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NUCLEOSIDES & NUCLEOTIDES, 11(1), 167-173 (1992) 

FREE ENERGY CALCULATIONS PREDICT SEQUENCE SPECIFICITY 
IN DNA-DRUG COMPLEXES 

T. Hard and L. Nilsson, Department of Medical Biophysics, Karolinska Institutet, 
S-10401 Stockholm, Sweden. 

Abstract. Molecular dynamics simulations of DNA-netropsin complexes in water were 
performed using the thermodynamic cycle-perturbation method to calculate the free 
energy difference between complexes with an adenine-containing binding site and 
corresponding complexes where adenines are replaced by 2,6-diaminopurines (dap). 
The calculations predict a free energy difference of 3.7k0.9 kcaVmol (at 300K) in 
favour of netropsin binding to an ( A A W  DNA sequence compared to a (dapdap"T)2 
sequence. 

Introduction 
The possibility to theoretically predict the effects of small structural changes on 

sequence-specific DNA-ligand equilibria would be very valuable in understanding the 
mechanisms of gene regulation or for designing sequence specific DNA-binding drugs. 
Recently, free energy calculations based on the thermodynamic cycle-perturbation 
approach and molecular dynamics (h4D) simulations have been successfully employed to 
theoretically 'reproduce' experimentally observed differences in binding constants in 
various host-guest systems including enyme-substrate complexes', suggesting that 
similar calculations might be applied also to DNA complexes. The DNA-netropsin 
complex provides an excellent model system to test this possibility for two reasons: it is 
very well characterized with regard to structure2 and thermodynamics3 and there are 
large (free energy) differences between complexes involving different DNA sequences. 

We have performed calculations of the free energy difference between two DNA- 
netropsin complexes (with netropsin bound to an AA?T site) and the corresponding 
complexes with adenine replaced by 2,6-diaminopurine (dap). This particular 
modifcation was chosen because it represents a (relatively) small change in an AT base 
pair, i.e. the free energy change can be calculated without an exhaustive computational 
effort. However, the mutation might have an effect on nempsin binding that is similar to 
a complete AT to GC transformation, because a 2-amino group on a purine will protrude 
out into the netropsin binding site in the DNA minor groove forming a hydrogen bond 
with the pyrimidine carbonyl, as in a GC base pair (Fig. 1). Our calculations predict a 
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168 HARD AND NILSSON 

FIG.  1. Structure of the 2,6-diaminopurine-thymine base pair showing how the 
'mutation' of an additional aminogroup at the adenine 6-position in an AT base pair 
might interfere with netropsin binding in the minor groove. 

free energy difference of AAG=3.7+0.9 kcallmole (at 300K) in favor of netropsin 
binding to an (AATT)L compared to a (dapdapTT)2 DNA sequence, which is in 
agreement with experimentally observed free energy differences between closely related 
DNA-netropsin complexes3. 

Methods 
The calculations are based on a thermodynamic cycle, where AGl and AG2 denote 

(Gibbs) free energy changes upon binding of a ligand to two macromolecules (D and 
D'), in this case two double stranded DNAs with similar structures. The desired quantity 
AAG=AG,-AG,, which is directly related to the ratio of the equilibrium constants for 
the two complexes, is calculated as AAG=AG,-AG,, where AG3 and AG4 are fiee 
energy changes for the (non-physical) transformation of D into D' in the absence and 
presence of bound ligand, respectively. The free energy change when going from an 
initial to a mutated state can be calculated using statistical mechanical perturbation 
theory% 
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with U(h)=( l-h)Uinit.+hUmut., where h is the coupling parameter (OShll), Uinit. and 
U,,, are potential energies for inital and mutated states, respectively, and the brackets 
(<>) denote an ensemble average for conformations generated for the system at an 
intermediate state h. A large number of conformations (MD trajectories) are generated at 
several X values. Incremental free energy changes for intervals h+Ah are then calculated 
using Eq. (l), choosing each Ah so that the full interval 053111 is covered, and added to 
yield the total free energy change. In the present calculations the full potential function 
was chosen to be a linear function of h, but other alternatives are also p ~ s s i b l e ~ - ~ .  

The free energy difference between netropsin-d(AATT)z and netropsin- 
(dapdapTT), (dap=2,6-diaminopurine) complexes were calculated using two systems of 
different size (hexamer and octamer DNA) to check the consistency of the results. 
Starting structures for the simulated DNA-netropsin complexes in water (d(GAATTCh 
and d(CGAA'ITCGb with netropsin bound to the central AATT sequence) as well as 
reference DNA structures without bound netropsin were generated from published 
crystal s t ~ c t u r e s ~ . ~  (Brookhaven Protein Data Bank). Terminal GC-base pairs were 
removed from the crystal suuctures to obtain hexamer and octamer DNA duplexes and 
polar hydrogens were added using equilibrium geometric parameters. The octamer- 
netropsin complex was centered in a 19A-radius sphere of TIP3P waters*. 10 water 
molecules located within 3-5A from phosphate oxygens were selected at random and 
replaced with sodium ions to yield a 75% neutralization of the total DNA charge. A 
"mean field stochastic deformable bo~ndary"~ was generated to maintain water density 
and to mimic the effect of solvent outside the boundary. The system (containing about 
2600 atoms including 729 water molecules) was partitioned in a "reaction" region 
(r117A) for "full" molecular dynamics and a "buffer" region (17AuS19A) for Langevin 
dynamics (300K heat bath and a Langevin friction coefficient of 50 ps-I). The other 
three systems (octamer DNA without netropsin and hexamer DNA with and without 
bound netropsin) were set up using the same protocol. The hexamer DNA systems in 
15A water spheres (the outer 2A being a Langevin region) each contained about 1200 
atoms. 

MD simulations and free energy calculations were performed using the CHARMM 
program10. The free energy simulation routine of the CHARMM program will be 
described in detail by Fleischman, Tidor, Brooks & Karplus (to be published).The 
CHARMM force field" was modified to reproduce correct base pairing energies and 
Watson-Crick geometries in vacuum without using an explicit hydrogen bonding 
potential. These modifications, which involved scaling of partial atomic charges and a 
(small) modification of nitrogen van der Waals parameters, will be described elsewhere. 
For netropsin, a l l  partial atomic charges and geometric parameters involving the pyrrole 
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rings were those of Caldwell and Kollmanl* whereas other bonding and dihedral 
parameters (involving peptide bonds, and guanidinium and propylamidinium groups) 
were those of the currently supported CHARMM force field. All MD simulations were 
carried out using a (distance independent) dielectric constant of &=l, and with non- 
bonded interaction potentials shifted to yield zero interaction energy and force at 10.5A. 
The integration time step was 0.001 ps using the SHAKE algorithm13 to constrain 
bonds to hydrogen atoms. 

The simulations were carried out at 4 (hexamer) or 5 (octamer) intermediate h 
values, where h=O represented the (initial) AATT sequence and h=l represented the 
(mutated) dapdapTT sequence. Thus, the mutation involved the (simultaneous) addition 
of four amino-groups, all in the DNA minor groove. Each trajectory involved an initial 
energy minimization preceding a 15 ps heating and equilibration pericd and "production" 
runs of 10 ps (hexamer) or 20 ps (octamer), which were used to calculate incremental 
AG values according to Eq. (1). Calculated (average) interaction energies did not change 
during the free energy production runs indicating that the systems had been well 
equilibrated. 

It should be noted that the free energy change calculated here does not correspond 
to either Gibbs or Helmohotz free energies in a smct sense, because the pressure within 
the deformable boundary is expected to increase somewhat when the mutation involves 
an addition of atoms, and because the boundary potential does not have an "infinitely" 
steep cut-off. However, the difference between AAG and AAA is in t h i s  case expected 
to be negligible compared to the accuracy of the calculations. 

Results and Discussion 
The results obtained for the hexamer system are shown in Fig. 2. The free energy 

decreases (Fig. 2A) monotonically with k, but the decrease is larger in the netropsin 
complex than in the reference DNA, indicating that the d(CAATTGh-netrospin complex 
has a lower free energy than the d(Cdapdap?TG)2-netropsin complex. The free energy 
difference (Fig. 2B) is negative for all values of k, and levels off at AAG=-4.0+-1.5 
kcal/mol at h=1. Calculations involving different number of configurations indicate that 
Eq. (1) converges (the error becomes smaller) as the number of generated conformations 
increases, as expected. Calculations for the larger octamer system yield results similar to 
the hexamer system (AAG=-3.4f0.9 kcdmol), indicating that the observed free energy 
changes represent physically significant differences and that the results are independent 
of the size of the simulated systems. It has been shown that the netropsin binding 
affmity is determined by "local" interactions within the binding sit$. It may therefore be 
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FIG. 2. (A) Free energy change (AG) and (33) free energy change difference (AAG) as 
a function of the coupling parameter (1) for the modification of (5'GAATTC3')2 to 
(S'Gda~dapTTC3')~ in the absence and presence of bound netropsin. A negative AAG 
at h=1 corresponds to a lower free energy (higher binding constant) for the 
(S'GAATTC3')2-netropsin complex. The error bar at h=l denotes the estimated 
standard deviation in AAG calculated as described by Fleischman and Brooks6. The 
results shown in this figure are based on the 104 conformations generated during the 
time interval 15-25 ps of MD trajectories obtained for four h values: 0.125, 0.5,0.875 
and 0.95, at a Langevin heat bath temperature of 300K. Incremental AG values in h+Ah 
intervals were calculated according to Eq. (1) using each trajectory to calculate two 
incremen ts6. 
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172 HARD AND NILSSON 

assumed that both calculations yield an estimate of the AAG for changing the binding 
site from AATT to dapdapTT, and that the two results can be averaged (AAG=-3.7f0.9 
kcal/mol) . 

The results compare well to experimentally observed energy differences for 
netropsin binding to related systems3. For instance, the measured AAG for netropsin 
binding to poly(dAdT) versus poly(dGdC) is -5.6 kcal/mol, and AAG for binding to a 
DNA oligomer with a sequence very similar to those studied here versus binding to 
poly(dGdC) is -4.4 kcal/mol, indicating that the AT to dapT mutation has an effect on 
netropsin binding that is similar to an AT to GC mutation. It may be argued that the 
present result cannot be compared to binding to AT versus GC sequences beacause the 
major groove of the dapT base pair differs from that of the GC base pair. However, 
studies of netropsin binding to poly(dAdT) and poly(d1dC) show that the suucture of 
the DNA major groove is of less importance for the netropsin binding affinity3. (The 
major groove of an alternating diaminopurine-thymine polymer would be structurally 
similar to that of poly(d1dC)). It may also be argued that the present complexes, in 
which netropsin is bound to a pur-pur-pyr-pyr sequence cannot be compared to binding 
to alternating purine-pyrimidine sequences. However, it has also been shown that 
binding to the binding to the d(CGCAAlTGCG), DNA oligomer is thermodynamically 
similar to binding to ~oly(dAdT)~. Considering these arguments we suggest that the 
simulations reproduce the molecular interactions that determine netropsin discrimination 
between AT- and GC-rich DNA sequences, although further studies (including complete 
AT to GC mutations as well as calculations of contributions to AG due to hydrogen 
bonding, van der Wads interactions etc.) are required to elucidate the details of these 
interactions. 

In summary, the present studies represent the first free energy calculations 
involving the sequence specificity of a DNA binding drug. The results indicate that the 
calculations reproduce a physically significant difference for netropsin binding to two 
DNA sequences, suggesting that calculations of this kind might be a valuable theoretical 
tool in studies of sequence specific DNA-ligand interactions. 
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