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Theory of Site-Specific DNA-Protein Interactions in the Presence of
Conformational Fluctuations of DNA Binding Domains

R. Murugan*
Department of Biotechnology, Indian Institute of Technology Madras, Chennai, India

ABSTRACT We develop a theory that explains how the thermally driven conformational fluctuations in the DNA binding
domains (DBDs) of the DNA binding proteins (DBPs) are effectively coupled to the one-dimensional searching dynamics of
DBPs for their cognate sites on DNA. We show that the rate v, associated with the flipping of conformational states of
DBDs beyond which the maximum search efficiency of DBPs is achieved, varies with the one-dimensional sliding length L as
Yopt * L2 and with the number of roadblock protein molecules present on the same DNA m as Yopt mP. The required free
energy barrier Exro associated with this flipping transition seems to be varying with L as Erto o« In L2. When the barrier height
associated with the conformational flipping of DBDs is comparable with that of the thermal free energy, then the possible value of

L under in vivo conditions seems to be L < 70 bps.

INTRODUCTION

Site-specific interaction of a protein molecule with the DNA
chain in the presence of an enormous amount of nonspecific
binding sites is a fundamental process in molecular biology
and biological physics (1). This is evident from the fact that
the basic processes in molecular biology such as the initia-
tion of replication and transcription of the genomic DNA are
based on the site-specific interactions of the DNA poly-
merase enzyme with the respective origin of replication
and RNA polymerase enzyme with the respective promoter
sequences of genes that are all located on the genomic DNA
(1-4). It was thought earlier that the site-specific interactions
of a protein molecule with the DNA chain are mediated via
three-dimensional diffusion-controlled collision routes (2,3).
Later experimental studies (2,3) on site-specific binding of
the Lac repressor protein with its corresponding Operator
sequence, which is located on a DNA chain, showed a bimo-
lecular site-specific collision rate of ~10' mol~' s, which
is ~107 times faster than that of the three-dimensional diffu-
sion controlled rate in aqueous conditions ~10® mol™' s™'.
Searching for the specific sites that are located on the
DNA chain, by the corresponding protein molecules, via a
combination of three-dimensional and (reduced) one-dimen-
sional routes, could explain (2,3) these observed higher
bimolecular collision rates.

Winter et al. (3) suggested that various facilitating
processes such as sliding, hopping, and intersegmental trans-
fers can enhance the rate of site-specific interactions of
the protein molecule with the DNA chain over the three-
dimensional diffusion-controlled rate limit. The protein
molecule that is diffusing along the DNA polymer can
randomly switch between different modes of these facili-
tating dynamics depending on the prevailing local environ-
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ment. Here the sliding mode of dynamics indicates the diffu-
sion of the protein molecule along the DNA chain with unit
basepair (bps) step size whereas the protein molecule can
leap over few bps at a time in the hopping-mode. These slid-
ing and hopping modes dominate whenever the DNA
molecule is somewhat stretched and loosely packed. On
a highly condensed or super-coiled DNA chain, the diffusing
protein molecule can undergo intersegmental transfers via
ring closure events that can occur whenever two distal
segments of the same DNA chain come closer upon conden-
sation. The protein molecule can leap over a few hundreds to
thousands of bps during these intersegmental transfer events.
All these facilitating modes reduce the overall search-time
that is taken by the protein molecule to locate its specific
site on DNA mainly by fine-tuning the ratio of the search-
times spent on one-dimensional and three-dimensional
routes. Slutsky and Mirny (5) and Murugan (4) have shown
that the minimum of this overall search-time can be achieved
when the protein molecule spends equal amount of time
both in the one-dimensional and three-dimensional routes.
Detailed theoretical studies of Coppey et al. (6) and Lomholt
et al. (7) as well as the single molecule experimental studies
of van den Broek et al. (8), Sokolov et al. (9), Bonnet et al.
(10), and Wang et al. (11) substantiated the ideas of Winter
et al. (3) and further suggested that the spatial organization
and packaging (4) of the DNA molecule can significantly
enhance the rate of site-specific interactions of the protein
molecule with DNA.

Recent experimental observations by Kalodimos et al.
(12) and related theoretical studies of Hu et al. (13) revealed
the presence of thermally driven conformational fluctuations
in the DNA binding domains (DBDs) of the nonspecifically
bound DNA binding proteins (DBPs). Upon finding the
specific sites, these conformational fluctuations in the
DBDs of DBPs are damped-out, which results in the forma-
tion of a tight site-specific DNA-protein complex. These
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results suggested (12,13) the presence of at least two
different conformations of DBDs—namely the plus or fast-
diffusing state, and the minus or slow-diffusing state. In
the fast-diffusing state, the protein molecule is somewhat
loosely packed, or less ordered in structure, so that it can
freely slide along the DNA. This means that the fast-
diffusing state is less sensitive to the DNA sequence on
which it slides and the DBPs cannot distinguish their specific
sites from the nonspecific sites whenever their DBDs are in
the fast-diffusing state. This is in contrast to the slow-
diffusing state, in which the protein molecule is more
ordered in structure and closely associated with the DNA
sequence. When DBDs are in the slow-diffusing state, the
DBPs slowly diffuse along the DNA chain and tightly bind
with DNA upon locating their specific sites. The DBDs of
DBPs undergo thermally driven conformational fluctuations
between these plus (+) and minus (—) states.

Apparently, in the presence of such thermally driven
conformational fluctuations in the DBDs, the DBPs can effi-
ciently locate their specific binding sites by freely flipping
between one-dimensional (Fig. 1) and three-dimensional
modes. Because the fluctuation-induced flipping between
plus- and minus-states is thermally driven, the maximum
enhancement of the efficiency of searching for the specific
sites which are located on the DNA chain by the respective
protein molecules seems to be strictly restricted by the
second law of thermodynamics (thermodynamic limit)
(12). Recently, such a limit has been calculated in detail
(13), and it seems that the search-time taken by DBPs to
locate their specific sites on DNA could be closer to this ther-
modynamic limit only when the energy spectrum of such
conformational fluctuations in the DBDs of DBPs is tuned
by the selective pressure in such a way that the overall
site-specific binding time is minimum.

It is still not clear how these thermally driven conforma-
tional fluctuations in the DBDs of DBPs are efficiently
coupled to the searching dynamics of DBPs as they move
toward their specific sites on the DNA chain. In this context,
it is also not clear how the sliding length associated with the
dynamics of the nonspecifically bound DBPs is influenced
by the rate that is associated with the thermally driven flip-
ping between the conformational states of DBDs of DBPs.

It is, additionally, of great importance to reveal the
optimum-flipping rate required to achieve the minimum
search time associated with the protein molecule of interest,
in locating its specific binding site for a given sliding length,
in the presence of other roadblock protein molecules also
present on the same DNA. In this article, we address these
issues in detail.

THEORY

Consider a protein molecule that is searching for its specific
binding site on DNA via a combination of one-dimensional
and three-dimensional routes. Assume that the total length of
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Capturing Domain

FIGURE 1 The DNA binding domain (DBD) of the DNA binding protein
(DBP) molecule can exist in two possible states—namely, the plus or fast-
diffusing state (light shading), and the minus or slow-diffusing state (dark
shading). Flipping between these two different states with rate y (s ') is a ther-
mally driven process. These different states are mainly characterized by
distinct one-dimensional diffusion coefficients D. associated with them
and D, > D_ for nonspecific DNA sequences. Upon making a nonspecific
contact, the protein molecule of interest scans the DNA chain for an average
sliding length of L bps and then dissociates from DNA to reassociate back at
the same or different location of the same DNA chain after a brief three-
dimensional excursion. Such events are possible only within the capturing
domain, which is characterized by the electrostatic attractive force field
present in-between the phosphate backbone of the DNA polymer and the
negative side chains of the amino acids present at the DBDs of DBPs.
When the DBDs are in a fast-diffusing state, DBPs are less sensitive to the
DNA sequence and freely diffuse along DNA. When the DBDs are in the
slow-diffusing state, they are more sensitive to the DNA sequence and slowly
diffuse along the DNA. Upon detecting the specific site (S), the protein mole-
cule flips to the slow-diffusing state and forms a tight complex. The transition
(+) 2 (—) associated with the DBDs of DBPs is a stochastic event that can
occur irrespective of whether the DBPs are sliding along the DNA polymer or
are in the three-dimensional excursion after a recent dissociation event.

the DNA chain is N bps. In line with two recent studies
(12,13), we assume that the DBD of the protein molecule
can exist in two possible states—namely, the fast-diffusing
plus-state which is less sensitive to the DNA sequence,
and the slow-diffusing minus-state, which is more sensitive
to DNA sequence and binds tightly upon detecting its target
site on DNA. Flipping between these two different states is
a thermally driven process. We assume that these different
states are characterized by distinct one-dimensional diffusion
coefficients D . associated with them and D, > D_. Upon
making a nonspecific contact, the protein molecule scans
the DNA chain for an average sliding length of L bps and
then dissociates from DNA to reassociate back at the same
or different location of the same DNA chain after a brief
three-dimensional excursion. Such events are possible only
within the capturing domain, which is characterized by the
electrostatic attractive force field that is present in between
the negatively charged phosphate backbone of the DNA
chain and the positively charged side chains of the amino
acids present at the DBDs of DBPs (Fig. 1).

The conformational transition (4+) 2 (—) associated with
the DBDs of DBPs is a stochastic process that can occur
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irrespective of whether the DBPs are sliding along the DNA
polymer or they are in the three-dimensional excursion after
a recently occurred dissociation event. Clearly, (N/L)
numbers of such dissociation-association events, which are
followed by three-dimensional diffusion-mediated nonspe-
cific binding events, are required by the protein molecule
of interest to locate its specific binding site.

The overall search time 74 associated with the site-specific
binding of the protein molecule of interest with the DNA
chain can be given as 7, = (N/L)(1, + Tys), wherer; is the
time that is required by the protein molecule to scan a sliding
length of L bps and 7, is the time that is required by the
protein molecule to make a nonspecific contact with the
DNA chain via three-dimensional diffusion. In the absence
of the thermally driven conformational fluctuations in the
DBDs of DBPs, the scan timer; can be given (14—17) as
1.+ ~L*6D .)"!. In the presence of thermally driven flip-
ping between plus-state and minus-state, the dynamics of
the nonspecifically bound protein molecule of interest on
the DNA chain can be described by the following coupled
differential Chapman-Kolmogorov equation (14—17):

s [m(x?fl)co,O)} | =+ (D4 /28 Y
' p—(xat|x070) Y _7+(D—/2)83
C [prtstto0)
p_(x,t|x,0) |
(D

Here, p . (x,t|x0,0) is the probability of finding the protein
molecule at the DNA position x at time ¢ starting from the
DNA position xg at time ¢ = 0, and v is the transition rate
associated with the thermally driven flipping between plus-
and minus-states of the DBDs of DBPs under consideration.
The initial condition is

p+('x70|x070) = p—(x70|'x070> = 6()C—_X0)/2,
and boundary conditions can be given as
Lp+],v:0: @*]X:OZ wﬂL]x:L: W*]x:L: 0. (2)

The overall mean first passage time, T(x), which is
required by the nonspecifically bound protein molecule to
scan of L bps of the DNA chain in the presence of flipping
dynamics between two different conformational states of
DBDs, can be derived from the following backward-type
differential Chapman-Kolmogorov equation (14-21):

et g w1
3

Here, boundary conditions for Eq. 3 directly follow from
Eq. 2:

[T+]x:o: [T*]x:(J: [T+]x:L: [T*]x:L: 0. 4
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We should note that the overall mean first passage time
that is required by the protein molecule to escape from the
interval [0,L], starting from the position x that is anywhere
inside [0,L], can be given as

T(x) = Ty (x) + T_(x).

Using this, one can derive the solution of Eq. 3 corre-
sponding to the boundary conditions, which are given by
Eq. 4 as

sinh (2 Y /bcx) + sinh (2 y/Dg(L — x))
sinh (2 v /EGL)

®)

Here, we have defined
Dy = (D, —D-),

Dy = (D, + D.)/2,
and
D =2D.D_/(D. +D_).

The three-dimensional plot of T(x) as a function of both
the variables x and vy is shown in Fig. 2. One can derive
many interesting results from Eq. 5 as follows. The initial
position averaged mean exit time, T (L, v), which is required
by the protein molecule of interest to scan an average sliding
length of L bps before dissociating from the DNA chain in
the presence of thermally driven conformational fluctuations
of DBDs of DBPs, can be given as

_ L_ % 1 /D;\*

T((L,y)=L"] T)dx = — + —(=
(L) /o (o) 6D, - SV(DA)

1 — cosh (2 y/l_)GL) ©)

L y/BGsinh(z y/BGL)

x| 1+

Noting the limits as
lim 7 (L,v) = T (L,0) = L*/(6Dq)
lin

and

lim 7 (L,y) = T (L, ) = L*/(6Dy),

y— ®©
one can conclude that upon increasing the flipping rate v as
v — =, the overall effective diffusion coefficient transform
as Dg—D,, where Dy>Dg and we have T (L,0)>
T (L, ).
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FIGURE 2 Mean first passage time T(x) (s) required by the protein
molecule to escape from the interval [0,L] of the DNA chain as given
by Eq. 5. Here we used the experimental values (11) of the lower and
upper limits of the diffusion coefficients D, ~ 11.2 x 10° bps®s~!
andD_~ 2.07 x 10° bps®> s~!. We set the one-dimensional sliding length
as L = 500 bps. The variable x (bps) is the landing or initial position of
the protein molecule inside the interval [0,L] and y(s~") is the rate of flip-
ping between the plus (+) and minus (—) states of the DNA binding domain
of the protein molecule.

From these limiting conditions, the maximum achievable
reduction 7 of the search time upon coupling the thermally
driven conformational fluctuations in the DBDs of DBPs
with the search dynamics of protein molecules on the
DNA chain can be given as

—~

1 =T (x,°)/T (x,,0) = Ds/Dg @)

= (D, + D_Y/(4D.D.).

The functionﬁ? (L,7) is a monotonically decreasing one
with v, as 0,7 (L,vy) vanishes only at the flipping rate
v = 0, which is a point of inflection. This follows from the
fact that the solution to d,T (L,y) = 0 can be given as

v, = 9Dg (™ — 1) / <4L2 (e + de™ + 1)2). @)
Here, w,. is the real root of
we? + dwe" + w—3e* + 3 = 0,

where w, = 0 and subsequently one finds that v, = 0 and the
second derivative will be

-
T (L,v) <0

forall 0 < y < . This means that the mean first passage time
T (L,v) attains the minimum only in the limit y — oo,
It is evident from Eq. 6 that

T (L,y)—T (L, »)|—>0

only when y~ (D¢ /L?), which follows from the inequality
condition that

Biophysical Journal 99(2) 353-359

Murugan

{L\ /v /Desinh (2 ¥ /EGL) }
Z{ -1+ cosh(Z 7/5GL>},
where we have L > 0. This also means that the inequality

{L 7/EGeZV7/BGL}Z{ -1+ ezVV/EGL}

holds true in the limit L — o, and we find that
T (L,y)=T (L, )
is faster when
v~ (Dg/L)
and therefore,
Yo~ (Dg/L?).

This is reasonable, because to make any significant effect
on the overall scanning time, the timescale associated with
the flipping dynamics of the DBDs must be much less than
that of the timescale associated with the scanning dynamics
of the DBPs along the DNA chain in the absence of confor-
mational flipping. This means that the inequality

Yo [T (L0)]

should be true to attain the overall minimum scanning time
T (L, ). Here one should note that T (L, ) is a monotoni-
cally increasing function of L and ;T (L,vy) =0 only at
L = 0, which follows from its solution that is given as

L: = W \/ 56(47)_17

where w; is the real root of the equation

3€ZWE§ + e'wDgD, — 6e”’w§§ + 2¢"w’DgD,

T ©)

+ w DgDA 73D6 = O

Noting that w, = 0O for a sufficiently large sliding length L

and when y~ (Dg/L?), Eq. 6 can be approximated as
follows, which in fact is clearly demonstrated in Fig. 3:

T(Ly)=L/(6D)+ 03/ D (87)" (1 (Ly/7/Ds) )
(10)

One should note that the approximation given by Eq. 10
is not valid when y < (Dg/L?), which is apparent from
Fig. 3. Upon substituting the expression for the one-dimen-
sional scanning time, T (L, ), which is required by DBPs
to scan L bps of the DNA chain given by Eq. 10 in the
expression for the overall search time associated with the
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FIGURE 3 Semilog plotofinitial position averaged mean first -passage time
T —T (L,7) (s) required to scan L bps of the DNA chain as a function of the
flipping rate y(s ') associated with transition between the plus (4) and minus
(—) states of the DNA binding domain of the protein molecule as given in Eq. 6
(solid line) and the approximation that is given by Eq. 10 (dotted line). Here
we used the experimental values (11) of the lower and upper limits of the diffu-
sion coefficients D~ 11.2 x 10° bps?> s~ and D_~ 2.07 x 10% bps® s~!
and we set the one- dlmenmondl sliding length as L = 500 bps. With this setting,
we find that [ (500,0)] '~ 0.1571, and clearly the optimum flipping rate
Yop should be such that 7y, > 102[ (500,0)] '~ 105! to attain the
minimum possible scanning time of 7' (500, o )~ 0.074 s.

protein molecule of interest to locate its specific binding site
on the DNA chain of length N bps, we arrive at

7y(Ly) = (V/L)(T (L) + 7o)~ N(L/(6D,)
+ a/L—0/L7).

)

From Eq. 11, one can conclude that the overall minimum
search time is 7, (L, ). Here we have defined

= ((Ds/Da)*/(8%) + 7))

0 = (Ds/Da)*/ (87/7/Ds).

When y~ (Dg/L?), the approximate optimum one-
dimensional sliding length L, that is required to achieve
the overall minimum search time in the presence of thermally
driven flipping of conformational states of DBDs of DBPs
can be derived by solving d, 7, (L,y) = 0 for L as

and

Lo = A% + 20Dy27'73.
Here we have defined

A = 24/96°D;, — 20°D;, — 60D,.

From the limits of T (L,v) thatis given in Eq. 6 as y — 0
and y — oo, one finds that

V 65,47'“5 SantS \/ 65G7nsa
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which depends on the value of the flipping rate. It is apparent
from our earlier arguments that the overall possible mini-
mum search time 7L, ) that is associated with the site-
specific binding of DBPs with the DNA chain can be
achieved only when the flipping rate is such that

~ 1
Yo~ [T (L,0)]
Fig. 3 also suggests that
1
T2 {10°[T (L,0)] "},

In the presence of m numbers of roadblock protein mole-
cules (9) on the same DNA chain, the sliding length L asso-
ciated with the searching dynamics of the protein molecule
of interest for its specific site that is located on the same
DNA chain under consideration varies as L < Lm '. As
a result, the optimum-flipping rate that is required to achieve
the overall minimum search time varies with m as yqp & m>.

RESULTS AND DISCUSSION

Single-molecule experiments (11) on the diffusion of Lacl
repressor protein molecule on the stretched nonspecific
DNA sequence revealed the values of the one-dimensional
diffusion coefficient in a wide range from D_~ 2.3%
1002 em?s™! to Dy~ 13x10°cm?s™!. By using
the transformation 1 bps ~ 3.4 x 107® cm, we find that
D.~112x 10°bps?>s~! and D_~ 2.07 x 10% bps® s~
This observation suggests the possible existence of at least
two different conformational states of DBDs with such
different diffusion coefficients. However, such studies
showed (11) a unimodal type distribution of diffusion coef-
ficients rather than a bimodal type distribution corresponding
to these two different states. Analogous to the observations
on the downhill folding proteins (22), the unimodal type
distribution of the diffusion coefficients could be possible
when the free energy barrier that separates these two
different states of DBDs of DBPs is comparable with that
of the thermal free energy. From single-molecule experi-
ments, we also find (11) that the free sliding length L that
is associated with the one-dimensional diffusion dynamics
of the Lacl protein molecule on a stretched nonspecific
DNA chain ranges from L, ~ 120 nm to L,.x ~ 2920 nm.
By using the transformation rule 1 bps ~ 0.34 nm, we find
that these lengths correspond to L., = 353 bps and
Lo.x ~ 8588 bps, respectively. Upon substituting these
values in the expression for the optimum flipping rate

'yopt_{loz{ (L,O)r}

required to attain the minimum possible overall search time,
we find that 7y, ranges from ~0.03 s ' to ~20 s ! for
a stretched nonspecific DNA chain. One should note that
the in vivo experiments (23) at single-cell and single-
molecule levels showed an effective diffusion coefficient
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that is associated with the one-dimensional diffusion
dynamics of the DBP of interest on the DNA chain as
D~ 0.046 um? s~'~ 4 x 10° bps® s~! and the correspond-
ing optimum flipping rate 7y, ranges from ~3 s ' to
~1926 s~ ', In this context, we should note that the Escheri-
chia coli bacterial cell contains the genomic DNA chain
(24-27) of length N ~ 4.6 x 10° bps that is loaded with
m ~ 3 x 10* numbers of roadblock protein molecules
(25,26) in its logarithmic growth phase. This mean that the
sliding length associated with the one-dimensional diffusion
dynamics of the protein molecule of our interest on the same
DNA chain will be L ~ 10* bps. When the effective diffusion
coefficient associated with the one-dimensional dynamics of
the protein molecule of interest on the genomic DNA chain
inside the E. coli cell is in the order of Dg~ 0.046 um? s !,
then the optimum rate that is associated with the conforma-
tional flipping of DBDs of the nonspecifically bound
DBPs to achieve the overall minimum search time becomes
~2.4 x 10* s™'. This is clearly within the physiologically
relevant timescales.

From the theory of reaction rates, we find the general
expression for the flipping rate to be

Y = /YOeiERT (Sil)a

where Ert is the free energy barrier associated with the
flipping transition that is measured in terms of RTs (1 RT ~
0.591 kcal/mol at 298 K) at a given temperature and v, is
the flipping rate when Egt — 0. Analogous to the downbhill
folding rate limit, one can conclude that the rate that is asso-
ciated with the thermally driven flipping between the plus-
and minus-states of DBDs of DBPs will be ~10° s~! when
these states are separated by a free energy barrier Exrt, which
is comparable with that of the thermal free energy (27,28).
Under such conditions the flipping rate will be closer to

Y = Yo~ 106 Sila

which is much higher than that of the required optimum-flip-
ping rate yop ~ 2.4 X 10* s~ for the genomic DNA of the
bacterium E. coli. One also should note that this value of
the flipping corresponds to a barrier height of Ext ~ 3.7 RT,
which is ~2.2 kcal/mol at T = 298 K. In general, we have

ERTO S 111(1072[4270/(650)) )

where Erto is the optimum barrier height (kcal/mol) that
separates the plus- and minus-states of DBDs of DBPs to
achieve a one-dimensional sliding length of L bps along
the DNA chain (Fig. 4). Because the barrier height of a down-
hill folding protein will be <3 RT, upon solving

3<In(107°L*y,/(6Dg))

for L as well as from Fig. 4 we find that the corresponding
free sliding length L should be such that L < 70 bps under
in vivo conditions. These results further suggest that the
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FIGURE 4 Optimum required free energy barrier Erro (RTs where 1
RT ~ 0.591 kcal/mol at 298 K) that separates the plus (4) and minus (—)
states of the DNA binding domains (DBDs) for a given sliding length L
(bps). Here we wused the in vivo effective diffusion coefficient
Dg~ 0.046 um? s~ (18) and the folding rate limit for a downhill folding
(21) protein as yo ~ 10® s™! and the barrier height is given by the expression
Erto <In(1072L2v,/(6Dg)) (solid line). Because the barrier height of
a downhill folding protein will be <3 RT, we find that the corresponding
optimized sliding length L of proteins on DNA should be such that L <
70 bps under in vivo conditions.

in vivo conditions of E. coli bacterial cell are optimized by
the evolution to attain the maximum efficiency of searching
for the specific sites on DNA, by effectively coupling the
thermally driven conformational fluctuations in the DBDs
of DBPs with the one-dimensional diffusion dynamics of
the protein molecules along the DNA chain.

CONCLUSIONS

In summary, in this article we have developed a theory that
explains how the thermally driven conformational fluctua-
tions in the DBDs of DBPs are effectively coupled to the
one-dimensional diffusion-mediated search dynamics of
DBPs for their cognate sites on the DNA chain. Our theory
suggested that the optimum rate associated with the flipping
of conformational states of DBDs beyond which the
maximum search efficiency of DBPs is achieved varies
with the one-dimensional sliding length L as yqp L
and with the number of roadblock protein molecules present
on the same DNA m as yqp & m?. The required free energy
barrier that is associated with this flipping transition seems to
be varying with L as Erro o In L?. When the barrier height
is comparable with that of the thermal free energy as in case
of downhill folding proteins, then our theory predicts the
possible value of L under in vivo conditions as L < 70 bps.
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