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A calculation of the binding free energy of the A repressor-operator complex is described based
on free energy component analysis. The calculations are based on a thermodynamic cycle of
seven steps decomposed into a total of 24 individual components. The values of these terms are
estimated using a combination of empirical potential functions from AMBER, generalized
Born — solvent accessibility calculations, elementary statistical mechanics and semiempirical
physicochemical properties. Two alternative approaches are compared, one based on the crystal
structure of the complex and the other based on the molecular dynamics simulation of the A
repressor-operator complex. The calculated affinity is — 19.7 kcal/mol from the crystal structure
calculation and —17.9 kcal/mol from the MD method. The corresponding experimental affinity
of the complex is about —12.6keal/mol, indicating reasonable agreement between theory and
experiment, considering the approximations involved in the computational methodology. The
results are analyzed in terms of contributions from electrostatics, van der Waal interactions, the
hydrophobic effect and solvent release. The capabilities and limitations of free energy compo-
nent methodology are assessed and discussed on the basis of these results.
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1. INTRODUCTION

Free Energy Component Analysis (AGCA) is a widely used, albeit highly
approximate, method for the calculation of the free energy of complexation
of biological molecules. The AGCA approach is tractable for large com-
plex systems, and useful for relating structural characteristics of a system
to thermodynamic stability. However, due to the uncertaintics in the
evaluation of individual terms and propagation of errors, the reliability of
AGCA results is questionable. To address this issue, we have formulated a
AGCA methodology with a more exhaustive enumeration of terms than
previously used, and are proceeding to apply this to a scries of systems as
rigorously as possible. Our objective is to determine as fully as possible
the capabilities and limitations of the method and develop guidelines for
informed utilization of the procedures. In previous articles, a general theory
and methodology was described, and applied to a calculation of the affinity
of the EcoRI endonuclease-DNA complex [1] and used to cxamine the
specificity of a site specific mutation in the UIA-RNA complex [2]. To
extend our characterization and assessment, we describe herein a AGCA
study of the A repressor operator complex. The A repressor-operator com-
plex is a propitious choice for a case study — as the prototype case for the
recognition process in genetic expression systems, it is well characterized in
both structure determination and biochemistry.

2. BACKGROUND

The calculation of affinities (AG), specificities (AAG) and cooperativities
(AAAG) is important for the understanding of protein-DNA binding
processes. However, the reliable theoretical calculation of theses quantities
has turned out to be a challenging theoretical undertaking since the systems
arc complex and the dimensionality of the problem, especially with water
and mobile ions included, is very large [3]. The net affinity and related
properties depend on a sensitive balance of contributions such as effects of
shape and clectronic complementarity, electrostatics, hydration, counterion
release, conformational flexibility and solvent reorganization upon com-
plexation. A well-defined theoretical approach to this problem is free encrgy
via molecular simulation (AGMS), i.e., the determination of the free energy
of complexation directly using Monte Carlo (MC) or molecular dynamics
(MD) simulation combined with thermodynamic integration or the
perturbation method [4-9]. The most popular AGMS methods are the
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thermodynamic cycle perturbation method and the Brownian dynamics.
In the perturbation method, the free energy problem is cast in terms of a
determination of relative free energy difference, between two well-defined
states. Sen and Nillson have recently applied this approach in a com-
putational study of the wild-type EcoRI-DNA complex and some of
its mutants [10]. They found that the predicted free energy differences
qualitatively agreed well with experiments. Free energy calculation by the
Brownian reactive dynamics method has been used to predict the rate of
initial diffusional encounter between reactant molecules in solution. This
method was applied to study the nonspecific A Cro repressor protein-DNA
complex formation [11]. Favorable electrostatic interactions were found
to be partially offset by a loss of entropy, as the incoming protein dimer
oricntations become increasingly restrictive. For protein-DNA complexes,
only a few examples of AGMS have been reported so far [10, 12], and this
has not yet become a practical approach for studies over a scries of systems,
or a series of mutants of a single system.

At the opposite end of the computational spectrum is ““free energy
component analysis” in which the free energy determination is reduced
to sums of terms independently calculated within a well-defined thermo-
dynamic cycle. Such calculations come in a variety of flavors [13]. The
methodology has shown particular recent success in the treatment of
protein— protein binding energetics by Janin and coworkers [3, 14, 15] and
by others [16, 17]. We note particularly the recent calculations of Honig and
coworkers on the binding free energies of MHC Class I protein - peptide
interactions using continuum electrostatics [18]. They found that the net
electrostatics oppose formation and non-polar interactions favor complexa-
tion. Gilson and coworkers have applied this extensively to drug— DNA
interactions [19, 20]. In the formulation applied herein, we utilize empirical
energy functions, crystallographic and MD information combined with
continuum treatments of solvation by means of GBSA models of hydration
[21-26], Debye-Huckel (DH) theory of added salt effects, and semiempiri-
cal estimates of physicochemical effects. Basically, the following phenomena
are quantified; the structural adaptation of the protein and the DNA mole-
cules upon binding, the clectrostatic effects of desolvating the macro-
molecule and the counterions, the van der Waals interactions with the
solvent, the elimination of the solvent cavity in which the macromolecule is
accommodated, the change in the added salt effects, the electrostatic and van
der Waals interactions between partners in the complex, and the entropy
loss due to decreased translational and rotational degrees of freedom in the
complex relative to the unbound species.
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The scientific applications of free energy component analysis are best
advanced in the context of “case studies”, in which calculations are
formulated and performed on protein nucleic acid complexes in the most
theoretically rigorous manner possible and the results are examined and
assessed alongside corresponding experimental data. In a previous study, we
applied an expanded version of this method to the EcoRI endonuclease-
DNA complex, and found that the calculated standard free energy of
formation obtained, — 11.5kcal/mol, agreed with expériment to within
Skceal/mol [1]. Electrostatic effects were found to be destabilizing when
solvent was included, a counter-intuitive result with precedents in protein-
protein complexes [18]. In a parallel treatment of the UIA-RNA complex
[2], the methodology revealed that subtle aspects of the specificity were
linked to changes in the coupling of consensus and nonconsensus elements
of the protein structure. In summary, the AGCA approach is tractable,
readily interpretable and amenable to successive improvements. However,
there are disadvantages as well — the additivity of free energy terms is
assumed, and there are difficultics and uncertainties in estimating individual
terms which propagate in the calculation of absolute affinities. These prob-
lems enter in different forms in the determination of relative free energies
of specificity and cooperativity, but are nonetheless important.

The A repressor is one of the proteins that control gene regulation and
expression in the phage A through self-assembly, site-specific recognition
and cooperativity (for review, see Ptashne [27]). The N-terminal domain of
the A repressor (residues 1 to 92) also has the ability to form dimers that
then bind to DNA [28]. Its crystal structures, both in the free and DNA-
bound forms, are known [29-32]; as are its corresponding solution
structures [33—-36]. It consists of five a-helices interspaced by loops
(Fig. 1). The sccond and third a-helices and the loop between them
constitute the helix-turn-helix DNA-recognition unit, while the fifth helices
mediate dimerization by virtuc of packing interactions between cach other.
The third helix of each monomer fits into the major groove and is termed
the “‘recognition helix”’. Besides, a flexible N-terminal arm contributes to the
recognition by wrapping around the DNA operator site. In addition to
structural studies, extensive genetic and biochemical studies (for review see
Sauer et al. [37]) as well as studies of energetic contributions of the A
repressor-DNA  association [38-43] have provided insight into the
mechanism of the coupled equilibrium dimerization-DNA binding process
of the X\ repressor-operator complex. A review article on protein-DNA
calculations in general, using the ) system as a case study, will be reported
clsewhere [44].
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FIGURE 1 Structure of the N-terminal domain of the A repressor-OL1 DNA complex. The
N-terminal arms (residues 1-6) are shown in yellow. The helix-turn-helix unit in both
monomers is shown in magenta. The helix-5 and helix-5, which mediate the dimerization
process, are shown in red.

Building on the studies described above, we report herein AGCA
computations on the A repressor-operator complex, considering two
possible ways of formulating the problem: (a) using only the crystal
structure data, and (b) using information from a molecular dynamics
simulation on the A repressor-operator complex. The results form a basis for
further understanding of the problems and prospects of component analysis
methodology, and reveal as well some interesting features of protein DNA
complexation accessible only with computational modeling. MD studies
on the A repressor-OL1 operator complex, probing sequence-dependent
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geometrical futures of the DNA operator, are reported elsewhere [45]. Our
results show that in the MD analysis, electrostatic interactions and water
release favor complexation, while van der Waals interactions, considering
both intramolecular and solvation effects, prove slightly unfavorable. The
free energy component analysis accurately predicts that the number of ions
released upon complexation of the N-terminal domain of the repressor
with OL1 is equal to 3.9, which agrees very well with the experimentally-
determined value of 3.7 ion equivalents released upon binding [38]. The
calculated standard free energy of formation agrees with experiment to
within 5 kcal/mol. Other theoretical studies of protein-DNA complexes are
increasingly being carried out, thanks to the considerable advances in digital
computer power [46—49].

3. METHODS AND CALCULATIONS

3.1. Free Energy Cycle

Our calculations are referred to the thermodynamic cycle for protein— DNA
binding in solution which is shown in Figure 2. The net binding process is
decomposed into seven steps. Step I describes the process of converting
uncomplexed DNA, denoted “D”’, and counterions to the form D*, in which
the DNA has adapted its structure to that of the bound form. It is important
to note that some of the counterions are considered “condensed” on the
DNA and are treated explicitly.

[Na,DNAl,, + [Proteinl,, = [Na, DNA'Protein’]sq+ [(x-y)Na'sq
£ L
[Na,DNA"l,,  (Protein'ls viT vir T
m | v
[Na.DNA'luet [Protein’],.c — [Na,.DNA'Protein’]vsc+ [(Xx-y)Na Tvac
v

FIGURE 2 The thermodynamic cycle used for the analysis of binding free energies of protein-
DNA complexes.
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3.2. Free Energy Components

The contributions of the various chemical forces to the complexation
process are determined by properly summing up the terms defined in Table I

and Ref. [1]. Specifically, the contribution of structural adaptation to frec
energy can be written as

AGadpt = AG?dpl'D + Angpt.P (1)

In this study, we have assumed that both terms of Eq. (1), ie., the
adaptation energy of the DNA molecule and the protein molecule to be
practically equal to zero. In fact, crystal and NMR solution structures of
the A repressor-OL1 complex and the free protein, have shown that the
complexation process does not alter significantly the structures of the free
partners [29 - 36].

The contribution of electrostatics (excluding the small ion effects) to the
free energy result can be expressed as

AG* = AGSP + AGR'F + AHEC + AGHC (2)

The van der Waals interactions, effectively the net cnergetics of shape
complementarity, is reflected in the sum,

GVdW GVdWD + AGVdWP +AHVdW( +&GVdWC (3)
The total contribution of cavitation effects to the binding is
AGcav AGL&VD +AGLAVP+AGCEVC (4)

These nonelectrostatic contributions to the standard free energy (vdW
and cavity terms) are defined as a linear function of the solvent accessible
surface area with an empirical coefficient, defining the proportionality [21].
However, as pointed out by Hummer, Chandler and Pratt, and their
coworkers, we acknowledge that exposed surface area alone does not fully
characterize hydrophobicity, a collective and complex phenomenon [70, 71].
Nevertheless, our use of a surface area approximation is based on a large
literature, empirical parametrization and testings.
The entropy change on complexation is described by the combination

AGtrvc L3 __TAStr&rot 2 TAwa&conl (5)

These terms, which relate to the structures in the gas phase, are based on
ideal gas statistical mechanics and other considerations [50]. The calculation



TABLE I Calculated values of the various contributions to the standard free energy of binding for the A Repressor-OL1 Operator
complex at 298 K

Value (kcal/mol)

Step Term Component Crystal MD Method'
Step-I. Structural Adaptation of DNA

1 AG?dpt'D Free energy change for the process D — D* ~0.0 ~0.0 EX
Step-II- Structural Adaptation of Protein

2 AG®P Free energy change for the process P — P* ~0.0 ~0.0 EX
Step-1II: Desolvation of DNA

3 AGT® Electrostatic component of DNA desolvation 13762.2 12817.9 GB
4 A Counterion effect on D" desolvation —7981.4 - 7369.3 GB
5 AGENY vdW component of D* desolvation 311.2 296.5 SA
6 s Cavity component of D* desolvation —367.5 —350.1 SA
7 At Loss of added salt interactions with Na-D* 30.4 284 DH
Step-1V: Desolvation of Protein

8 AGET Electrostatic component of P* desolvation 3154.7 3207.7 GB
9 AGHEP Counterion effect on P* desolvation ~0.0 ~0.0 GB
10 AG vdW component of P* desolvation 421.0 444.6 SA
11 AGTTE Cavity component of P* desolvation —497.2 —525.0 SA
12 MG Loss of added salt interactions with P* 19.9 20.0 DH
Step-V: Complex formation in vacuo

13 ARELS Electrostatic interactions of P*D* -3358.8 -3714.2 FF
14 AHT&C Change in counterion interactions on P*D* binding 1924.7 2099.2 EF
15 AHYIC vdW interactions of P*D* —204.4 SR FF
16 ~TASSE Entropy of (complex-DNA-protein) counterions —13.5 —11.1

17 ~TASE&™  Rotational and translational entropy change 32.4 324 PF

18 —T&S‘]'g"“*nf Vibrational and configurational entropy change 25.6 24.6



Step-VI: Solvation of Complex

19 AGEL™ Electrostatic component of complex solvation —13535.9 —12318.6 GB
20 AG=‘ s Counterion effect on complex solvation 6364.3 5603.7 GB
21 AG"“’ o vdW component of complex solvation —579.4 ~581.1 SA
22 AGWC Cavity component of complex solvation 684.2 686.2 SA
23 AGDH x Added salt interactions with complex —-41.9 ~395 DH
Step-VII. Solvation of freed counterions '

24 AGEy 3 Solvation free energy of released counterions -170.3 -221.6 GB

AGonet Net binding free energy —19.7 —17.9

! The method used to determine each term is indicated with the abbreviations: DH: Debye Huckel, Exp: Experimental, FF: Force Field, GB:
Generalized Born, SA: Surface Area.



