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When a ligand binds to a protein, it is typically not in the lowest-energy conformation for the unbound
ligand and there is also a loss of conformational degrees of freedom. The free-energy change for this
“conformer focusing” is addressed here formally, and the associated errors with its estimation or neglect
are considered in the context of scoring functions for protein-ligand docking and computation of absolute
free energies of binding. Specific applications for inhibition of HIV-1 reverse transcriptase are reported. It
is concluded that the uncertainties from this source alone are sufficient to preclude the viability of current
docking methodology for rank-ordering of diverse compounds in high-throughput virtual screening.

Introduction

Accurate computation of free energies of binding is central
to computer-aided drug design. The process of interest,

has numerous components for a flexible ligand L binding to a
flexible host H in solution to yield the complex HL.1,2 The
problem has been highlighted by the great current interest in
virtual high-throughput screening (VHTS) of compound libraries
for binding to biomolecular receptors, most typically enzymes,
with docking programs.3 The minimal goal is reasonable rank-
ordering of compounds such that if a selection of high-ranking
compounds is obtained and assayed, it is likely that some will
show activity. From a practical standpoint, the window of
activity is narrow. It is limited on the low end by the
improbability of finding a library compound that is so well
matched with the target that activity is observed below a
concentration of∼50 nM. And it is limited on the high end
around 100µM owing to anticipated difficulty in optimizing
weaker leads, normal assay conditions, and the insolubility of
many, typical library compounds at higher concentrations in
aqueous solution. This 2000-fold window corresponds to a free-
energy range of 4.5 kcal/mol at 25°C. If errors in estimation
of free energies of binding are greater than this, the common
occurrence of false positives and negatives can be expected.

There have been numerous comparisons of the results of
retrospective docking exercises with alternative software and
scoring functions.3,4 The general impression is one of incon-
sistent performance, a trend toward improvement, and limited
use in live applications where compounds are actually acquired
and assayed. More quantitative assessment of potential sources
of error is warranted to better gauge the theoretical limits on
accuracy and to identify areas for improvement. The compu-
tational errors can arise in many ways depending on the
methodology; some possibilities include errors in the structure
of the host, choice of ionization states, structure of the complex,
inadequate sampling of internal degrees of freedom, evaluation

of changes in solvation, and the host-ligand energetics and/or
scoring functions.

Conformer Focusing: Theory

Presently, just one additional source of error, which has
received little quantitative attention, is analyzed. It can be termed
“conformer focusing”. Most organic molecules have multiple
torsional degrees of freedom for rotation about the central bond
in W-X-Y-Z quartets of non-hydrogen atoms that lead to a
spectrum of conformational states. Analysis of 1711 oral drugs
shows a range of 0-34 such rotatable bonds with a mean of
5.5;5 the expected number of conformers for a druglike molecule
then averages 25.5-35.5 ≈ 45-420. Many of these are high in
energy and are not populated; however, a subset of low-energy
ones is populated. Upon forming the complex, many conformers
of the unbound ligand become sterically inaccessible. The same
is true for the host. The preferred bound conformer of the ligand
is likely not the lowest-energy one in the unbound state, and it
may not even have a significant unbound population, which
yields a reorganization penalty.6 In fact, a recent analysis of
150 protein-ligand complexes found that the bound conformer
is 4-5 kcal/mol higher in energy on average than the lowest-
energy conformer in solution.6d

A thermodynamic cycle representing conformer focusing can
be construed as in Scheme 1. The different conformational
manifolds for the unbound and bound states are distinguished
by the symbols L and L′ for the ligand and P and P′ for the
protein. The free-energy change associated with conformer
focusing for the ligand can be expressed by considering its
conformational partition functions for the unbound and bound
conditions,Zu andZb:
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H(aq)+ L(aq) / HL(aq) (1)

Scheme 1
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Here, a simple, discrete model is assumed with conformational
statesi (unbound) andj (bound), degeneraciesni andnj, andâ
) 1/(kBT). Furthermore, entropy variations arising from differ-
ences in vibrational frequencies for the conformers are ignored,
and the set of conformers for the bound ligand is taken to be a
subset of those for the unbound ligand. Thus, there is a free-
energy penalty for the loss of conformational states.

In principle, one needs complete knowledge of the population
of conformational states for both the unbound and bound ligand
to evaluate∆Gcf. For assessment of potential errors, a further
simplification can be made by considering the case where only
one conformerk is left for the bound ligand. Equation 2 can
then be reduced to eq 3 whereε1 is the energy for the lowest-
energy conformer andZ1 is the modified partition function ratio
using the relative energiesεi - ε1. The first term in eq 3 is the
reorganization penalty, and the second is for the loss of
conformational states. For example, in a trivial case where the
unbound ligand has only three equivalent conformers and the
bound ligand populates just one of them,∆Gcf ) â-1 ln 3. For
binding in aqueous solution, the unbound states need to reflect
the intrinsic gas-phase energies of the conformers,Ei, and the
free energy of hydration,Gi

aq, so εi ) Ei + Gi
aq. This leads to

eq 4, whose evaluation requires a conformational search that
computesEi andGi

aq for all i.

Results

Different cases can be considered for evaluation of errors
associated with treatment of∆Gcf. If one does not explicitly
consider ∆Gcf, the potential errors are large; the bound
conformer is expected to range from 0 to 15 kcal/mol above
the lowest-energy one.6d In addition, if there are multiple low-
energy conformers that are lost in going to the bound state, the
second term in eq 3 can provide several kcal/mol of additional
uncertainty. Neglect of∆Gcf is common practice in scoring
functions used for docking. For example, the popular Chem-
Score does not consider the items in eq 2 or eq 3; there is just
a penalty of∼0.6 kcal/mol for each rotatable bond in the ligand
that becomes “frozen” upon binding.7 Successful ranking of
conformationally diverse compounds with such scoring cannot
be expected.

If one does explicitly consider∆Gcf, potential errors are
associated with the implied conformational searches and evalu-
ation of Ei and Gi

aq. For VHTS, it is likely thatEi would be
calculated with a force field (FF); ab initio or density functional
theory (DFT) calculations would normally be impractical. For
small molecules covered in the training sets, FF errors for
conformational energetics are small, 0.0-0.5 kcal/mol.8 How-
ever, for drug-size molecules, the situation is less clear,
particularly when there are substructures outside the training
sets and when∆Ek is not small. ForGi

aq, a reasonable approach

would be to perform the conformational search including
hydration modeled by a fast continuum method such as GB/
SA.9 Optimistically, the additional error from that source is 0.5-
1.0 kcal/mol.9b Examples are now provided for non-nucleoside
inhibitors of HIV reverse transcriptase (NNRTIs).

MKC-442 (emivirine) and UC781 both have six rotatable
bonds. X-ray crystal structures have been determined, so their
conformations in the bound state are known (Figure 1, left).10,11

They are potent NNRTIs and the binding site is engulfing, so
the bound inhibitors have little conformational freedom. The
terms in eq 4 were evaluated by first performing a conforma-
tional search with the BOSS program12 using the OPLS/CM1A
force field13 and GB/SA hydration.9b The resultant conformer
k closest in structure to the bound conformer was identified and
compared to the lowest-energy conformer (Figure 1);â-1 ln Z1

was evaluated using the energetic results from the conforma-
tional search. To obtain additional estimates of∆Ek, alternative
force fields were applied mostly using MacroModel,14 and ab
initio and DFT calculations were performed using Gaussian 03
on conformers 1 andk.15 HF/6-31G(d) optimizations were
executed starting from the OPLS/CM1A structures followed by
B3LYP/6-31G(d) and MP2/6-31G(d) energy evaluations (Table
1). Single-point calculations using the FF structures from the

conformational search were also carried out; they give similar
results with somewhat greater variation in∆Ek.

For MKC-442, 57 unique conformers were found; since none
are planar, each has a degeneracy of 2. The bound conformation
is similar to unbound conformer 1 (Figure 1); the most similar
conformer is number 5, which is higher in energy by 1.49 kcal/
mol but slightly better hydrated (0.14 kcal/mol). There are only

∆Gcf ) â-1 ln
Zu

Zb

) â-1 ln[∑i

ni exp(-âεi)

∑
j

nj exp(-âεj)] (2)

∆Gcf ) (εk - ε1) + â-1 ln[∑
i

ni exp(-â(εi-ε1))] )

∆εk + â-1 ln Z1 (3)

∆Gcf ) (Ek - E1) + (Gk
aq - G1

aq) + â-1 ln Z1 )

∆Ek + ∆Gk
aq + â-1 ln Z1 (4)

Table 1. Conformational Results for NNRTIsa

MKC-442 UC781 trovirdine nevirapine

no. of conformersb 57 102 69 2
conformerk 5 85 5 1
â-1 ln Z1 0.77 1.47 1.30 0.41
∆Ek, OPLS/CM1A 1.49 4.57 -4.07 0.00
∆Gk, GB/SA -0.14 1.91 4.85 0.00
∆Gcf 2.12 7.95 2.08 0.41
∆Gcf rangec 0.3, 3.1 1.6, 8.0 -6.3, 2.6 0.41
∆Ek,HF/6-31G(d)d 2.52 0.98 -8.45e 0.00
∆Ek, B3LYP/6-31G(d)d 2.00 0.63 -8.87e 0.00
∆Ek,MP2/6-31G(d)d 2.11 -1.80 -9.33e 0.00
∆Ek, OPLS2001 -0.03 2.95 -3.59 0.00
∆Ek, OPLS2005 -0.27 -0.43 -6.50 0.00
∆Ek, MMFF 2.44 -1.33 -12.49 0.00

a Energies in kcal/mol.∆Ek is the energy difference between the lowest-
energy conformer and the one,k, most similar to that in the crystal structure
of the RT complex.b Excluding mirror images.c Using the alternative
estimates of∆Ek. d Using HF/6-31G(d) optimized geometries.e Result for
desbromotrovirdine.
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8 conformers within 2 kcal/mol of conformer 1, soâ-1 ln Z1 is
relatively small, 0.77 kcal/mol. The net∆Gcf is 2.1 kcal/mol.
The overall range from the different results in Table 1 for∆Ek

is -0.3 to 2.5 kcal/mol, which gives a range of 0.3 to 3.1 kcal/
mol for ∆Gcf. This can be considered to be a favorable case
owing to the similarity of conformers 1 andk.

For UC781, 102 conformers were identified with 24 within
2 kcal/mol of conformer 1, soâ-1 ln Z1 is now larger, 1.47 kcal/
mol. However, the bound conformer and conformer 1 are very
different because the thioamide isE in the bound state, which
permits the characteristic hydrogen bond for most NNRTIs
between the NH and the backbone CdO of Lys101. Thus, the
conformer most similar to the bound one, number 85, is now
higher in energy. From OPLS/CM1A,∆E85 is 4.57 kcal/mol
and conformer 85 is also computed to be less well hydrated by
1.91 kcal/mol (the dipole moments for conformers 1 and 85
are 4.32 and 2.45 D from the FF and are 3.97 and 2.12 from
the HF/6-31G(d) calculations). So there are both significant
reorganization and desolvation penalties, and the net∆Gcf is
7.95 kcal/mol. It is notable that even the ab initio and DFT
results for∆E85 span 3 kcal/mol in this case. Other estimates
of ∆E85 were also obtained using alternative FFs; conformers
1 and 85 were optimized again in each case. Some results in
kcal/mol are 5.18 from MM2 in Chem3D, 0.05 from MM+ in
HyperChem, and 2.95,-0.43, and-1.33 from OPLS2001,
OPLS2005, and MMFF in MacroModel. The OPLS/CM1A
results are toward the high end of the range, though it is noted
that careful parametrization had been performed for the torsional
energetics ofN-alkyl- andN-arylthioamides using MP2 results.
For just theZ to E energy difference forN-phenylthioacetamide,
a broad range of results is obtained:-5.8 kcal/mol from MMFF,
-1.7 from HF/6-31G(d)//HF/6-31G(d),-0.5 from MP2/6-31G-
(d)//MP2/6-31G(d),-0.4 from B3LYP/6-31G(d)//B3LYP/6-
31G(d), 0.2 from MP2/6-311+G(d,p)//HF/6-31G(d), and 0.9
from OPLS/CM1A.

A further example is provided by trovirdine, which again has
six rotatable bonds. The 1dtq and 1dtt crystal structures are
available for analogues in complex with HIV-1 RT.16 A
conformational search for trovirdine with OPLS/CM1A and GB/
SA hydration yielded 69 conformers; conformer 5 shows the
closest correspondence for the six dihedral angles about the
bonds between the two rings and those in the crystal structures
(Figure 2). The lowest-energy structure in GB/SA water is
extended with the hydrogen-bonding sites exposed to the
solvent, while the bound conformer has an internal hydrogen
bond and anE,Z-conformation for the thiourea fragment. The
E component overlays with theE-thioamide for bound UC781.

As summarized in Table 1, conformer 5 is computed to be
4.07 kcal/mol lower in energy than conformer 1 in the gas phase
using OPLS/CM1A, but it is less well hydrated by 4.85 kcal/
mol owing to the internal hydrogen bond. The cancellation leads
to a relatively small∆Gcf, 2.08 kcal/mol from this FF. The
relative energetics of the two conformers is challenging for a
force field owing to the difference in both the thiourea
conformation and the internal hydrogen bonding. The strength
of the latter is sensitive to the assignment of partial atomic
charges. Consequently, there is an 8.9 kcal/mol spread in the
alternative FF results in Table 1. Again, the FF results in Table
1 are from optimizations for both conformers with each force
field. The results are not improved if single-point calculations
are performed using the OPLS/CM1A optimized structures; the
spread is then 11.0 kcal/mol. The ab initio and DFT results are
more consistent with∆E5 ranging from-8.45 to-9.33 kcal/
mol. The latter calculations were performed for desbromotro-
virdine. This is not expected to affect the results significantly;
with OPLS/CM1A the∆E5 values are-4.07 and-4.18 kcal/
mol for trovirdine and its desbromo analogue. Thus, on the basis
of the ab initio and DFT results, it is likely that a conformer
like 5 with the internal hydrogen bond is in fact the lowest-

Figure 1. Conformers of MKC-442 (top) and UC781 (bottom): (left) from the 1rt1 and 1rt4 crystal structures in complexes with HIV-RT;
(middle) the lowest-energy conformer as found by the conformational search with GB/SA hydration; (right) the conformerk from the conformational
search most similar to the one in the crystal structure.

Figure 2. Left: structure of a trovirdine analogue from the 1dtt crystal structure. Middle: lowest-energy structure of trovirdine from the conformational
search with GB/SA hydration. Right: conformer most similar to the bound structure for trovirdine from the conformational search.
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energy conformer for troviridine in water rather than the
extended conformer 1.

Finally, for nevirapine (Viramune), there is only one rotatable
bond and one low-energy conformer, plus its mirror-image, and
one that is∼3 kcal/mol higher in energy. The low-energy
conformer is the same as observed in crystal structures.17 This
provides a limiting reference point in Table 1.

Discussion

Absolute Free Energies of Binding.Accurate prediction of
absolute free energies of binding requires accurate computation
for each component of the process. For the conformer focusing
component, it is apparent that there are significant uncertainties.
In Table 1, variation in theâ-1 ln Z1 term is relatively modest,
0.4-1.5 kcal/mol, for these cases with one or six rotatable
bonds. The uncertainty from computation of relative free
energies of hydration of the lowest-energy and bound conform-
ers (1 andk) is probably less than 1 kcal/mol in cases where
the conformers do not have significantly different hydrogen-
bonding capacities.9b It can be expected to be greater in cases
where differences in internal hydrogen-bonding are present, as
for trovirdine. Still, the greatest uncertainty arises from evalu-
ation of the conformational energetics. In a simple case such
as for rotation of the isopropyl group in MKC-442, a 2 kcal/
mol range of estimates is obtained for∆Ek. However, in cases
such as for UC781 and trovirdine in which the conformers under
comparison are quite different owing to changes in multiple
dihedral angles, errors can accumulate to yield substantial
uncertainties. For UC781, the range of values for∆Ek is greater
than 6 kcal/mol including the FF results and still 2-3 kcal/mol
just using the ab initio and DFT data. The situation is worse
for trovirdine. One can argue that the uncertainty would be less
with higher-level ab initio or DFT methods; however, the current
calculations are already impractical for application to other than
small data sets, since several hours were required for each HF/
6-31G(d) optimization on a 3 GzPentium IV. These molecules
are also only of average size for drugs, and the costs for such
calculations increase exponentially with molecular size.

Considering the above, a typical total uncertainty in computa-
tion of ∆Gcf is expected to be∼5 kcal/mol, when it is evaluated
fully including a conformational search with GB/SA hydration
and calculation of the energetics for the key conformers with
the present ab initio or DFT methods. If current force fields are
used, the uncertainty can be anticipated conservatively to be in
the 5-10 kcal/mol range. And, of course,∆Gcf(L) only
represents one component of the binding process (Scheme 1).
A key problem here is that typical drug-size molecules are much
larger than the small, prototypical molecules used in most FF
parametrizations, and errors for torsional and nonbonded
energetics can accumulate.

Docking and Scoring.Concerning the accuracy of VHTS
using docking methods with typical scoring functions, the
present results imply that consistent, successful ranking of
diverse library members is inconceivable. In view of the ranges
for ∆Gcf in Table 1, if∆Gcf is not explicitly evaluated, random
noise of 0-10 kcal/mol can be expected to modulate the scores
for molecules such as the NNRTIs. The first three examples in
Table 1, all with three rotatable bonds, would be penalized by
the same amount,∼1.8 kcal/mol, for “frozen” torsions by
ChemScore,7 while the range for∆Gcf from the OPLS/CM1A
results is 2-8 kcal/mol. Even if∆Gcf were fully evaluated using
current force fields, the uncertainty would be the same as
discussed above, about 5-10 kcal/mol. It is worth repeating
that the enzyme inhibitors considered here have just an average

number of torsional degrees of freedom, and∆Gcf(L) represents
only one component of protein-ligand binding. Enrichment,
the better than random separation of active compounds from
inactive ones in a molecular library, can still be achieved by
docking programs.3,4 Significant enrichment can also be achieved
by just filtering on the basis of size and polarity or by other
similarity measures.18,19 Correct ranking of compounds for
binding affinity or activity is a much greater challenge.

The possibility for reasonable rank ordering of compounds
by docking/scoring methods is clearly improved if conformer
focusing can largely be eliminated. For the ligands, this means
comparing relatively rigid molecules with few torsional degrees
of freedom. To keep the conformer focusing penalty for the
protein relatively constant, it would also help to compare ligands
that cover essentially the same region in the binding site such
that the same residues of the protein are conformer-focused.
Otherwise, the uncertainty from the conformer-focusing penalty
for the protein is also likely in the 5-10 kcal/mol range.
Furthermore, for rigid as well as more flexible ligands, the
situation can be improved by emphasizing relative scores or
relative free energies of binding for very similar molecules, as
in lead optimization for small substituents on a ring. In this
case, the conformer focusing penalties for the lead series should
be essentially the same except for the differences associated
with the optimized substituents.

Conclusion
The present results point out the current problems with

quantitative assessment of just the conformer-focusing compo-
nent of biomolecule-ligand binding. A key issue is that there
is considerable uncertainty in computed relative energies for
conformers of drug-size molecules. This fundamentally under-
mines accurate evaluation of absolute free energies of binding.
The only obvious practical solution to the conformer focusing
component for high-throughput studies requires the development
of very accurate force fields. It is important to realize that both
the torsional energetics, which can be parametrized using small
molecules, and the intramolecular nonbonded energetics need
to be accurate. The latter item is, in turn, very sensitive to the
representation of intramolecular electrostatic interactions and
raises questions about the adequacy of point-charge models, the
choice of partial charges, and the needs for explicit polariza-
tion.20 In any event, for accurate evaluation of conformational
energetics and∆Gcf, there is compelling need for improved force
fields that have been trained using definitive ab initio or DFT
results for prototypical systems and that have been extensively
tested on larger drug-size molecules. In addition, the coverage
of torsional motifs needs to be massive in order to encompass
the possibilities for molecules of pharmacological interest.
Meanwhile, expectations for consistent success in rank-ordering
diverse compound libraries with high-throughput docking need
to be low; the physics of protein-ligand binding is challenging.
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