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Abstract

A recently developed computational method, ‘mining minima’, is used to examine the hydrogen-bonding interac-
tions of nucleic acid base-pairs and of the N-methylacetamide homodimer in chloroform. The mining minima
algorithm aggressively samples molecular conformations, identifies the most important local minima, and computes
their contributions to the overall free energy of the system. Here, the CHARMM 98 parameter set is used for the
potential energy and the generalized Bornrsurface area solvent model is used to account for the influence of the
solvent. Good agreement with experiment is obtained for the non-covalent binding affinities of a series of complexes.
The computational approach used here is applicable to a range of molecular systems. Q 1999 Elsevier Science B.V.
All rights reserved.

1. Introduction

Current methods for computing binding af-
finities tend to lie at the extremes of a spectrum
of complexity. They are either detailed but time-
consuming perturbative free energy simulations,
or fast but highly simplified energy-component

w xmodels 1,2 . Between these two extremes lies a
broad middle ground that accommodates inter-
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mediate models of binding that could capture
significant physical detail but that would also be
fast. We have recently proposed a new class of
‘predominant-states’ methods for computing
binding affinities that would occupy this middle

w xground 2 . These predominant-states methods
calculate differences in standard chemical poten-
tial via sums over the predominant conformations
of the reactants and products. Such calculations
are made possible by two technical advances.

One advance is the development of efficient
algorithms that use the predominant states con-

w xcept 3]5 to calculate configuration integrals }
chemical potentials, in effect } for systems of
modest size. One of these algorithms, the mining
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Ž . w xminima MM method 6 , locates stable confor-
mations of a molecular system and computes the
free energy of each conformation with a Monte
Carlo integration method. The results can be
used to compare the stabilities of the various

w xconformations 6 . The free energies of the vari-
ous conformations also can be combined to yield
the overall free energy of the system. Such calcu-
lations can be used to compute binding affinities
w x7 , because the difference between the free en-
ergy of a molecular complex and the separated
molecules is directly related to their binding af-
finity. Another promising algorithm that also
evaluates configuration integrals through analysis
of low-energy conformations has recently been

w xdescribed 8 .
The second technical advance is the develop-

ment of fast yet accurate implicit models of the
solvent. Implicit models of the solvent allow the
influence of solvent upon conformational energet-
ics to be estimated without the use of time-con-

w xsuming explicit-solvent simulations 2 . Of particu-
lar interest here is a class of implicit solvation

w xmodels 9 in which the solvation energy is sepa-
rated into a non-polar part and a polar part. The
non-polar part is typically treated as linearly re-

w xlated to molecular surface area 10,11 , and the
electrostatic part is computed by a continuum

w xmodel 12 . Computationally rapid approxima-
w xtions to the electrostatic solvation energy 13]18

now make it possible to use this class of solvation
models in calculations that examine large num-

w xbers of molecular conformations 7,8,19]21 .
Fast, implicit solvation models combined with

the predominant states algorithms described
above form a promising approach to the compu-
tation of molecular properties. Thus, calculations

Ž .using the generalized Born GB electrostatics
w xmodel 13,18 with the MM algorithm have yielded

good agreement with experiment for the pKa
w xshifts of small molecules in solution 21 and for

the strength of solvent-exposed ion-pairs in water
w x7 . The related method of Kolossvary et al. has
yielded good results for the relative binding af-
finities of similar ligands for a small-molecule

w xreceptor 20 .
In the present study, the mining minimargen-

Ž .eralized Born MMrGB method is applied to
the non-covalent association of a series of hydro-

gen-bonding molecules in chloroform. The
molecules studied are two purine and two pyrimi-
dine nucleic acid bases, and N-methylacetamide.
The interactions studied here are of fundamental
importance in biochemistry as the hydrogen bond
plays a key role in the structure and binding of
biomolecules. Similar systems have been ex-
amined previously by computational methods that
are more detailed than the present method in
important respects; a recent publication reviews

w xmany of these contributions 22 . One approach
has been to model hydrogen-bonded complexes in
solution with empirical force-fields and an explicit

w xrepresentation of the solvent 23]25 . The explicit
treatment of solvent is expected to be relatively
accurate, but it is also time-consuming. It is
probably for this reason that such studies have
rarely attempted to account for all potentially
stable conformations of the complex. Another
approach has been to enhance the model of the
hydrogen bond by replacing the empirical force
field with ab initio electronic structure calcula-
tions, and then to reduce the computational bur-

w xden by using an implicit model of the solvent 22 .
This approach also is time-consuming, and the
report focuses on a single optimized conforma-

w xtion of the complex 22 . A third approach com-
bines an empirical force field with an implicit

w xmodel of the solvent 26,27 . This approach in-
creases the computational speed, but the use of
detailed finite-difference solutions of the Poisson
equation still restricts the analysis to about 10
different conformations of the complex.

The present approach uses an empirical force
field; a fast, implicit solvation model; and a con-
formational sampling method that drives rapidly
to energetically important low-energy conforma-
tions. The computational efficiency of this ap-
proach allows it to account for all energetically
important conformations of the bound complexes.
Each binding reaction examined here requires a
matter of hours on a workstation. Another advan-
tage of the present method is that it is clearly
linked to the underlying theory of non-covalent

w xbinding 2 . It yields standard free energies of
binding, referenced to the usual 1 molrl standard
state. As a consequence, the calculations can be
compared directly with measured free energies of
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binding, unlike most previous calculations on
these systems. It is worth noting that the method
automatically accounts for the loss in orientatio-

w xnal and translational entropy 2 , as well as for the
positive entropy associated with intermolecular

w xvibrations of the complex 28 .
Comparisons with experiment are important for

any model of binding, because any computatio-
nally tractable model must involve approxima-
tions. Comparison with experiment is particularly
important for the present method because it is
new and because it relies upon the GB model,
which is still relatively untested. We therefore
study seven binding reactions for which experi-
mental data are available.

2. Methods

2.1. Free energy calculations

2.1.1. Theory
For the non-covalent association of two

molecules, A q B ¡ A:B, the change in
Helmholtz free energy at standard concentration

w xis 2 :

Z 8p 2sA : B A : B Ž .D A8syRT ln qRT In 1Z Z C8s sA B A B

where R is the gas constant, T is the tempera-
ture, C8 is the standard concentration, s , s ,A :B A

w xand s are symmetry numbers 29 , and Z ,B A :B
Z , and Z are the configuration integrals of theA B
complex and of the isolated monomers, respec-
tively.

The configuration integrals of the isolated
molecules, Z and Z , can be written in the formA B
w x2 :

yŽUqW .r RT Ž .Zs e dr. 2H

Here the Boltzmann factor is given in terms of
the vacuum potential energy U and the solvation
energy W, both of which depend upon molecular
conformation. The integral extends over the full
range of the internal coordinates r.

It is assumed here that the probability distribu-

tion of bond lengths and bond angles is not
significantly affected by complexation. Therefore
the integration only extends over free torsion
angles for groups larger than a methyl group. In
the present study, this means that the molecules
are treated as rigid because the only rotatable
bonds are for the methyls. Previous computatio-
nal studies of the nucleic acid bases have re-
ported good results when using this approxima-

w xtion 25,30 . For the complex, the configuration
integral extends over the relative position R andB
orientation j of molecule B relative to moleculeB
A, for a total of 6 degrees of freedom. The
configuration integral for the complex also in-

Ž .cludes an index function I R that defines theB
w xcomplexed state 2,23,31 :

Ž . yŽUqW .r RT Ž .Z s I R e dR dj . 3HA : B B B B

Ž .The region for which I R s1 must includeB
all the relevant low-energy conformations of the
complex but no more than a small volume of
conformational space in which the two molecules

w xare not effectively bound 2 . Here, an adaptive
procedure is used to determine this region, as
described below.

The configuration integrals are evaluated with
a modified version of the previously described

w xMM method 6 . This method uses the predomi-
w xnant states approximation 32 that the free en-

ergy,

Ž .A8syRT ln Z 4

is dominated by a modest number of low energy
states. The free energy is therefore computed
from the contributions A of a finite number Mj
of energy wells j:

M
yA r RTj Ž .A8fyRT ln e 5Ýž /js1

2.1.2. Algorithm
The MM method may be summarized as fol-

Ž .lows see Fig. 1 . The first step in this iterative
Žalgorithm is to find an energy-minimum. The
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energy-minimizer used here has been described
w x .previously 6 . The search for energy minima

extends over the full range of all degrees of
freedom in the integrals, except that the position
of molecule B relative to A is restricted to a
cubic box centered on A and having a side of

˚length 30 A. The second step in the algorithm is
to evaluate the configuration integral within the
energy well around the energy-minimum. This is
done with a Monte Carlo sampling method, as

w xpreviously described 33 . The Monte Carlo sam-
pling region is gradually extended outward from
the deepest point of the well until the entire
relevant low-energy region has been included in
the integral; the stopping criteria are described
below. In the third step, the configuration for this
energy well is added to the running sum, as shown

Ž .in Eq. 5 . Then the running Boltzmann-averaged
Ž² :.system energy over all energy wells UqW is

checked for convergence; it is considered to have
converged if the contributions of five successive

² :energy wells change UqW by less than 0.001
RT. If the average energy has not converged to
within this tolerance, then the region that has just
been sampled is marked to prevent it from being
visited again and a new cycle is begun with the
search for a new energy well. However, if the
average energy has converged, then all relevant
conformations have been accounted for, so the
calculation is complete.

Sampling within an energy well proceeds as
follows. For each energy well, an initial integral is
carried out for a small hypercube of conformatio-
nal space around the energy minimum. The inte-
gration region is then extended outward incre-
mentally in one direction, and an additional inte-
gral is done for the resulting strip of configuration
space on one side of the central hypercube. The
integral over this strip is added to the running
sum for the energy well. The size of the sampling
region is thus incremented along one dimension
at a time to form a growing hyperrectangle in
conformational space. Torsional and orientational
angles are incremented in steps of 108, and the
range of positions of molecule B relative to A

˚Ž .translation is incremented in 1 A steps. The
stopping criteria for this process are as follows.
During sampling of energy well j, the

Fig. 1. Flow chart of the Mining Minima algorithm used in
this study.

² :Boltzmann-weighted average UqW is accu-j

mulated. When an increment in the size of the
well along a particular dimension produces a

² :change in UqW of less than 0.001 RT , thej

well is no longer extended along that dimension.
Extension along a particular dimension is also
stopped if the quantity UqW begins to fall along
that axis, indicating entry into a new energy well.
Sampling of a given energy well is completed
when extension of the sampling region is closed
off in all dimensions by application of one of
these two stopping criteria.

Basing the convergence criterion upon the con-
² :vergence of UqW in effect sets the index

function in Z to 1 for conformations thatA :B
contribute significantly to this average and 0 for
all other conformations. This automatically causes
the integral for the bound complex to encompass
the low-energy part of conformational space, but
very little conformational space in which the two
molecules are not stably bound. Thus, the domain

Ž .over which I R s1 depends, appropriately,B
upon the range of the attractive forces between

w xthe two molecules 2 .
Our initial implementation of the MM method
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w xsampled only over dihedral angles 6 . However,
the present implementation also samples isotropi-
cally over the position and orientation of one
molecule with respect to the other, as required to

Ž Ž ..compute the free energy of the complex Eq. 3
w x2 . The use of isotropic sampling makes including
an explicit Jacobian determinant unnecessary. In
the present study, numerical integration is unnec-
essary for the isolated molecules, because they
are treated as rigid. This means that their con-
figuration integrals simply equal eyŽUqW .r RT,
where U and W are computed for the single rigid
conformation.

A complication results from the fact that the
experimental data are based upon shifts in in-

Ž .frared IR absorptions due to the formation of
w xintermolecular hydrogen bonds 34 . This method

is expected to detect hydrogen-bonded conforma-
tions of the complexes, but not stacked conforma-
tions. The MMrGB method allows us to separate
the contributions of hydrogen-bonded and stacked
conformations to the chemical potential of the
complexes. The computed binding energies tabu-
lated in the Results section include only the con-
tributions from hydrogen-bonded conformations.
However, the results with stacked conformations
are also analyzed and discussed.

A complete binding calculation for the
molecules considered here requires 4]6 h of
processor time on an SGI R10 000 workstation.
All calculations use a locally modified version of

w xthe program UHBD 35 .

2.1.3. Energy model
The energy in the configuration integrals is

Ž .separated into a potential energy, U r and a
Ž . w xsolvation energy, W r 2 . Here, the potential

energy is computed with the all-hydrogen
ŽCHARMM parameter set as of February 1998 A.

. w xD. MacKerell, personal communication 36,37
where available. The molecular dielectric con-
stant is set to 1 because this is the value for which
the atomic parameters are optimized.

The solvation energy is computed with the gen-
w xeralized BornrSurface area model 13,18 , which

is essentially an approximation to the Poisson-

Ž . w xBoltzmann PB rg model 10 . Both models com-
pute the solvation energy of a molecule in a given
conformation as the sum of a non-polar work
DG and an electrostatic work DG :n p el

Ž .DG sDG qDG 6so l¨ n p el

The non-polar work is the work of forming a
non-polar cavity in the solvent having the shape
of the solute and having van der Waals interac-
tions with the solvent. It is taken to be linearly
dependent upon the solvent-accessible surface
area, as discussed below. The electrostatic solva-
tion energy is the work of transferring the atomic
charges into this cavity, and is taken to equal the
1 NS q f , where N is the number of atoms, q isi i i ,r f i2

the partial charge of atom i, and f is thei ,r f
reaction field at atom i due to the solvent. The
solvent dielectric constant is set to that of chloro-
form, 4.8. The cavity radius of each atom is set to
the mean of the solvent probe radius and the
atom’s s parameter from the Lennard-Jones part

w xof the CHARMM force field 21 . The radius of
˚the chloroform solvent probe is taken to be 2.5 A.

The original published parameters of the GB
model were ajdusted to optimize agreement with

Ž .detailed finite difference FD solutions of the
Poisson equation for a varied training set of

w xmolecules 18 . Here, the GB model is adapted to
further optimize the agreement with FD for the
base pairs, by the following method. For each
base pair, the most stable hydrogen-bonded and
stacked conformations identified with the
MMrGB method are used as representatives of
the complex. The electrostatic solvation energies
of these conformations, of these complexes and
also of the separated bases are calculated with
both GB and FD and the change in electrostatic
solvation energy upon assembly of the complex is
computed. If GB agreed perfectly with FD, both
would give the same change in the electrostatic
solvation energy. In fact, the deviations of GB
relative to FD range from y3.59 to 3.34 kJrmol,
depending upon the base pair. In order to correct
for the difference between GB and FD, these
deviations were subtracted from the binding af-
finities computed with GB and the Mining Minima
method. Correcting GB in this way improves the
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agreement of the computed binding affinities with
experiment.

As noted above, the work of forming a non-
polar cavity, DG is estimated with a term that isn p
linearly dependent upon the solvent accessible
surface area; thus,

Ž .DG saA qb 7n p S A

where A is the solvent accessible surface area.S A
Previous studies have shown that good agreement
can be obtained with this approximation; see, for

w xexample, 10,38 . Values of the slope and offset in
the PBrg and GBrSA models are usually es-
tablished empirically by relating the measured
solvation energies of linear alkanes to computed

w xsurface areas for the solvent of interest 10,38,39 .
However, we were unable to find measured solva-
tion energies of alkanes in chloroform for linear
alkanes other than octane. We therefore rely
upon solvation data for several series of mono-
functional molecules with alkane chains of vary-
ing length.

Four series of molecules are examined: aliphatic
alcohols, carboxylic acids, amines, and esters; their
measured solvation energies in chloroform are

w xcompiled elsewhere 39 . For each molecule,
atomic partial charges and Lennard]Jones

w xparameters were generated by Quanta 4.1 40
with the charge-templates method and default
charge-smoothing. The cavity radii are set as de-
scribed above. The electrostatic part of the solva-
tion energy of each molecule, DG is then com-el
puted by FD solutions of the Poisson equation
with a molecular dielectric constant of 1 and a
solvent dielectric constant of 4.8. The non-polar
part of the solvation energy is then computed for
each molecule as DG yDG , and solvent-so l¨ el
accessible surface areas are also computed. Lin-
ear least-square fitting is used for each series to

Ž .obtain the slope and intercept in Eq. 7 . We find
that the slopes for the four series of molecules
agree to within 1.5%. The mean slope, y0.0686

˚2kJrmolyA , is used here to compute the affini-
ties of the base pairs. Note that the negative sign
of a causes the non-polar solvation term to favor
the exposure of molecular surface area to chloro-
form and thus opposes formation of a complex.

This is in contrast to binding when water is the
solvent.

The fitted values of the offset, b, for the four
series of molecules deviate significantly from 0,
varying from 15.89 to 26.75 kJrmol. The nonzero
value of b should, at least in principle, influence

w xthe computed binding affinities 38 . Thus, the
change in non-polar solvation energy when
molecules A and B bind will be estimated, from

Ž .Eq. 7 , as

Ž .DDG saD A yb 8n p S A

where D A is the change in surface area uponS A
binding. This shows that the positive offsets found
for chloroform are predicted to contribute to the
binding free energy of A and B. The offset is
therefore an important parameter in the model.
However, the large range found for b makes it
difficult to settle upon a single value for general
use. The value of 25.1 kJrmol yields good agree-
ment with the binding energies considered here,
and is also within the range arrived at empirically,
as just described. This value is therefore used to
arrive at the standard free energies of binding
reported in the Results section. However, it is not
clear that this value will be generally applicable
and we regard the problem of the offset as one
that merits further attention in future work. For-
tunately, the need to select a value of the offset
may be avoided by focusing upon the relative
binding free energies of various complexes. The
Results section presents both standard free ener-
gies of binding that include the 25.1 kJrmol off-
set, and relative binding free energies that do not
depend upon the value of this unsettled parame-
ter.

It is worth noting that, although a and b de-
pend upon the radii assigned to atoms of the
solvent and to the radius of the solvent probe, the

Ž .solvation energies computed with Eq. 7 are in-
sensitive to these radii if they are used consis-
tently in both the fitting process and in the calcu-
lation of solvation energy.

Computing the surface area, A , is somewhatS A
time-consuming. Here, we speed the calculations
by using the fact that this quantity varies only
weakly with conformation for either hydrogen-
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bonded or stacked conformations. The changes in
surface area upon binding are pre-computed for
the low-energy hydrogen-bonded and stacked
conformations that were also used to adjust the

Ž .GB calculations see above . These calculations
yield two values of DDG for each base-pair:n p
one that is applicable to hydrogen-bonded confor-
mations of the complex, and one that is applica-
ble to stacked conformations. These values are
used to adjust the computed free energy of each
conformation generated by the mining minima
method. This avoids recomputing the surface ar-
eas hundreds of thousands of times during the
mining minima calculations. The non-polar solva-
tion term favors the hydrogen-bonded conforma-
tions over stacked conformations by approxi-
mately 6 kJrmol.

2.2. Molecular models and force-field

Initial all-atom coordinates are generated for
the nucleic acid bases and N-methylacetamide
Ž . w xNMA with Quanta 4.1 40 . Each individual
molecule is then energy-minimized with the full
CHARMM 98 vacuum energy function, by means

w xof the Newton]Raphson method 33 in version
w x26 of program CHARMM 36 . The minimiza-

tions are terminated when the energy gradient
y5 ˚changes by less than 4.0=10 kJrmol A per

step. Binding free energies are computed with the
molecules fixed in these optimized conformations.

The MM method was used to find the most
stable conformations of the nucleic acid base
pairs in vacuo as a preliminary study of the new
nucleic acid force-field parameters. The interac-

Ž .tion energies UqW of the most stable hydro-
gen-bonded and stacked conformations of each
base-pair are listed in Table 1. These agree well
with results previously obtained with this force-

Ž .field A.D. MacKerell, personal communication .
Note that a hydrogen-bonded conformation is the
most stable in each case, except for AA, for which
a stacked conformation is found to be the most
stable by 8.4 kJrmol. This result, which is some-
what unexpected, stems from parameter choices
that were driven by the goal of obtaining accurate

Žheats of sublimation of base crystals A.D. Mac-
.Kerell, personal communication . As described

Table 1
Ž .Potential energies kJrmol of the most stable hydrogen-

bonded and stacked conformations of the base pairs found
with the MM method in vacuo, with CHARMM 98 force-field
parameters. Energies are relative to the summed energy of the
separated molecules in vacuo. The MM calculation converged
without identifying any stacked conformations of CG

Pair H-Bonded Stacked

A]A y45.6 y51.4
A]U y55.6 y51.4
U]U y46.4 y43.9
C]C y77.3 y66.9

Ž .C]G y103.3 none
G]G y89.5 y78.6

below, our calculations with this force-field indi-
cate that, in chloroform, a stacked conformation
is again more stable than any hydrogen bonded
conformation. This presumably reflects the same
compromise in the parameterization. Identifying
the hydrogen-bonded conformations of the AA
pair in chloroform required imposing a more
stringent convergence criterion in the MM calcu-
lations than was used for the other complexes.

3. Results and Discussion

3.1. Analysis of the bound conformations

The MM algorithm used here aggressively sam-
ples the conformations of the system under study
and computes the free energy of each stable
conformation that is found. This procedure avoids
missing stable conformations that might not oth-
erwise be noted. It also makes it possible to test
the hypothesis that the free energy of a molecular
system with a modest number of degrees of free-
dom will be dominated by a few important con-

w xformations 2,32 . If this is true, then the calcula-
tion of free energy is essentially complete once
these conformations are identified and accounted
for. This section examines the free energy dis-
tribution and the predominant conformations of
the bound complexes in chloroform.

The MM algorithm finds hydrogen-bonded con-
formations to be the most stable for five of the six
base-pairs examined and for NMA. In these cases,
the algorithm identifies all the hydrogen-bonding
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patterns that are expected to be energetically
important. For example, Fig. 2 illustrates the four
most stable conformations of the AU base-pair.
These correspond to the classic Watson-Crick,
reverse Watson-Crick, Hoogsteen, and reverse

w xHoogsteen conformations 41 . That hydrogen-
bonded conformations are generally the most
stable in chloroform is consistent with the experi-

w xmental data on base-pairs in chloroform 41 .
Only for the AA base-pair does the MMrGB

calculation identify stacked conformations as
more stable than hydrogen-bonded conformations
in chloroform. This result is traceable to the
unexpected dominance of stacked conformations
in vacuum for AA with this force field. In chloro-
form, hydrogen bonding becomes still weaker than
in vacuo because the dielectric constant of
chloroform is 4.8. Therefore stacked conforma-
tions dominate even more in solution. The impli-
cations of this result are discussed in the section
on binding affinities.

If it is true that a few low-energy conforma-

tions dominate the free energy of these com-
Ž .plexes, then the free energy sum in Eq. 5 should

converge once these are accounted for. This is
the case for the CG pair, as illustrated in a graph
of cumulative free energy vs. number of energy

Ž .minima Fig. 3 : the calculation is essentially con-
verged after the first energy-minimum is included.
However, for the AU base-pair, more energy-
minima must be included before the free energy

Ž .converges Fig. 3 , indicating that the conforma-
tional distribution of this complex is less re-
stricted than that of GC. For NMA dimers, the
convergence pattern resembles that of the CG
base-pair.

3.2. Calculated ¨s. measured binding affinities

Table 2 shows good agreement between com-
puted and measured standard free energies of
binding for the bases and for NMA. The largest

Ždeviation of computation from experiment IR
.measurements is 3.3 kJrmol } less than 1

Ž . Ž . Ž .Fig. 2. The four hydrogen-bonded minima of A]U pair. 1 Reversed Watson-Crick; 2 Normal Watson-Crick; 3 Reversed
Ž .Hoogsteen; and 4 Normal Hoogsteen.
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Fig. 3. Cumulative free energy vs. number of minima sampled
for C]G and A]U pairs.

kcalrmol } for NMA. The root-mean-square
Ž .deviation RMSD between the computed and

measured free energies is 2.4 kJrmol.
Although the standard free energies of binding

agree rather well with experiment, they include a
contribution from the 25 kJrmol offset in the
non-polar solvation term. The physical justifica-
tion for including this contribution, and for using
this particular value of it, are not clear-cut, as
discussed in Methods and in a previous publica-

w xtion 38 . The offset in effect contributes a fixed
y25 kJrmol to any binding reaction in chloro-
form, independent of chemical formula or change
in surface area. This might be correct: forming a
single solute cavity in chloroform may indeed be
significantly easier than forming two solute cavi-
ties. However, questions remain even if one ac-
cepts this view. For example, it is not clear how to

handle the case of a flexible molecule whose two
ends associate with each other in chloroform.
These issues are important because the offset is
large for chloroform and because the GBrSA
model is already in use for this common solvent
w x20,42 . The issue is less important in the case of

w xwater, for which the offset is only 3.6 kJrmol 10 .
The issue of the offset can be circumvented by

examining relative binding free energies, because
the contribution of the offset cancels in this case.
Accordingly, computed and experimental relative
binding free energies were computed from the
data in Table 2. There are 21 relative energies
among the seven cases. The RMSD of all the
computed vs. measured energies is 3.6 kJrmol, or
less than 1 kcalrmol.

As described in Methods, the results in Table 2
exclude stacked conformations because the IR
binding measurements are not expected to detect

Ž .stacking see Methods . However, other measure-
ment techniques, notably calorimetry, are ex-
pected to detect all forms of the complex. It is
therefore of interest to examine the computed
binding affinities when all conformations of the
complexes are included. Including stacked confor-
mations produces significant changes only for the
AA and CC base-pairs. For CC, the binding free
energy becomes more negative by 1.1 kJrmol,

Table 2
Computed and experimental standard free energies of binding
Ž .kJrmol in chloroform at temperature 258C. Computed
energies include only hydrogen-bonded conformations of the

Ž .complexes see text . The standard state is a hypothetical ideal
1 M chloroform solution. The computed results vary by less
than 0.5 kJrmol when different random number seeds are

Tused in the MM algorithm. DG is the mean of the cited IRIR
Tw xabsorption measurements 45]47 . DG lists the availablecal o r

w xcalorimetric measurements 43 . The last column lists the
estimated random errors of the measurements as listed in the
published papers. No estimate of systematic errors is available

T T TPair DG DG DGcalc IR calo r

A]A y4.5 y2.8"0.2 y6.4"0.4
A]U y12.5 y11.6"0.5 y11.5"0.3
U]U y6.3 y4.5"0.3 y7.4"0.6
C]C y11.7 y9.3"0.1
C]G y24.2 y27.6"0.3
G]G y14.6 y17.2"0.1
NMA-NMA y5.9 y2.6"0.1
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slightly degrading the agreement with the IR
measurements. For the AA base pair, including
stacked conformations leads to a standard free
energy of binding of y7.6 kJrmol, which deviates
markedly from the IR results, but agrees rather
well with the calorimetric result, y6.4" 0.4

w xkJrmol 43 . This observation raises the possibil-
ity that AA may indeed stack significantly in
chloroform. If stacking does indeed compete sig-
nificantly with hydrogen bonding, then the IR

w xstudy that monitored only hydrogen bonding 34
should have detected a deviation from ideal two-
state behavior. This would have been manifest as
a non-linearity in the plot of IR absorbance vs.

Ž Ž .total concentration of A Eq. 4 in the experi-
w x.mental paper 34 . The text states that the plot

was linear, but the goodness of fit cannot be
evaluated quantitatively because the raw data are
not listed in the paper. Interestingly, however, the
van’t Hoff plot for AA is clearly non-linear, sug-
gesting that more than one binding reaction oc-
curs. Thus, the authors regard the AA binding
data as ‘less reliable’ than their results for UU
and AU. Further experimental work would be
needed to ascertain whether these presumed al-
ternative binding reactions involve AA stacking.

4. Conclusions

The computationally efficient MMrGB method
yields rather good agreement with measured
binding free energies of hydrogen-bonded com-
plexes in chloroform. Interestingly, the combina-
tion of calorimetric and computational results for
AA hint that stacked conformations compete sig-
nificantly with hydrogen bonded conformations in
this case, despite the low polarity of the solvent.
The calculations rapidly identify the most impor-
tant binding modes and determine the contribu-
tion that each one makes to the overall free
energy of binding. This contrasts with perturba-
tive free energy simulations, which normally re-
quire the user to guess in advance which confor-
mation is thermodynamically the most important,
and which therefore risk missing important bind-
ing modes. The present calculations are fast
enough that they should permit statistically mean-

ingful validation studies of the method to be
carried out.

We also find that the non-polar solvation term
for chloroform has a large offset of ;20 kJrmol
that complicates the calculation of binding af-
finities. This issue, which has been discussed pre-

w xviously in the case of alkane solvents 38 , can be
sidestepped by focusing on relative binding af-
finities, for which the offset cancels. However, the
use of implicit solvent models for non-aqueous
solvents is an important topic for future study.
Note that the issue is less critical for aqueous

w xsolvents, because their offset is small 10 .
The present computational approach should be

useful for computing the binding affinities of
molecules more complex than those examined
here. Indeed, the MM algorithm has been shown
to converge for isolated molecules with up to 18

w xrotatable bonds 6,44 and for salt-bridging side-
w xchains in helix-forming peptides 7 . A related

algorithm has given good results for larger sys-
w xtems 20 . Continued development of these algo-

rithms should yield methods of computing bind-
ing affinities that are readily tested and that will
be useful in a variety of practical applications. It
is worth mentioning that the algorithm in Fig. 1 is
quite general and could be implemented with any
number of different algorithms for finding energy
minima and evaluating their configuration inte-

w xgrals 2 .
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