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Abstract 

A detailed molecular view of structural, thermodynamic and kinetic aspects is essential for a clear understanding of 
macromolecular association. We have recently assembled a force field to capture the energetics of protein-DNA inter- 
actions in aqueous solution, and to provide a thermodynamic and kinetic description of association in a computationally 
expeditious manner. An application of this force field to a X repressor-operator with a partitioning of the interaction 
energies on a subunit basis has revealed some interesting features. Hydrogen bonding and van der Waals interactions of 
the turn-recognition helix-turn subunit of the protein with the nucleic acid bases in the major groove appear to 
determine specificity in binding. Brownian dynamics simulations were performed on several models for the X 
repressor-operator system to monitor some mechanistic aspects, of relevance to kinetics of complexation. The calculated 
joint probability for a nonspecific association of protein and DNA, driven mostly by electrostatics, followed by a sliding 
of the protein to the active site (operator region) on the DNA, a search in reduced dimensional configuration space 
accessible to the system, is much more than the probability of a three-dimensional diffusion of the protein to the active 
site. Implications of these results to protein-DNA recognition are analyzed and discussed. 

1. Introduction 

Macromolecular association is at the heart of all 
life processes. Whether or not a gene is expressed 
depends upon the binding of a protein to its cog- 
nate DNA-repressor with operator or polymer- 
ase with promoter, etc.-and the fine control, in 
terms of timing and conditions, exercised by the 
cell to facilitate this process [1,2]. Several elegant 
single crystal X-ray [3-71 and NMR studies [8,9] 
reported in the last decade on protein-DNA com- 
plexes have paved the way for a discussion of the 
chemistry of association in molecular terms. This 
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sets the background for theoretical and computer 
simulation studies to unravel, at an atomic level, 
forces responsible for recognition. 

A detailed thermodynamic and kinetic descrip- 
tion of macromolecular association, starting with a 
hamiltonian model at the Born-Oppenheimer level 
[lo], is still beyond the realm of current generation 
supercomputers. An important first step in this 
direction is the development of a suitable force 
field, which can effectively describe the interaction 
between the macromolecules in the presence of sol- 
vent and supporting electrolytes, both in energetic 
and kinetic terms. Any success in this direction, 
particularly with respect to protein-DNA com- 
plexation, can be of immense academic interest 
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from a biomolecular recognition standpoint and of 
tremendous technological utility in the design of 
ligands and drugs for DNA binding and for the 
control of gene expression. Some early theoretical 
and computer modeling studies [ 1 l- 131 highlighted 
the existence of electrostatic complementarities 
between protein and DNA as being responsible 
for recognition. Theoretical studies addressing the 
dynamics and thermodynamics of protein-DNA 
complexation were initiated just over five years 
ago [14- 181. Some of these studies dealt with the 
role of polyelectrolyte effects on protein-DNA 
complexation. Molecular dynamics studies have 
begun to focus on issues relating to structural flex- 
ibility and the extent of mutual adaptation of pro- 
tein and DNA to favor complex formation. Initial 
molecular dynamics studies on the X repressor, the 
OLl operator and both together in the complex, 
pointed to the complexities involved in treating 
electrostatics [19]. A proper protocol to carry out 
molecular dynamics simulations on protein-DNA 
systems under zero salt conditions with explicit sol- 
vent, on a supercomputer, appears to have been 
finally worked out [20]. These and other studies 
clearly indicate the promise and potential utility 
of computer modeling on protein-DNA systems 
in providing a molecular basis for recognition. 
There are certain methodological issues to be 
resolved however, before the simulations can 
acquire a predictive value. 

In the following, we describe a computational 
approach for modeling protein-DNA interactions 
and to elucidate some energetic and kinetic aspects 
of complexation. X repressor-operator complex 
has been chosen as the system for this study. Bac- 
teriophage lambda offers a well characterized 
genetic switch [1,2]. Simply stated, this switch 
works as follows. When the repressor protein 
binds to the operator (DNA), the switch is thrown 
into the off position, and the host cell perpetuates 
in a state called lysogeny, but if cro protein binds in 
the operator region in preference to the repressor, 
the switch is turned on leading to the lysis of the 
host cell. Structural studies on the repressor and 
the cro proteins individually and in complex with 
DNA, revealed several features pertinent to recog- 
nition [21-261. Both repressor and cro proteins 
contain a super-secondary structural unit called 

hth (helix-turn-helix) motif in which the second 
helix binds to the DNA in the major groove. A 
number of hydrogen bonds between the protein 
and nucleic acid bases have been noted as reponsi- 
ble for specificity. The picture is less clear regarding 
those residues which contribute to specificity 
through van der Waals and hydrophobic interac- 
tions. Theoretical studies can quantify the relative 
contribution of all proximal residues in unambig- 
uous terms and enable a classification of the amino 
acid residues as important or unimportant for 
recognition. A detailed investigation of the ener- 
getics and kinetics of complexation [27] thus 
becomes essential to decipher the elements of bio- 
molecular recognition. This is undertaken here. 
Some of the results obtained are of general interest 
in the context of macromolecular association. 

2. Theory and methodology 

2. I. Energetics 

Estimation of the thermodynamic parameters of 
binding requires a potential of mean force between 
the two interacting macromolecules and this 
involves extensive sampling of the configuration 
space of the system that includes solvent, counter 
and coions. This is compute-intensive. Alternatives 
rooted in the dielectric continuum representation 
of the medium necessitate a thorough calibration 
of the parameters introduced in lieu of explicit 
molecular solvent and small ions. Based on the 
experience gained in modeling small molecules 
and DNA with and without molecular solvent 
[28-341, we have recently put together [35] the fol- 
lowing force field. 

The interaction energy between the protein and 
the DNA is expressed as a sum of three terms- 
electrostatic, van der Waals and hydrophobic. 

Euro-DNA = c &I + Evdw + ‘%pb (1) 

Eel is the electrostatic contribution to the total 
energy, Evdw is the van der Waals term, Ehpb is 
the hydrophobic contribution and the summation 
in Eq. (1) runs over all the atoms of protein and 
DNA. 

The electrostatic term is modeled using a 



B. Jayaram et al./Journal of Molecular Structure f Theo&em) 361 (1996) 249-258 251 

distance-dependent dielectric function D(r) [30, 
36-391, given by 

D(r) = D - 

where D = 78, Dj = 4, rr = sr and s = 0.395. D(r) is 
a sigmoidal function and s has been calibrated pre- 
viously [35] on the basis of base pairing energies 
reported by Newmark and Cantor [40] and further 
supported by finite difference Poisson-Boltzmann 
calculations [41]. The electrostatic contribution 
with the above D(r) function is computed as 

4dj 

“I = D(r)rii 

where qi are partial atomic charges taken from the 
OPLS force field [42,43] and rii is the distance 
between the interacting particles. 

The van der Waals term consists of a (12,6) 
Lennard-Jones potential between the interacting 
atoms. 

where CfI and Ci are the geometric means of the 
individual (12,6) parameters. 

and 

The van der Waals diameter g and the well depth 
parameter E are adapted from the OPLS force field. 

The hydrophobic interactions are captured via 
the Gurney parameter approach [32,44,45], which 
provides a computationally simple means for treat- 
ing desolvation. The parameters used for the 
desolvation energies have been calibrated by 
Scheraga and others [46-481 in the context of 
their hydration shell model. 

E 
Ajax, if rg 2 (RHi + RHj); 

hpb = w 

0, otherwise. 

Here, Ai are the free energy parameters for 

desolvation and VeXcl is the exclusion volume cal- 
culated as 

V $_(R~i+Rkj)2+2(R?1~+R;j) 
excl = 12 

4r, 3 ’ 

- 2 (I&; + R&j) 

where VW = iri and r, = 1.575 A, the radius of a 
water molecule as represented by the TIP4P model 
[49]. RHi are the hydration sphere radii of the atoms 
involved. These are evaluated as RHi = ari with 
a = 0.769, chosen to give - 1 kcal mol-’ for the over- 
lap of the hydration spheres of two methyl groups 
[50]. Eq. (1) thus gives the interaction energy between 
two macromolecules in an aqueous environment 
once their Cartesian coordinates are specified. 

2.2. Kinetics 

The kinetic aspects of protein-DNA complexa- 
tion are probed by performing Brownian dynamics 
simulations. These describe the diffusive motion of 
protein relative to DNA in a continuum solvent by 
combining the stochastic Brownian motion with 
direct forces acting between the particles and 
including hydrodynamical interactions. The dis- 
placements over successive time intervals At are 
obtained and a trajectory developed by integrating 
Langevin’s equations of motion [51,52]. The 
Langevin equations for a system of N Brownian 
particles are 

/ i 

where mj is the mass of the ith particle, ri its posi- 
tion, pi its velocity, Cii is the configuration depen- 
dent friction tensor, and Fi is the force on the ith 
particle due to other particles and any external 
force. a& is a randomly fluctuating force on the 
particle due to the surrounding solvent, where fi 
obeys a gaussian distribution. The displacement 
equation is then given by 

ri(t + At) = r;(t) + c?At 

+ $ d Dg(t)Fj(t) + Ri(At) 
I 
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Calculated interaction energies (kcal mol-‘) between protein and DNA partitioned into contributions from DNA subunits 

Subunit Electrostatic van der Waals Hydrophobic Total 

Base -38.26 -83.60 -5.44 -127.30 
Sugar +60.04 -49.64 -12.44 -2.04 
Phosphodiester -171.61 -25.58 0.0 -197.18 
Total - 149.83 -158.82 -17.88 -326.52 

Throughout the above derivation, it is implicit 
that the time step, At, is much greater than the 
momentum relaxation time, $?, and At is also 
assumed to be sufficiently small that VD and F 
are constant during At. Ri(At) is a random dis- 
placement with a gaussian distribution such that 
(Ri) = 0 and (Ri(At)Rj(At)) = 2Dv(t)At. 

The choice of a diffusion tensor as an approxi- 
mation to the hydrodynamic interaction is between 
the Oseen tensor, the Rotne-Prager tensor or a 
constant diffusion tensor. All these tensors have 
the property 

c 
WZO 

j 

drj 

so that this term can be dropped from the displace- 
ment equation. 

The trajectories at each time step are calculated 

by 

r(t+At) =r(t) +gCDi(t)Fv(t) +R(D,At) 
‘!I 

with D determined as 

(4 

kT 
D=7--- 

6nqa 

where a is the hydrodynamic radius, and Q is the 
coefficient of viscosity of the solvent. The justifica- 
tion for using a simple diffusion model in many 
Brownian dynamics problems comes from the 
fact that the rate processes are often weakly affected 
by changes in the hydrodynamic approximation. 

The random displacement R is calculated by gen- 
erating normal random deviates 

[{xi} : (xi) = 0, (xixj) = 2&DAt] 

Details of the Brownian dynamics algorithm 

as implemented here have been given earlier 
[52-591. 

Initial testing of our Brownian dynamics pro- 
gram was carried out by studying rigid dimer 
geometries reported previously in the literature 
[52]. The pair potential between the two subunit 
spheres was zero at a separation of 1 and infinite 
everywhere else. The simulation was carried out by 
moving each sphere with the force set to zero and 
then moving them along the line connecting their 
centres until the separation was I, keeping the cen- 
tre of mass unchanged. The translational diffusion 
coefficient is then given by 

D = ((rc(t) - rc(O))) 
6t 

where r, is the dimer centre of mass and t is the 
time. The time step was 0.00125 in units of 1 2/D. 
The radius of the subunit spheres was varied from 
0.005 to 0.5 in units of 1. The simulations were 
carried out for 10 000 steps. The values of the diffu- 
sion coefficient obtained ranged from 0.496 to 
0.502 with an average of 0.499 which was in good 
agreement with the analytically calculated value of 
0.5 [52]. 

3. Calculations and results 

3.1. Energetics 

The coordinates for the X repressor-OLl opera- 
tor complex were obtained from the Brookhaven 
Protein Data Bank [60] as deposited by Pabo and 
co-workers [22,24]. The missing N-terminal arm of 
one of the monomers was constructed and mini- 
mized [61]. Hydrogen atoms were added to the 
crystal structure and their geometry optimized 
[61]. The interaction energy between the protein 
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Calculated interaction energies (kcal mol-‘) between protein and DNA partitioned into contributions from protein subunits 

Subunit Electrostatic van der Waals Hydrophobic Total 

N-terminal arms -122.28 -67.45 -8.84 -199.17 
hth -7.97 -75.88 -7.43 -91.29 
Other residues -18.99 -15.48 -1.61 -36.07 
Total -149.83 -158.81 -17.88 -326.53 
tht -23.68 -92.08 -8.75 -124.51 

and the DNA is calculated using Eq. (1) and an 
analysis of the energetics is presented below. A 
partitioning of the interactions in terms of relative 
contributions of the phosphodiester group, the 
deoxyribose sugar moiety and the nucleic acid 
bases to the overall energetics is attempted in 
order to uncover the role of each subunit in binding 
specificities (Table 1). 

The phosphodiester group of the sugar phos- 
phate backbone seems to play a significant role in 
guiding the protein towards the DNA. In fact, a 
maximum number of H-bonds of the protein are 
formed with the phosphodiester group which con- 
tributes a large chunk to the total electrostatic 
interactions (Table 1). The deoxyribose sugars, 
however, make a negligible overall contribution 
due to the highly unfavourable electrostatics of 
the sugar hydrogens, although contributions from 
the van der Waals and hydrophobic interactions 
are favourable. The binding energetics implicate 
base atoms as being critical to decisions on specifi- 
city. Bases receive favorable contributions from 
electrostatics, van der Waals as well as hydropho- 
bic forces, with van der Waals forces accounting 
for 53% of the total van der Waals interactions 
of the protein with the DNA. Both the electro- 
statics and the hydrophobic interactions appear 
to strengthen the nature of specific interactions. 

Interactions of the protein have also been 
examined in greater detail (Table 2) by considering 
the contributions of the N-terminal arm (residues 
l-6 in each monomer), the helix-turn-helix (hth) 
motif, and the rest of the protein with DNA. (Each 
monomer of the N-terminal fragment of the 
lambda repressor protein consists of 92 amino 
acid residues.) Experimental studies on the com- 
plex have revealed that the N-terminal arms bind 
to the middle region of the DNA operator site and 

deletion of the N-terminal arm leads to M 8000 fold 
reduction in DNA binding affinity [23]. An inspec- 
tion of Table 2 reveals that the N-terminal arms 
make a large electrostatic contribution (Z 82%) 
of the total electrostatic energy), mainly due to 
the presence of three positively charged lysine resi- 
dues in this region. It also shows a significant van 
der Waals contribution (Z 42% of the total van der 
Waals energy). 

Besides the N-terminal arm, the hth motif (resi- 
dues 33-51 in each monomer) has also been 
emphasized in X-ray studies, as playing an impor- 
tant role in determining specificity. The calculated 
energetics indicate that the hth motif interacts 
mainly through van der Waals interactions 
(Z 48% of the total van der Waals energy), the 
electrostatic and hydrophobic contributions being 
relatively minor. The tht motif however, i.e. the 
subunit containing the recognition helix and flank- 
ing turns (residues 40-60) emerges as the most 
important contributor to van der Waals interac- 
tions (Z 58%) in the complex. It also makes favor- 
able electrostatic and hydrophobic interactions. 
Overall, in the htht segment (residues 33-60) of 
each monomer of the protein, the role of the first 
helix (residues 33-39) appears to be to facilitate an 
anchoring of the htht unit in the major groove of 
the DNA in a proper orientation [3,4,22,24,26]. 
The tht unit appears to be involved in contacts 
crucial for recognition. The contribution of the 
remaining residues in the protein to the energetics 
is very minor. They may be important for main- 
taining the structural integrity of the protein but 
not for DNA binding. 

3.2. Kinetics 

To estimate the rate constants and probabilities 
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for specific and non-specific association and also to 
understand the role of electrostatic forces in the 
kinetics of complexation, a series of Brownian 
dynamics simulations were conducted on simplified 
models for both protein and DNA. 

The DNA was modeled as a cylinder of radius 
10 A and height 57.8 A with a charge of -34 dis- 
tributed along its axis (to mimic the 17 base pair 
operator DNA). The protein was modeled as a 
sphere and as a dumb-bell carrying a net charge 
of +2 (corresponding to the repressor protein). 
Each trajectory was initiated at a distance of 65 A 
from the axis of the cylinder and truncated 200 A 
away or when the sphere contacted the cylinder. 
The time step was taken to be 0.01 ps. The average 
number of time steps in a trajectory was of the 
order of lo6 and over 1000 separate trajectories 
were simulated on a 486DX2 PC and an SG Indigo 
workstation. Several trial runs with varying time 
steps (1, 0.1, 0.01 ps) were carried out to ensure 
that the computed probabilities were independent 
of the time step chosen. 

The rate constant k was estimated via the follow- 
ing relation [56,58]. 

k= 
4n-DbP 

l-(l-P)y 

where P is the probability of a hit and y = %, P and 
p being the starting and truncation radii respectively. 

A number of cases were considered to address 
some of the issues concerning kinetics of macro- 
molecular association. 

Case I 
The case of a simple diffusion was considered 

first, i.e. the diffusion of an uncharged sphere to 
an uncharged cylinder. The radius of the sphere 
was taken to be 18 A (computed by considering 
the surface area of the dimeric repressor protein 
and equating it to that of a sphere). 

Case ZZ 
Next, the diffusion of a sphere towards a cylinder 

in a potential well of the form 

E = A In rcs + + 
rcs 

was considered [62] where r,, is the distance of the 

centre of the sphere from the axis of the cylinder. A 
and B were determined by calibrating the respective 
terms to get the same energies as obtained for the 
electrostatic and van der Waals terms using Eq. (1). 

Case ZZZ 
The model considered above for the protein was 

slightly improved by treating it as a dumb-bell, a 
dimer of two spheres of radius 12.8 A (correspond- 
ing to the radius of each monomer of the protein) 
each carrying a charge of + 1. The simulation was 
carried out without systematic forces. 

Case IV 
The same potential as in Case II was considered 

except that the energies were the sum of energies of 
individual monomers. A and B for each monomer 
were recalibrated. Periodic boundary conditions were 
employed along the axial direction for Cases I-IV. 

Case V 
To bring specificity into the picture and to model 

a target site on the DNA, a reactive patch was 
defined on both the monomers by computing the 
spatial extent of the hth recognition motifs from 
the Cartesian coordinates of the protein and defin- 
ing the same on the surface of both monomers. The 
DNA was divided into two parts and each part was 
reactive to the extent of 180”. The cylindrical DNA 
was extended to 200 A along the axis in each direc- 
tion from the centre with the middle 57.8 A con- 
taining the reactive patch. The simulation was 
carried out using rotations about the centre of 
mass of the protein dimer due to the torque in 
addition to the translation. A trajectory was said 
to be successful if the reactive patches of both the 
monomers contacted the corresponding reactive 
areas on the DNA simultaneously. 

Case VI 
One-dimensional sliding was studied by moving 

the dimer on the surface of the cylinder using a 
coupled translational-rotational motion. The 
simulation was started with the model protein 
65 A away from the reactive patch and it was 
moved on the surface of the cylinder by computing 
the axial displacement and getting t0he final position 
by considering the fact that a 3.4 A change axially 
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Table 3 
Calculated encounter probabilities and association rate con- 
stants with different models for the X repressor-operator 
protein-DNA complex 

Model” Probability Rate constant 
(lo9 M-’ s-‘) 

Case I 0.074 0.709 
Case II 0.938 6.413 
Case III 0.072 0.691 
Case IV 0.905 6.258 
Case V 0.154 1.423 
Case VI 0.585 13.359 

a Cases ILVI have been described in the Calculations and 
results section of the text. 

corresponds to an angular variation of 36” for 
canonical B-DNA. In fact, the axial force was due 
to the van der Waals forces between the reactive 
patches of the protein and the DNA only, as there 
was no axial component of the electrostatic force. 

Probabilities and rate constants for each of the 
cases are given in Table 3. A comparison of the 
results for Case I with Case II or Case III with 
Case IV clearly indicates the role of electrostatics/ 
charged residues on the kinetics. Electrostatics 
assists nonspecific association in the lambda sys- 
tem. A further corroboration of this result comes 
from our exploratory studies on the diffusion of all 
atom models (hth unit vs. a monomer) towards the 
DNA. The monomer (net charge +l) finds the 
DNA with a far greater probability than the hth 
unit (net charge - 1). Also the level of detail (sphere 
vs. dumb-bell) incorporated in the model does not 
seem to be very significant if the forces in each case 
correspond to the same atomic model as com- 
parisons of Case I with Case III or Case II with 
Case IV suggest. Finally, the joint probability of 
a nonspecific association followed by a one- 
dimensional diffusion to the active site turned out 
to be 0.529 (which is the product of the probabil- 
ities for Cases IV and VI). This is much larger than 
the probability associated with a three-dimensional 
search for the active site (Case V). 

4. Discussion 

In this study, the interaction energies and the 

rate constants of association of X repressor protein 
with operator DNA were computed and analyzed, 
with a view to identifying the molecular features 
responsible for recognition. A perspective on the 
results obtained in the context of existing knowl- 
edge on protein-DNA systems is given below. 

4.1. Energetics 

A mechanism for protein-DNA recognition was 
developed very early on by Seeman et al. [63], the 
essence of which is that the DNA binding protein 
can read the functional groups at the edges of the 
base pairs exposed in the major groove by probing 
for a set of hydrogen bond acceptors or donors. 
Travers [64,65] has subsequently classified the 
mechanisms for recognition in terms of digital or 
direct and analog or indirect codes. The direct code 
refers to the presence of complementary hydrogen 
bonding groups and the indirect code refers to 
sequence-induced structural complementarity of 
DNA to the binding protein. Crystal studies 
enabled a verification of the existence of hydrogen 
bonds between a number of proteins and their cog- 
nate stretches of DNA but no code could be estab- 
lished. Thus the rules of recognition are as yet 
unclear [5,66,67]. Presumably both direct and 
indirect codes coexist in some unknown ways. 
The indirect code has been more difficult to deci- 
pher from structural studies. Structural comple- 
mentarity is easy to visualize but difficult to 
identify and quantify in terms of the atoms or the 
functional groups involved [68]. Structural studies 
for this reason have focused mostly on hydrogen 
bonding and hydrophobic interactions between the 
interacting molecules. This provided the rationale 
for our studies on the energetics of protein-DNA 
complexes. 

To facilitate a simple understanding of specificity 
in terms of the underlying molecular forces, we 
have identified van der Waals interactions as 
being responsible for steric complementarity. 
Hydrogen bonding interactions are considered 
under electrostatics. Two structures may be said 
to be sterically compatible on the van der Waals 
scale and the existence of compatibility may be 
judged by the presence of no repulsions to strong 
attractions. 
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In dealing with the energetics, we note, however, 
that free energy is a global property. Any dissection 
into atomic contributions is fraught with problems 
[69]. The calculated interaction energies here are 
single point energies and do not involve averages 
in the configuration space. Also, the magnitudes of 
the energies calculated are not to be directly com- 
pared with experimental binding free energies [70]. 
Differences in the energies between two states or 
systems which are closely related are more accu- 
rately captured by theoretical means than by 
absolute energies of an arbitrary system. All these 
issues notwithstanding, an analysis of the ener- 
getics of the crystal structure, in terms of forces 
responsible for binding, is useful per se and the 
calculations reported here offer new insights into 
specificity. The stress here is only on the relative 
contributions of the different subunits of the 
DNA and the protein. 

All the hydrogen bonding interactions noted in 
the structural studies [22,24] have emerged in the 
calculations as important. A noteworthy feature, 
which is not sufficiently emphasized earlier and 
which emerges out of the energetics here, is the 
significant van der Waals contribution of the 
bases. Packing considerations of the protein 
(the tht subunit in particular) superposed on a 
proper stretch of hydrogen bond matrix, appear 
to be an integral part of the recognition code. 
Further studies are underway with mutant opera- 
tor sites to grasp the implications of these results to 
specificity. 

4.2. Kinetics 

Brownian dynamics is appropriate for describing 
macromolecular motion over distances which are 
large compared to the solvent molecular size, and 
times that are long compared to the interval 
between successive solvent impacts. Brownian 
dynamics simulations are a natural choice for 
monitoring macromolecular association in the 
nanoto microsecond regime [51,71]. The kinetic 
studies undertaken here involve Brownian 
dynamics simulations on simple models for both 
protein and DNA. DNA is modeled as a line of 
charge enclosed in a hard cylinder and protein as 
spheres. The interaction energies and forces 

between these simple models however were made 
to correspond to the full atomic description of the 
system. Thus the kinetic entities modeled have suf- 
ficient detail to answer some of the questions raised 
in the literature such as (i) the role of electrostatic 
forces in association, (ii) the relative rates for spe- 
cific and nonspecific association and (iii) a three- 
dimensional search of the target site versus a search 
in a space of reduced dimensionality (sliding for 
instance). The focus here is mostly on the probabil- 
ities of association and relative association rates 
and these are given in Table 3. 

The calculated rate constants are all in the range 
10g-lO1o M-’ s-l. Rates exceeding 10’ M-’ s-i are 
typical of diffusion-controlled reactions [72]. The 
computed probabilities and rate constants suggest 
a feasible mechanism for binding. It is more prob- 
able for the protein to diffuse to a nonspecific site 
on the DNA, whereupon it can slide along the 
DNA reading the base sequence, until it finds and 
binds to the operator site, than it is to find the 
operator site in a one-step association process. A 
simple justification of the above observation goes 
as follows. The converged probabilities for a 1-D 
diffusion should be close to 0.5. The macromole- 
cule starting at an arbitrary point can either diffuse 
to the active site or away from the active site. The 
calculated value of 0.585 (Table 3) points to a net 
van der Waals attraction acting on the diffusing 
model protein. The probability for a three- 
dimensional diffusion to a specific site on the 
DNA can never exceed the probability of a three- 
dimensional diffusion to a non-specific site simply 
because the number of nonspecific sites on the 
DNA is far too large. The association rates in the 
context of Brownian dynamics simulations are 
proportional to the computed encounter probabil- 
ities. This leads to the observation that a three- 
dimensional diffusion to a nonspecific site followed 
by a sliding motion to the target site (a two-step 
process) will be favoured, assuming of course that 
other proteins do not block the sliding process. 
Berg, Winter and von Hippel [73-751, using a 
theoretical analysis of the measured association 
rate constants for the lac repressor-operator bind- 
ing, came to essentially similar conclusions. They 
ruled out a one-step process of protein approach- 
ing the DNA to bind to a specific site in favour of a 
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two-step process which incorporates a facilitated 
diffusion (translocation) to the target site in view 
of the magnitude of the observed rate constants 
(10” M-’ s-l). 

5. Conclusions 

In this paper we have described a computational 
approach to discuss the energetics and kinetics of 
association of a biological macromolecular system, 
giving special emphasis to elements of recognition, 
at a molecular level. An identification of the role of 
steric complementarity between the macromol- 
ecules considered, at the level of subunits, has 
become feasible, with an estimation of the van 
der Waals interactions. The computational analysis 
presented indicates that the tht units (the recog- 
nition helix and its flanking residues in each mono- 
mer of the dimeric protein), together with the 
structurally established hydrogen bonds, appear 
to account for specificity in the X repressor- 
operator system. Also, the theoretical investiga- 
tions on the kinetics of association process favour 
a two-step mechanism for the recognition of the 
target site. A facilitated diffusion to the active 
site, in a reduced dimensional configuration 
space, preceded by a non-specific association, 
emerges as the most probable mechanism for 
protein-DNA complexation. 
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