes:

ance liquid chromatograph¢HPLC) [4]. Several

mathematical models have been developed to d[ssDNA

describe the kinetics of DNA renaturation in solu- — ——— =k,[sSDNA? (D
tion and also have been experimentally tedted dr

8]. Conventionally, the renaturation of sSSDNA was

described by a second order kinetics process as 1he formal solution of Eq(1) for the initial

condition atr=0, [ssDNA] =a, can be given as:

follows:
2(sSDNA — [dsDNA [SSDNA— —~ . [dsDNA= 99" (3
N - - __tifo
1+kaq’ l+kagd
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renaturation studies, whew€,t,,,=1/k;, Co=a, region of template DNA is complete and the
(i.e. initial concentration of ssDNA in mgl and fluctuation is minimum, which will otherwise lead
t1,=1/k,C, is the timer to obtain [SSDNA = to a non-specific amplification and less yigldn

Co/2], which is used to find the ‘complexity(a this article, a stochastic model of DNA renaturation
term used to denote the unique number of base-has been developed and with its help, the presence
pairs contained in a genome and its repetitive of cooperativity in the zipping of complementary
nature of a given genome. However, recent studies Strands confirmed and some of its potential appli-
[9] have shown that the renaturation was not just cations have also been discussed.

a simple second order process but contained a

correct contact-forming phasevhich is bimolec- 2. Stochastic theory of DNA renaturation

ular and fast, followed by an intramolecular Kinetics

zipping phase(which is unimolecular and slow

and the correct order parameter to describe the As we argued earlier, the correct contact-forming
renaturation process was neith@dsDNA] nor phase follows a second order kinetics and the
[ssDNA] but the ‘number of mol-bases’ in ssDNA  zipping phase follows a first order kinetics. Thus,
or dsDNA. It was also shown that the theoretical the set of(deterministio coupled rate equations
C.t values obtained from cooperative models describing renaturation process can be written as
agreed fairly well with the experimentél values follows [9]:

whereas non-cooperative models underestimated For non-cooperative zipping:

the C,t. Moreover, the sample-size autocorrelation

analysis of kinetic-data of renaturatio@i,e. time dx= —kyx?

evolution of absorbance at 260 hrshowed that g N — — kX (ag—x)XN (3)

the zipping-molecules followed a heterogeneous
path, (i.e. a stochastic proceskl0]) and also
showed that the so-called ‘connectedness’ of con-
formational domainghere connectedness between
two conformational domains A and B denotes the dx= —kux*

probability (P) of finding a molecule simultane- d.N= =k X(No—N)X(ag—x)XN

ously in both of them, i.eP (ANB)] of ssDNA 4)
was much less than unity. Therefore, we can

conclude that the renaturation process is homoge-\yhere x=[ssDNA] (mol/I), ao=[ssDNA| =0,
nous and deterministic in the macroscopic sense, (j.e. concentration of sSDNA at time=0 in mol/
(i.e. the correct contact forming phaseut heter-  |) n is the number of bases in ssDNA, is the
ogeneous in the microscopic send@ipping  bimolecular rate constarfimol~* s) k, in the
phase, i.e. a mesoscopic phenomenon where the ynimolecular rate constarfol-base) and g =
system follows stochastic laws rather than deter- 1/N, (mol-base?) is the cooperativity index.
ministic laws. Aforementioned arguments show Here (a,—x) in the expression of & denotes the
that in the process of renaturation, the number of mol-number of correct contactsve are multiply-
bases in dsDNA or ssDNA is a stochastic quantity, ing by this to account for all zipping initiated
(i.e. the zipping phase prone to higher fluctuation molecules at timer) symbolically and (N,—N)
and, therefore, it is a slow procesPDue to this (bases in dsDNA denotes the cooperative effect
reason, stochastic analysis of DNA renaturation is of already zipped bases. Assumitig.x;€Z (i.e.
necessary to understand the process at a micro-integep, the stochastic analogs of Eg&3) and
scopic level and also to optimize the protocols, (4) can be derived as follows: since the correct
which are based on renaturatidie,g. in PCR, the  contact-forming phase is much faster than zipping
annealing time should be optimized in such a way phase, i.eA<<Ayr  antimy ,a,,—o(A/Axt)=
that zipping of a primer with its complementary 0 (this can happen only and only wheA,s

For cooperative zipping:
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approaches zero faster thaxys) the following
limit should hold:

1

—_— 5
1+kay )

limx = {x) ger=
Ant

Here the subscript ‘det’ denotes the deterministic
limit and this method of eliminating fast variable
is called as ‘adiabatic elimination’ in stochastic
theory [11]. However, this is slightly different
from a standard procedure in a way that here
renaturation is a non-stationary process and due
this fact we have taken the deterministic limit to
eliminate the fast variabler (but still it is a
function of time). Now the birth—death master
equation for the probability distributionB(x, 1)
and P(N, 1) can be written as follows.

P(x,t+ A1) — P(x1)
At

9,P(x,t)= lim

Ay —0
=ka[(x+2)

X (x+1)P(x+2,t)—x(x—DP(x,1)| (6)

For non-cooperative zipping:

9, P(N tlz=1)= . )
i PV A= 1)~ PNk =)
m

Ayt —0 ANI

—ky X2 X[(N+ PN+ Lt]z>1)

—~NXP(N,tlz>1)] (7)

And for cooperative zipping:
9,P(N.tz=1) ) )
P(N,t+Apt|lz=1)—P(N,t|lz>1)
ANt—>O ANt
XZX[(N+1)(No—=N—1)P(N+1,1z>1)
—N(No—N)XP(N.tz>1)]

(8

Where,P(x, t) denotes the probability of finding
x number of ssDNA molecules at tinreand z=

to
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{ap—x)q4er denotes the mean numbéhere it is
equal to deterministic limjtof correct contactgit

is equal to the concentration of dsDNA in conven-
tional models, i.e. Eq(2)] at timet, P(N, tlz=1,

1) denotes the conditional probability of occurrence
of N number of bases in ssDNA form at time
provided thatz>1 at timet. The aforementioned
condition was insisted due to the fact that in order
to initiate the zipping process at least one correct
contact was necessary. The differential-difference
Egs.(7) and(8) can be solved as followave are
neglecting the master equation forsince it is a
fast variable:

2.1. Case I: no cooperativity in zipping:

Using P(N.tz>14)=P(N,:;z>1,1)/P(Z>1,1),
Eq. (7) can be rewritten as:

9 Py=kzX[(N+1)Py 13— NXPy|+Py

X a,[InP(z=1,1)] 9

Where Py=P(N,t;z>1,t),Py.1=P(N+1,t;7>
Lt).

Defining,  G(s,t)=3Y_No S¥Py, Eq. (9)
becomes:
3,G(s,t) =kaz X (1 —5)3,G(s.1)
+9,[InP(z=1,1)|G(s.1) (10

Here N, denotes the total number of bases in
ssDNA form at timer=0, N (number of bases in
ssDNA) is the random variable of our interest and
z is the number of correct contacts that has already
occurred. The solution of Eq10) is the following
arbitrary functionf:

G(s,1)=F|(1—s5)XP(Z= 1,t)><exp[—k2 J z_dtH
(1D

Using the following initial condition[here one
should note that? (z=1, 0)1] which is due to
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adiabatic elimination of fast variable: 9,G(5,t) =kaz X {(N o= 1)(1 —5) X 3,G(s.1)
—s(1—5)92G(s.t)}
G(s.0)=F[(1—s5)]=s"° +0,[INP(Z=1,1)|G(s.1) (17)
_ " Putting G(s,t)=S(s) X T() in Eq. (17) and
G(SJ){] —( —S)XeXP[—’@fzdf} (120 assumingP(z=1,t;)=P(Z>1,0)=1 , we obtain:
_ a—k)aot kon/ky
Now from Eq.(12) the mean and variance of T,(n)=e""2*"X (14 kad) (18)

N can be calculated as follows:
S, (s)=s"X,Fy(a,+Nob,+Nga,+b,

(N)!=N'=1ima,G(s,1) +Ngl—s) (19
s—>1
=NoXe "X (1 +kad)?" (13 S,(s) is the solution ofs(1—s)d2S+ (No— 1) X

s—1)d,S—nS=0, and
And one should note thatim,,, . oth/]= =D

In2/k,a, where 'y, denotes the time at which —No+ (N3—4n on
<N>II=N0/2 bn:—! an:tv
2 —No+N3+4n
Var{N},=lim92G(s,t)+ N' = (N')? c=—(No—1)
s—>1

=NoX (1+kiag)?  x e ko

Here ,F, is the hyper-geometric function. For
X (1= (1 +kag)? 1xe™o) (1) 2 yperg

the initial condition G(s,0)=F[ Y Yo S,(s)|=s
Here(N)' denotes the mean number of bases in the solution to Eq(17) becomes agby Lagrange

ssDNA form at times and the superscript ‘I'  €xpansion[12]:
denotes the case I. One also should note that the
variance has a maximum at: = (Sq( ) No)
G(s,t)= {14—2
. In2
lim ¢,=— (15 No
k2/k1—0 koag o1t s—1 K
(s .
. .. ds;_1 ST(S)_NO s=1
Therefore, in the absence of cooperativity the
il 4l
equalityr; .=t holds. WheresS;(s)= YN §,(s)XT,(r) and nowP(n,
2.2. Case II: in the presence of cooperativity 1) can be given as:
Performing same calculations as in case |, we = (S¥(1)=N)*
obtain: p(]\g;):{] +y
k=1
8,Py =Koz X (No— N)X[(N+1)Py 1~ N X Py] [dk‘l{ s—1 ﬂ }N" oD
+PyX3[INP(Z=1,1)] (16) dse—1 [S7(5) =N Ji—a
Here Py=P(N.t:i>10).Py,1=P(N+ 112> WhereS7(1)=Y"~_T,(t) . The mean and vari-

Lt), k=k,8 (mol-base® s') and B=1/N, ance of the random variablg in the presence of
(mol-base?) is the cooperativity index. cooperativity can be given as:
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(N)!'=1ima,G(s.1)
s—>1

= (Sr(1)=No)*
(k—1)!

=INo
k=1

el @

To a crude approximation we can wria/);' =
Y. Mo T,(f) and at large values a¥, (noting that

n=Ng in deterministic casd9], Eq. (22) can be
simplified to:

1

Ty P

(NYW=N"= Y = (Ty(1))=

Also one should note thatim,, , o1/ =
In2/kxaq WhererY), is the time at whichk(N))' =

No/2.
var'{N},= Iim aiG(s,z) +N"—(N")?
“ X
X{No— Y Mo T,(t)} (29
No—NoTwg(t)—1
jim {Var (v} = ool nl!) (25)

k2 /k1—0 (1=Tno1)?

Therefore, the variance @ in the presence of
cooperativity has a maximum dtising approxi-
mation given by Eq(23)]:

No
lim {th}=—-—" (26
kz/k1—>0{ } kzaoNo IVO_2 )
Here superscript ‘II' denotes case Ik =

(t1/2XIN[No/(No=2)]) and ;3> .
3. Experimental materials and methods

In order to confirm the validity Eqs(15) and

(circulan was purchased from Pharmacia. The size
of the plasmid was 4.632 Kbjd.3]. Measuring the
ratio of absorbance at 260 nm to 280 nm, which
was nearly 2, checked the purity. Treating the
circular plasmid with Hindlll (purchased from
Roche chemica)s did the linearization. One
nanomole (=2 nM of [ssDNA]) of linearized
DNA was used in all the experiments. Raising the
temperature to 95C in 1x Tris—EDTA buffer
pH 8.0 melted the DNA. Possibility of aggregation
was ruled out by preliminary gel filtration studies
(data not shownh The renaturation was monitored
at 260 nm (decrease in absorbance, i.e. hypo-
chromic effec} by Shimadzu-UV2100 spectropho-
tometer with a suitable blank. The time evolution
data was collected for 1 h at 0.2-s intervéls),
(i.e. 18 000 data poin}s Since the experimental
data (absorbance at 260 nmwas a discrete one
(hereA,g,ax N whereN is the mol-bases in ssSDNA
and thus VafN} acVar{A,eqt), we could use the
following equation to calculate the variance.

2

t/Ar
t/At ZNiA’]
ZN’At (iO

=0 1/ At

(1/Ar)—1

VarbN}, = (t/An)>1

27

Here N; denotes theth data point wheré=r,/
At, 1<i<18 000 andi€Z, (i.e. an integex. The
method is as follows: for example let us assume
the following data points of time evolution.

t; () 0 1 2 3 4
N, 0.60 0.55 0.56 0.51 0.49
t; () 5 6 7 8 9
N, 0.48 0.49 0.47 0.45 0.46

Here Ar=1 s, total number of data points is 10,
N;=0.6,N,=0.55 and so on. From Eq27) it is
easy to verify that V&P{ N},_,,=1.87x 102 and
for t=5 s, its 2.14<1073 and so on. In the same

(26) renaturation kinetic experiments were con- way, the whole variance function has to be con-
ducted on a linearized plasmid DNA as described structed from which the time,, can be calculated

in earlier works[9]. The pBR322 plasmid DNA

(just by observing the maximum
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Fig. 1. (a) This figure shows the spectroscopic evolution of
renaturation of linear pBR322 plasmid,e. absorbance meas-
ured at 260 nm with an initiglssDNA] concentration of 2 nM
and here the\r=0.2 9 with time. (b) This figure shows the
constructed variancgas described in Section 3 using Eg§7)]
that shows a maximurty,,,) at 450 s.

4, Results and discussions

The observed spectroscopic evolution of rena-
turation, (i.e. absorbance at 260 nmand the

R. Murugan / Biophysical Chemistry 104 (2003) 535-541

a,=2 nM and N,=4.632x10° bases The
obtained theoretical values wem;=1.58x 10" s
and ! =364 s but the experimenta}, was 450 s
(as could be seen from Fig,).1Therefore, the,,
value obtained from cooperative model was nearly
close to the experimental vallieere the difference
(approx. 100 ¥ may be due to the approximation
done in Eg.(23)] and thus confirmed its validity.
The time at which the occurrence of maximum in
the variance of random variablM is an important
parameter due to the fact thatsf, (this is the
parameter which decides the value @ft) coin-
cides with 7" then it is prone to higher fluctua-
tions, (i.e. errop, which will introduce to a great
uncertainty in Cot. Comparison oft;,, and ¢,
showed that renaturation with cooperativity is
superior than renaturation in its absence. Generally,
the PCR(polymerase chain reactipmwill have a
three-step temperature cycle viz. meltitapprox.

92 °C) of complementary strands of template
DNA, annealing of primers with their recognition
sites(at 55°C) and the extensiofiat approx. 72
°C and it is the real polymerization phasédere,
the annealing phase is the one which decides the
‘specific amplification and yield’ of fragment of
our interest. Prolonged annealing time will gener-
ally result in a non-specific amplificationi.e.
amplification of part of the template DNA which
is not of interest to us Therefore, this annealing
time should be decided by the lifetimer,) of
primer-template zipping. In this context, the coop-
erative model predicts the annealing time more
accurately (and correctly than non-cooperative
models(according to our model the annealing time
(#) should fall in the range, << 1,). This is not
only important in the application point of view
(like in PCR but also important in resolving the
problems of ‘central dogmailj.e. replication, tran-
scription and translation of the genetic code where
the initial step is invariably the recognition of a
consensus sequence of DNA by its complementary
DNA (in DNA replication) and RNA(in transcrip-

corresponding constructed variance have beention and translationof life too. Extensive studies

shown in Fig. 1a,b. The theoreticg, values in

absence and presence of cooperativity were cal-

culated using Egs.(15) and (26) (here k,=
2.2x10* mol™! st k,'=0.128 mof? s? (these
values were taken from earlier kinetic stud[6¥),

have shown that the so-called ‘initiation’ step
involved two clear phases namely: a random search
(its generally biased and fasbf complementary
molecules[ribosome, (i.e. rRNA) etc] for their
consensus sequence of DNA which was prone to
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higher fluctuations; and followed by a slow phase
with higher ‘processivity’(means lower fluctua-
tion). Our analysis showed that only case Il satis-
fied this condition(i.e. > t,,) and thus we can
conclude that renaturation of complementary
strands of DNA is a cooperative phenomenon.
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