LUND UNIVERSITY

The Normal-Mode Entropy in the MM/GBSA Method: Effect of System Truncation,
Buffer Region, and Dielectric Constant

Genheden, Samuel; Kuhn, Oliver; Mikulskis, Paulius; Hoffmann, Daniel; Ryde, Ulf

Published in:
Journal of Chemical Information and Modeling

DOI:
10.1021/ci3001919

2012

Link to publication

Citation for published version (APA):

Genheden, S., Kuhn, O., Mikulskis, P., Hoffmann, D., & Ryde, U. (2012). The Normal-Mode Entropy in the
MM/GBSA Method: Effect of System Truncation, Buffer Region, and Dielectric Constant. Journal of Chemical
Information and Modeling, 52(8), 2079-2088. https://doi.org/10.1021/ci3001919

Total number of authors:
5

General rights

Unless other specific re-use rights are stated the following general rights apply:

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.

* You may not further distribute the material or use it for any profit-making activity or commercial gain

* You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

LUND UNIVERSITY
PO Box 117

221 00 Lund
+46 46-222 00 00


https://doi.org/10.1021/ci3001919
https://portal.research.lu.se/en/publications/09748491-2aa4-4612-a0af-11c39489b783
https://doi.org/10.1021/ci3001919

Download date: 08. Dec. 2025



The normal-mode entropy in the MM/GBSA method:
Effect of system truncation, buffer region,
and dielectric constant

Samuel Genheden*', Oliver Kuhn?, Paulius Mikulskis',
Daniel Hoffmann?, Ulf Ryde1

! Department of Theoretical Chemistry, Lund University, Chemical Centre,
P. O. Box 124, SE-221 00 Lund, Sweden
? Department of Bioinformatics, Center for Medical Biotechnology, University of Duisburg-Essen,
UniversitétsstraBe 1-5, 45117 Essen, Germany

*Correspondence to Samuel Genheden, E-mail: Samuel.Genheden@teokem.lu.se,
Tel: +46 — 46 2224915, Fax: +46 — 46 2228648

2013-01-29



We have performed a systematic study of the entropy term in the MM/GBSA (molecular mechanics
combined with generalised Born and surface-area solvation) approach to calculate ligand-binding
affinities. The entropies are calculated by a normal-mode analysis of harmonic frequencies from
minimised snapshots of molecular dynamics simulations. For computational reasons, these
calculations have normally been performed on truncated systems. We have studied the binding of
eight inhibitors of blood clotting factor Xa, nine ligands of ferritin, and two ligands of HIV-1
protease and show that removing protein residues with distances larger than 8-16 A to the ligand
and including a 4 A shell of fixed protein residues and water molecules, change the absolute
entropies by 1-5 kJ/mol on average. However, the change is systematic, so relative entropies for
different ligands change by only 0.7—1.6 kJ/mol on average. Consequently, entropies from truncated
systems give relative binding affinities that are identical to those obtained for the whole protein
within statistical uncertainty (1-2 kJ/mol). We have also tested to use a distance-dependent
dielectric constant in the minimisation and frequency calculation (g = 4r), but it typically gives
slightly different entropies and poorer binding affinities. Therefore, we recommend entropies
calculated with the smallest truncation radius (8 A) and € =1. Such an approach also gives an
improved precision for the calculated binding free energies.

Keywords: MM/GBSA, entropy, ligand-binding affinities, dielectric constant, factor Xa, ferritin,
HIV-1 protease.



Introduction

MM/GBSA is an approximate method to estimate the absolute binding free energy, AGhying, Of a
ligand L, to a biomacromolecule, e.g. a protein, P, forming a complex PL. It estimates AGping as the
difference in free energy between PL, P, and L, viz. AGping = G(PL) — G(P) — G(L). Each of these
three free energies are estimated from the following sum'~

G= <Eint + EvdW + Eele + Gsolv + an - TSMM> (1)

where the brackets indicate an average over snapshots from a molecular dynamics (MD) simulation.
The first three terms on the right-hand side are the molecular mechanics (MM) internal (i.e. bonds,
angles, and dihedral), van der Waals, and electrostatic energies, Gsorv and Gyp are the polar and non-
polar solvation free energies, and the last term is the absolute temperature multiplied by an entropy
estimate. The latter estimate is usually taken as a combination of translational, rotational, and
vibrational terms. All the terms are calculated on a system where water molecules from the
simulation have been stripped off. Moreover, typically only the complex (PL) is simulated and the
free energies of P and L are obtained from the same simulation by simply deleting the coordinates
of the other species.”* Thereby, the Eiy term cancels exactly and the precision is improved by a
factor of ~5.7°

The most common method to estimate the vibrational entropy in the MM/GBSA method is to
use frequencies from a normal-mode analysis (NMA),” performed at the MM level. In a few studies,
alternative methods have been tested, e.g. counting the number of rotable bonds in the ligand,
dihedral-distribution histogramming, or quasi-harmonic analysis.*”'*'""'* The latter two estimates
seem to be very hard to converge to any useful precision, whereas NMA estimates of entropies
converge much better.'”''* In practice, the NMA calculations are performed by first stripping off
all water molecules. Typically, the protein is also truncated by removing all residues more than ~8
A from the ligand,” because the frequency calculations are very demanding in terms of computer
time and memory. Then, each truncated snapshot is minimised and harmonic frequencies are
calculated. In order to account for solvent effects in an approximate manner (i.e. to substitute for the
deleted explicit water molecules), these calculation are often performed with a distance-dependent
diclectric constant, viz. € = 4r.

However, it has been shown that such an approach gives large fluctuations in the calculated
entropies and therefore a large statistical uncertainty, which typically limits the overall precision of
the MM/GBSA method."'* The reason for this is probably that the minimisation of the truncated
and unconstrained system with the approximate € = 4r may give rise to large and varying changes in
the structure, compared to the snapshots of the full and explicitly solvated system. Kongsted &
Ryde have suggested an approach to solve this problem by introducing a buffer region around the
truncated system.® This buffer region typically contains all protein residues and water molecules
within 4 A of the truncated protein system. It is kept fixed during the minimisation of the system
and it is excluded from the frequency calculation. The buffer ensures that there are no major
changes in the structure during the minimisation. Thereby, the questionable use of the distance-
dependent dielectric constant can also be avoided. Test calculations showed that this simple
modification improved the precision of the entropy term by a factor of 2—4, ensuring that it no
longer limits the precision of MM/GBSA.*

In this article, we present a detailed analysis of the NMA entropy. We investigate the size-
dependence of the truncation and study how well truncated systems reproduce calculations with the
full protein. Furthermore, we test whether a distance-dependent dielectric constant affects the
results. As test cases, we use eight inhibitors of the blood-clotting factor Xa (fXa), nine inhibitors of
ferritin, and two ligands of wild-type and a mutant HIV-1 protease. These systems have been used
in previous studies of free energy methods.'>'*!



Methods

Preparation of proteins and ligands. In this paper, we study eight 3-amidinobenzyl-1H-indole-2-
carboxamide inhibitors of fXa,'® nine inhibitors to ferritin, as well as the two inhibitors amprenavir
(APV) and darunavir (DRV) binding to either wild-type (WT) or a double mutant (V82T/I84V,
MT) HIV-1 protease (HIV-PR). All ligands are shown in Figure 1.

The preparation of the fXa and ferritin ligands has been previously described.'>'® The fXa
simulations were based on the crystal structure of fXa in complex with ligand C125 (PDB id.
1LPK)'® and the preparation of the protein has been described previously.® The ferritin simulations
were based on the crystal structure of ferritin in complex with phenol (L09; PDB id. 3f39)" and the
preparation of the protein has been described previously.® The ligands were described by the
general Amber force field*' (GAFF) with charges from restrained electrostatic potentials (RESP)**
calculations at the HF/6-31G* level and the proteins were described with the Amber99” (fXa) or
Amber99SB** (ferritin) force field. All complexes were solvated in truncated octahedral boxes of
TIP3P water molecules, extending at least 10 A from the protein.”

The HIV-PR simulations of WT-APV, MT-APV, WT-DRV, and MT-DRYV were based on the
corresponding crystal structures with PDB ids. 1HPV, 1T7J, 1T3R, and 1T7L,***" respectively.
Crystal water molecules were removed, except one structurally important water molecule between
the protease flaps and inhibitor. One of the catalytic Asp residues was protonated (Asp 25), whereas
all the other Asp and Glu residues were negatively charged and all Arg and Lys residues were
positively charged. The two His residues were protonated on the NE2 atom. The protein was
described with the Amber03 force field*® and the ligands with GAFF. The ligands were optimized at
the HE/6-31G** level using Gaussian09.”’ The electrostatic potential (ESP) was then calculated at
the B3LYP/cc-pVTZ level with the polarisable continuum model® and a dielectric constant of & = 4
at points sampled with the Merz—Kollman scheme.’' Point charges were fitted to the ESP using the
RESP** procedure with the antechamber program. All complexes were immersed in a truncated
octahedral box of TIP3P water molecules® extending 10 A from the protein. Finally, between five
and seven chlorine ions were added to neutralise the system.

MD simulations. The MD simulations of the fXa and ferritin complexes were conducted by the
Amber10 software’ and they were taken from previous studies.”'® The simulations of the HIV-PR
complexes were conducted either with the sander module of Amber 10 (equilibration) or the GPU
version of the Amber 11 pmemd module (production). The temperature was kept constant at 300 K
using a Langevin thermostat’ and the pressure was kept constant at 1 atm using a weak-coupling
algorithm.>* The non-bonded pair list was updated every 25" step and the non-bonded cut-off was
8 A (fXa or ferritin) or 9 A (HIV-PR). Long-range electrostatics and van der Waals interactions
were treated using particle-mesh Ewald summation® and a continuum approach, respectively.
SHAKE constraints®® were applied to all bonds involving hydrogen atoms and the time step was
2 fs.

The fXa and ferritin complexes were simulated as follows: First, the system was optimised by
500 steps of steepest descent minimisation, keeping all atoms, except water molecules and
hydrogen atoms, restrained to their starting positions with a force constant of 418 kJ/mol/A*. The
minimisation was followed by 20 ps MD equilibration with a constant pressure and the restraining
force reduced to 214 kJ/mol/A®. Finally, a 1200 ps simulation at a constant pressure, but without
any restraints, was performed and the final 200 ps were used for energy calculations. For each
complex, we ran 40 independent simulations by assigning different starting velocities to atoms and
extracted snapshots every 5 ps so that in total we evaluated MM/GSBA energies on 40 x 40 = 1600
snapshots. This has been shown to be a good protocol on several test cases.’’

The HIV-PR complexes were simulated as follows: Water molecules and hydrogen atoms



were relaxed first using 100 cycles steepest descent followed by 100 cycles conjugate gradient with
all protein and ligand heavy atoms restrained with a force constant of 17 kJ/mol/A*. The solute was
relaxed by 1000 cycles steepest descent followed by 1000 cycles conjugate gradient without
restraints. Initial velocities were randomly assigned from a Boltzmann distribution. The system was
then gradually heated from 0 to 300 K over 50 ps and equilibrated for another 100 ps in the NVT
ensemble. Finally, 1 ns production simulations were carried out in the NPT ensemble. For each
system, equilibration and production steps were repeated 20 times with both different random seeds
and different initial water boxes.’® Snapshots were extracted every fifth picosecond, so that in total
we evaluated the MM/GBSA energies on 200 x 20 = 4000 snapshots.

MM/GBSA Calculations. AGying Was calculated according to Eqn 1. The terms were calculated
with Amber 10 with all water molecules stripped off and without any periodic boundary conditions,
but with an infinite cutoff. The MM energies were estimated using the same force field as in the
simulations. The polar solvation energy was calculated by the generalised Born (GB) model of
Onufriev et al.,”” modelI (o = 0.8, p = 0, and y = 2.91). The non-polar solvation energy was
estimated from the solvent-accessible surface area (SASA) according to Gy, = 0.0227 SASA (A% +
3.85 kJ/mol.*

The translational and rotational entropy was calculated with standard statistical mechanical
formulae.”” The vibrational entropies were estimated from the vibrational frequencies using the
ideal-gas rigid-rotor harmonic-oscillator approximation.” As mentioned in the introduction, the
systems were minimised before the frequencies were calculated. Both the minimisation and the
frequency calculations were performed in a vacuum.

Several approaches were employed for the entropy calculations, differing in the considered
system and the dielectric constant. In one set of calculations, called S (full) in the following, the
entire complex was considered, but no water molecules. The second set of calculations included the
full complex, but also a 4 A shell of explicit water molecules, surrounding the complex (Figure 2).
This buffer was kept fixed during the minimisation and the frequency calculations, and no
frequencies and entropies were calculated for this buffer.® This approach will be denoted Sk
(reference). In the third approach, all protein residues (but no water molecules) within a radius R of
the ligand (including the ligand itself) were included in the calculations, together with a buffer that
consisted of all residues within 4 A of the former residues, as well as all water molecules within R +
4 A of the ligand (Figure 2). Again, the buffer region was kept fixed during the minimisation and
the frequency calculation. Radii of R = 8, 12, 14, and 16 A were tested (the radii of the protein—
ligand complexes are 35, 40, and 25 A for fXa, ferritin, and HIV-PR, respectively). These
calculations will be denoted by Stz, €.g., Sts. All three types of calculations were performed in two
variants viz., with a unit dielectric constant (¢ = 1) and with a distance-dependent dielectric
constant, ¢ = 4r, where r is the distance between the involved atoms. The latter calculations will be
suffixed by 7, e.g., Ser, Sri» and Sts,. The six approaches are summarised in Table 1. The protein
entropy was calculated with the same methods as for the complex, but with the ligand omitted. The
ligand entropy was always calculated for the isolated ligand, but with either ¢ = 1 or ¢ = 4r.
Throughout this article, all entropies are reported in energy units, i.e. as —TASping at 300 K, where
ASpina = S(PL) — S(P) — S(L).

Uncertainties and quality metrics. The reported uncertainties for the entropy and free-energy
estimates are standard deviation of the averages over the 20 or 40 independent simulations, ignoring
the variance within each simulation (i.e. the standard deviation over the independent simulations

divided by +/20 or+/40).

The quality of the calculated binding affinities compared to experiments is described using the
mean unsigned error (MUEtr) after removal of the systematic error (i.e. the mean signed deviation),
the correlation coefficient (+%), and Kendall's rank correlation coefficient. The latter was calculated



after removing pairs of ligands that have either an estimated or experimental difference that is not
statistical significant at the 90% confidence level (t99), because we cannot require that the
calculations should reproduce random variations correctly.”’ The number of pairs included in Too
will be denoted by npgy. The uncertainties of these metrics were obtained by a simple parametric
bootstrap, employing 1000 random samples and assuming normal distribution of the calculated
affinities.”” Uncertainties in both the calculated and experimental values were included in the
calculation. As no uncertainty of the experimental binding affinities has been reported, we assumed
a typical uncertainty of 1.7 kJ/mol for all three test cases.*”

Results

Entropies of the fXa complexes. We have computed the MM/GBSA NMA entropy in several
different ways (as described in Table 1) for the eight inhibitors of fXa shown in Figure 1. The
calculated entropies for this test system are given in Table 2. As a reference, we choose the
calculation of the full protein-ligand complex, including a 4 A shell of explicit water molecules that
were kept fixed during the minimisation and the frequency calculations (Sr). These are time-
consuming calculations, taking ~2 h per snapshot (i.e., calculations of the complex, protein, and
ligand entropies) on a single 3.0 GHz Intel Xenon processor (i.e. 133 CPU days for the results of
each ligand in Table 2). Moreover, for larger proteins, the memory requirements may become
prohibitively large for typical batch computers (>4 GB). Therefore, the complex is usually
truncated. For instance, the Stg calculation takes only ~3 minutes per snapshot.

The results in Table 2 show that Sts deviates on average by 5 kJ/mol from Sg. Ligand C49
shows the largest deviation of 8+2 kJ/mol and most ligands have deviations of ~4 klJ/mol.
Interestingly, Sts is always more positive than Sg, showing that the complex and the free protein are
affected by the truncation somewhat differently (the ligand entropy is not affected by the
truncation). This systematic deviation means that relative entropies (i.e. the difference in entropies
among the various ligands) are more accurate than the absolute entropies. In fact, the error in the
relative entropies is only 1.3 kJ/mol on average (—1 to 3 kJ/mol). The correlation coefficient (+%)
between Sts and Sk is 0.7 (note that the range of the entropies is only 6—9 kJ/mol).

For all ligands except C50, the deviation decreases going from Stz to Stio (and the difference
for C50 is not statistically significant). The mean absolute deviation (MAD) between Sg and Sty is
only 3 kJ/mol. With even larger systems, the deviation decreases further, so that the MAD for Sti2,
St14, and Sti6, the MAD decreases from 2 to 1 kJ/mol, indicating that the calculations converge
towards Sg. The maximum deviation decreases somewhat less and is 3 kJ/mol for the three largest
truncations. On the other hand, the relative error towards Sg is the same for all truncated systems,
1.3-1.6 kJ/mol.

It is also of interest to compare the reference calculations with the calculations of the full
complex without the water buffer (Sr). From Table 2, it can be seen that the MAD is 4 kJ/mol with
a maximum deviation of 8 kJ/mol for C125. This indicates that the water buffer stabilises the
energies quite strongly: If the buffer is omitted, the entropies change almost as much as for the most
truncated system. However, due to the large uncertainties, the difference between Sy and Sy is only
significant for three of the ligands at 95% confidence. The standard error is always larger for Sg
than for Sg, viz. 2.3 compared to 1.7 kJ/mol on average, and the standard errors for the truncated
calculations are even lower, only 0.6 kJ/mol on average for all the truncated calculations,
irrespective of the radius. This shows that the truncations stabilise the calculations (decrease the
fluctuations among the snapshots), probably because the minimised system is smaller, so there is a
smaller number of possible conformations.

Next, we repeated all the calculations using € = 4r, rather than € = 1. This can be seen as a
primitive but cheap way to add solvation effects to the system. The Sg, entropy does not differ much



from the Sg entropy, 1 kJ/mol on average and with a maximum deviation of 2 kJ/mol (+* = 0.9),
showing that for a full protein with an explicit water buffer, € = 4r is a redundant but harmless
approximation. The entropies obtained by truncating the protein are more erratic with € = 4r than
with € = 1. For three of the ligands, it seems that the entropies converge to within 2 kJ/mol of the
Sr» entropy already with Sts,, but for other ligands the deviations compared to Sg, are 4 to 8 kJ/mol
and for some ligands, it increases with increasing truncation radius. Consequently, the MAD is
almost constant, 3—4 kJ/mol for all truncation radii.

Interestingly, Sg, gives a MAD from Sg, of 12 kJ/mol, which shows that without the buffer,
the minimised system can change extensively. Likewise, the MAD between Sr and Sk, is 9 kJ/mol,
indicating that using € = 4r for a calculation of the full protein changes the structures and hence the
entropies significantly. This shows that the commonly used Sg, approach is quite suspicious.

The standard errors using € = 4r are slightly larger than with € = 1, 0.7-0.8 kJ/mol on average
for the truncated systems and slightly increasing with the truncation radius. However, for the full
systems, the standard errors are similar or slightly smaller with € = 4r than with € = 1, 1.5 kJ/mol for
Sr and 2.2 kJ/mol for S, on average.

Free energies of the fXa complexes. Next, we combined the entropies with estimates of interaction
energies and solvation free energies to obtain binding free energies according to Eqn 1. These
binding free energies are shown in Table 3. The trends due to entropy estimates have already been
discussed in the previous section, so here the interesting thing is to compare the calculated binding
affinities with the experimental data (shown in Figure 1).'® It can be seen that the reference entropy
estimates (Sr) give reasonably good results: The MUEtr is 3+1 kJ/mol, which is slightly better than
the null hypothesis that all estimates are equal, with MUEtr = 5 kJ/mol (reflecting that all the
experimental binding affinities are quite similar; in fact six of them are within 5 kJ/mol). The
correlation coefficient is rather good, 7* = 0.7+0.1 and Kendall's rank correlation coefficient, based
on the pairs that have statistically significant differences in both the experiments and calculations
(12 out of 28 possible pairs) is perfect, 790 = 1.0+0.1.

From Table 3, it can be seen that all the other entropy methods give similar results:
MUEtr = 24 kJ/mol, with differences that are not statistically significant at the 95% level.
However, all calculations with € = 47 give a higher MUEtr than the corresponding calculations with
e = 1. Likewise, differences in > (0.4-0.8) and 799 (0.8—1.0) are not statistically significant. The
latter two measures show no clear difference between the two dielectric constants. The reason why
we do not see any clear differences between the binding affinities obtained with the various
entropies is that the relative entropies vary by only ~1.5 kJ/mol for Stz and by 2-3 kJ/mol for Stg,.
This variation is within the uncertainty of the method (note we use quality measures that are
sensitive only to the relative affinities, not to the absolute ones, because the absolute MM/GBSA
affinities depend strongly on the continuum-solvation model and rarely give accurate absolute
affinities;**** moreover absolute affinities are seldom of interest in drug development). However, it
is notable that Sg gives the poorest correlation coefficient (> = 0.4) and S, gives the poorest 7o =
0.8 among all tested entropy methods — these two approaches also gave entropies that differed most
from Sg.

Moreover, it is clear that entropies calculated with the full protein had a higher uncertainty
than those obtained for the truncated systems and that this uncertainty dominates the total binding
affinities: The standard error of AGying obtained with S is 2 kJ/mol, whereas it is only 1 kJ/mol
when obtained with Stz for any radius. This is an important advantage of the entropies obtained
with truncated systems.

Owing to the high cost of the entropy calculations in MM/GBSA, the entropy term has in
several cases been completely ignored.”***** We have also tested such an approach for fXa and
present the corresponding affinity estimates in Table 4. It can be seen that the omission of the
entropy term makes all binding affinities much too negative (—165 to —182 kJ/mol, compared to the



experimental estimates of —27 to —47 kJ/mol). However, it can be seen that the MUEtr (3 kJ/mol), »*
(0.7), and t99 (1.0) are similar to what is obtained for MM/GBSA with the various entropy
estimates. Hence, for this test case, the entropy estimates do not significantly change the relative
affinities.

Ferritin and HIV-1 protease. From the calculations on the fXa complexes, it seems sufficient to
calculate the entropies with Stg if we are only interested in relative energies or entropies. To test
this hypothesis we performed Sg and Sts calculations also for the binding of nine inhibitors to
ferritin and for the binding of two ligands to two different forms of HIV-PR. For ferritin, it can be
seen in Table 5 that Stg is an excellent approximation to Sg with deviations of 0.1 to 1.7 kJ/mol,
giving a MAD of only 0.9 kJ/mol for absolute entropies and 0.7 kJ/mol for relative entropies.
Consequently, there are no significant differences in the binding free energies calculated with the
two entropy approaches. They both give a MUEtr of 9 kJ/mol compared to the experimental
estimates.'” This is appreciably worse than the null hypothesis that all ligands have the same affinity
(giving a MAD of 3 kJ/mol), which reflects that the MM/GBSA method overestimates the
difference in affinity between the various ligands. On the other hand, MM/GBSA gives excellent 7*
= 0.9 and 1990 = 1.0 (based on 20 out of the 36 possible pairs). Omitting the entropy estimate
completely gives a significantly worse MUEtr (14 kJ/mol), but similar »* and t9o. The precision of
the two entropy estimates and the binding free energies is improved for the truncated systems, e.g.
from 1.3 to 0.6 kJ/mol on average for the entropy. It should be mentioned that for this test case, the
molecular weights correlates well with the experimental affinities (+* = 0.86). However, this is due
to the large range of weights, from 206.3 g/mol for L02 to 94.1 g/mol for L09 (phenol) and that the
interaction between drug and receptor is mainly dictated by van der Waals forces. The large range
of weights leads to a MADtr of 33.3 kJ/mol, i.e., much worse than any of the MM/GBSA estimates.

For the HIV-PR complexes, the difference between Sts and Sk ranges from 3 to 5 kJ/mol, as
can be seen in Table 6, giving a MAD of 4 kJ/mol. However, the difference is systematic so the
difference in relative entropies is only 0.8 kJ/mol, which shows that relative entropies can
accurately be calculated with Stg also for this test case. Consequently, the two entropy approaches
give similar binding affinities. The MUEtr of AGping compared to experimental data® is 45 kJ/mol,
which is similar to the null hypothesis (5 kJ/mol). The 7* is rather low (0.45-0.55) but t9o = 1.0. The
entropy difference between WT and MT for APV, 1-3 kJ/mol reproduces the isothermal
calorimetry value of 2.5 kJ/mol.*” The corresponding difference for DRV, 0 to —2 kJ/mol, is also
reasonably close to the experimental value of —2.5 kJ/mol. Omitting, the entropy, gives a somewhat
worse MUEtr, the same 199, and a slightly better #, but none of the differences is statistically
significant at the 90% level. Interestingly, the precision of the entropy is not so much improved for
the truncated protein as for the other test cases.

Conclusions

In this article, we have investigated the effect of truncation and the dielectric constant on NMA
entropy estimates, employed in the MM/GBSA method. As the reference, we use the full protein
surrounded with a shell of fixed water molecules (Sr). As test cases, we study the binding of eight
inhibitors to fXa, nine ligands to ferritin, and two ligands to wild-type and mutant HIV-PR. Several
interesting results are obtained.

e Truncation of the protein is not innocent: Truncating the protein outside a radius of 8-16 A
from the ligand gives rise to average deviations of 1-5 kJ/mol, and the deviations increase
when the radius is decreased. Fortunately, the deviations are systematic, so for relative
entropies, the average deviation is only 0.7—1.6 kJ/mol for all radii. Consequently, we do not
see any statistically significant difference for the total ligand-binding affinities with any of
our quality measures (which compare only relative affinities) when the systems are
truncated. On the other hand, the precision is nearly always improved for the truncated



systems.

e Calculations with a distance-dependent dielectric constant (¢ = 4r, a primitive model to
account for solvent effects when water molecules are excluded) give a rather constant MAD
from Sg, of 3—4 kJ/mol, independent from the truncation radius. This is similar to the results
with € = 1 for the smallest radii. However, the deviations are less systematic, so for relative
entropies, the average deviations are larger than with € = 1, 2-3 kJ/mol. Entropies calculated
with € = 4r differ by 1-2 kJ/mol on average from those calculated with € = 1.

e A shell of fixed water molecules and protein residues for the truncated systems is important
to stabilise the energies. Without this shell, the entropies change by 4 kJ/mol on average
with € = 1 and by 12 kJ/mol with ¢ = 4. Moreover, the standard error increases by 0.6
kJ/mol on average.

e We have tested to ignore the entropy term completely in MM/GBSA. Such an approach has
been shown to improve the results in several studies,”***"* although the results become
worse in other cases.'®*® For the fXa and HIV-PR test cases, it does not lead to any
statistically significant changes in our quality measures, but for ferritin, the results become
slightly worse. Thus, omission of the entropy term is not always favourable or innocent.*

Of course, our results depend on the selection on Sk as the reference entropy. Other references
are conceivable, but not necessarily better. The most natural would be the full complex with all
water molecules, treated the same way as in the MD simulations, i.e. with periodic boundary
conditions and Ewald summation. Unfortunately, this leads to too large systems (the memory
requirements become prohibitive) to treat with today's computers. Moreover, the water molecules
need to be excluded from the frequency calculations (the water entropy is included in the two
solvation terms) and a minimisation of unconstrained systems may lead to extensive changes in the
structure. For the latter reason, we believe that a fixed shell of water molecules and protein residues
is the best solution to keep the structure close to the MD snapshot. It also leads to an improved
precision. Once, such a buffer is used, the need of solvation effects becomes minor, as the similarity
of the results with € = 1 and &€ = 47 show. Therefore we do not expect large improvement by using
more sophisticated continuum-solvation methods as e.g. generalised Born, as has recently been
suggested.'>”® We favour the approach proposed here as it retains a quite consistent energy model
between the underlying MD simulations and the subsequent estimation of free energy changes, and
is computationally more efficient due to the smaller size of the truncated system.

Thus, we can conclude that entropies calculated with a protein truncated beyond a distance of
8 A from the ligand and with a 4 A buffer of fixed protein residues and water molecules, together
with € = 1% provide a proper compromise between accuracy and computational efficiency, albeit
only for relative binding affinities. However, it has been repeatedly pointed out that MM/GBSA
cannot be expected to give accurate absolute affinities, only relative affinities.****" Finally, it
should also be remembered that NMA is a crude approximation because it assumes that phase space
is Gaussian-shaped with a single well, although it is clear that many degrees of freedom, in
particular many dihedral angles, have multiple minima. Therefore, other methods to calculate the
entropy may give significantly different results.”"'
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Table 1. Summary of entropy methods employed in this study.

Abbreviation Residues Residue buffer Water Dielectric constant
buffer

S All No No 1

Sk All No Yes 1

Str All within R A All between R and R +4 Yes 1

N All No No 4r

Srr All No Yes 4r

Strr All within R A All between R and R +4 Yes 4r

‘R=28,10, 12, 14, and 16 A. The residue and water buffer is kept fixed during the minimisation and
the frequency calculation. No frequencies or entropies are calculated for the buffer atoms.



Table 2. Total entropy (—7ASving) for the binding of the eight inhibitors to fXa (kJ/mol) calculated
with 14 different approaches (explained in Table 1).

Method Sr Sk St8 St10 St12 St14 St16
C9 113.3 £1.9 116.1 £2.1 117.7 £0.6 113.0 £0.6 1109 +£0.6 110.9 £0.7 110.3 +0.6
C39 112.5 £1.4 107.7 £2.3 116.5 £0.5 114.1 £0.7 115.0 £0.7 114.4 £0.5 114.5 £0.6
C47 113.7 £1.6 116.2 £2.0 117.5 £0.7 115.6 £0.6 113.2 £0.6 113.2 £0.5 112.9 +0.6
C49 1129 £1.7 119.7 £2.4 121.0 £0.6 117.7 £0.6 114.1 £0.6 116.1 £0.6 115.0 +0.6
C50 113.1 £1.5 1159 £24 117.1 £0.7 117.8 £0.6 1153 £0.6 114.2 £0.7 114.2 +0.7
C53 1104 1.7 116.5 £2.1 116.4 £0.5 111.4 £0.6 111.2 £0.6 110.3 0.6 109.6 +£0.6
Co63 107.6 £1.8 109.2 £2.2 111.6 £0.5 110.5 £0.6 111.1 £0.6 110.2 £0.6 108.9 +0.7
C125 107.4 £1.6 115.8 £2.7 113.5 0.6 111.6 £0.6 109.2 +0.7 109.0 £0.6 108.2 +0.6
MAD?* 4.5 5.0 2.7 1.9 1.7 1.5
Method Sk Skr Stsr Stior Sti2r Sti4r Sti6r
C9 111.6 £1.4 1245 £2.3 113.5 0.7 110.0 £0.8 110.0 £0.8 110.9 £0.8 111.7 +0.8
C39 1109 £1.6 126.4 £2.3 117.7 0.7 117.6 £0.8 118.7 £0.7 118.9 £0.7 119.1 +0.8
C47 112.1 #1.7 1283 £2.7 115.4 £0.8 114.1 £0.8 113.0 £0.7 113.3 0.8 114.2 +£0.8
C49 112.2 £1.6 122.0 +£2.3 120.1 0.8 117.4 £0.8 110.5 0.7 118.0 £0.9 118.3 +0.9
C50 113.8 £1.4 1254 +2.3 1153 +0.6 116.8 £0.9 1164 +0.8 116.4 £0.7 117.0 +0.7
C53 109.2 £1.6 119.9 £2.3 111.4 +0.7 109.7 £0.7 110.4 +0.7 110.0 £0.7 110.5 +0.8
Co63 106.8 £1.3 121.5 £2.2 111.0 0.6 111.7 £0.7 112.8 £0.7 114.3 £0.7 113.1 +0.8
C125 107.6 £1.5 106.8 +1.3 109.3 +0.7 107.7 £0.7 106.3 +£0.7 108.0 £0.8 108.1 +0.8

MAD® 11.5 3.7 3.0 2.9 3.4 3.5

*Mean absolute deviation compared to Sg
® Mean absolute deviation compared to Sk,




Table 3. MM/GBSA free energies for the binding of the eight inhibitors to fXa (AGhying in kJ/mol)
calculated with the various entropy estimates. The results are compared to experimental data'® using
three quality estimates, MUEtr, rz, and 7o.

18
Entropy Sk Sk Stg St10 Sti2 St14 St16 Exp

C9 -68.6 £2.1 -65.8 2.2 -642 +1.0 -68.9 £1.0 -71.0 £0.9 -71.0 £1.0 -71.6 £0.9 -46.2
C39 -53.3 £1.7 -58.1 £2.0 -49.3 +1.0 -51.7 £1.0 -50.8 +1.0 -51.5 £1.0 -51.3 1.1 -27.3
C47 -63.0 £2.0 -60.5 £2.3 -59.2 +1.1 -61.1 £1.0 -63.6 1.0 -63.5 £0.9 -63.8 £1.0 -46.8
C49 -65.5 £2.0 -58.7 £2.5 -57.4 x1.1 -60.7 £1.0 -64.3 1.1 -622 £1.1 -63.3 +1.0 -41.9
C50 -63.7 1.5 -60.9 £2.5 -59.7 +0.9 -58.9 £0.8 -61.5 +0.9 -62.6 +0.9 -62.6 £0.9 -46.2
C53 -67.3 £1.9 -61.1 +2.0 -61.2 £1.0 -66.3 £1.1 -66.4 +1.1 -67.4 +1.0 -68.0 £1.1 -44.3
C63 -57.7 £2.2 -56.2 £2.5 -53.7 1.6 -54.8 £1.5 -543 1.5 -55.1 £1.6 -56.4 1.6 -374
Cl125  -699 £19 -61.5 £2.8 -63.8 +1.2 -65.7 £1.1 -68.1 +1.1 -68.3 £1.0 -69.1 +1.1 -434
MUEtr 2.9 +0.7 33 £0.8 24 £0.6 3.5 £0.6 34 £0.7 3.2 £0.7 3.1 £0.7

P 0.68 +0.14 0.39 +0.18 0.77 +0.10 0.60 +0.11 0.70 +0.19 0.71 +£0.10 0.71 +0.10

Too 1.00 £0.06 1.00 +0.16 1.00 +0.06 0.87 +0.05 1.00 +0.05 1.00 +0.05 1.00 +0.04

npPgo 12 3 15 14 15 14 14

Entropy Sk Ser Stsr Stior Stior Stiar Sti6r EXP18
C9 -70.3 £1.5 -574 £23 -684 +09 -719 £1.0 -71.9 1.0 -71.0 £1.0 -70.2 £1.0 -46.2

C39 -549 £1.7 -394 +22 -482 +1.0 -482 £1.2 -47.2 1.1 -469 +1.1 -46.8 £1.1 -27.3
C47 -64.6 +1.7 -48.5 +2.6 -61.3 1.2 -62.6 £1.1 -63.7 +1.1 -63.5 +1.2 -62.5 +1.2 -46.8
C49 -66.2 +1.9 -564 +2.4 -58.2 +1.1 -61.0 £1.1 -67.9 +1.1 -604 +1.2 -60.1 1.1 -41.9
C50 -63.0 1.5 -51.4 +2.1 -61.5 409 -60.0 £1.1 -60.4 +1.1 -60.4 +1.0 -59.8 +1.1 -46.2
C53 -68.4 +1.7 -57.7 +2.4 -66.3 +1.1 -68.0 £1.1 -67.3 +1.2 -67.6 +1.0 -67.1 1.1 -443
C63 -58.5 £1.9 -43.8 £2.2 -543 +14 -53.7 £1.5 -52.5 £1.5 -51.1 1.6 -52.2 1.6 -374
C125 -69.7 £1.8 -56.6 £2.0 -68.0 +1.0 -69.6 £1.0 -71.0 £1.0 -69.3 £1.1 -69.2 +1.0 -43.4
MUEtr 3.1 £0.7 4.0 £0.9 3.3 +0.7 3.9 £0.7 4.5 +0.7 3.8 +0.7 3.7 0.7

P 0.65 +0.13 0.58 +0.14 0.72 +0.10 0.66 +0.10 0.65 +0.10 0.71 +£0.10 0.70 +0.10

Too 1.00 +£0.06 0.83 +0.05 1.00 +0.06 1.00 +0.04 0.75 +0.04 1.00 £0.05 1.00 +0.04

npPgo 13 12 16 14 16 15 14




Table 4. MM/GBSA free energies for the binding of the eight inhibitors to fXa (AGping in kJ/mol)
calculated without any entropy estimate.

AGing Exp'®
C9 -181.9 +0.7 -46.2
C39  -165.8 £1.0 273
C47  -176.7 0.9 -46.8
C49  -178.4 +0.8 -41.9
C50  -176.8 +0.9 -46.2
C53  -177.6 0.8 -44.3
C63  -165.3 £1.5 -37.4
C125 -177.3 0.9 -43 .4
MUEtr 2.9 +0.6
r 0.71 +0.11
Too 1.00 £0.04

npoo 13




Table 5. Entropies and free energies for the binding of nine inhibitors to ferritin calculated with the
Sr and Stg approaches, as well as without any entropy estimate (kJ/mol).

—TASpind AGbing Exp"
Sk S8 Sr A No S

LO1 67.5 £1.3 66.7 £0.6|-37.2 1.5 -38.0 £0.9 -104.7 +0.6 -30.5
L02 724 £1.4 73.5 £0.7|-47.5 £1.7 -46.5 £1.2 -119.9 0.9 -30.1
L03 70.0 £1.4 69.8 £0.8|-42.6 £1.5 -42.7 £1.0 -112.6 0.6 -32.7
L04 68.8 £1.5 68.4 +0.6|-37.4 +1.7 -37.8 £0.8 -106.2 +0.6 -30.6
LO05 63.1 £1.2 63.0 £0.6 |-30.4 £1.4 -30.5 £0.8 -93.5 +0.8 -28.2
L06 61.4 +1.3 60.0 £0.4|-20.5 +1.4 -21.9 £0.6 -81.9 +0.5 -26.0
LO07 60.5 +1.3 59.5 +0.5/-20.1 £1.4 -21.1 £0.8 -80.6 +0.6 -27.5
LO08 574 1.2 56.1 £0.5/-16.0 £1.2 -17.3 £0.7 -73.4 +0.6 -22.8
L09 52.8 1.2 51.1 £04| 09 +14 -0.8 £1.0 -51.9 +1.0 -18.7
MUEtr 0.9° 91 05 85 03 142 0.2
r 0.89 0.02 0.90 0.01 0.89 0.01
T9o 1.00 0.06 1.00 0.05 1.00 0.05
npyo 20 20 20

# Mean absolute difference from the Sg estimates.



Table 6. Entropies and free energies for the binding of two ligands to WT and MT-HIV-PR,
calculated with the Sk and Sts approaches, as well as without any entropy estimate (kJ/mol).

—TASpind AGying Exp®
Sr Sts Sr Sts No S

MT-APV 101.3 0.7 104.8 £0.6 | -151.6 £2.7 -148.1 £2.7 -252.9 £2.6 -49.0
WT-APV 102.3 £1.1 107.4 £0.5|-144.1 £2.0 -139.0 £1.7 -246.4 £1.6 -52.8
MT- -57.4
DRV 113.6 £1.1 116.7 £1.0|-158.5 £2.4 -155.3 £2.3 -272.0 £2.1
WT- -63.6
DRV 111.6 £0.9 116.3 £0.9|-160.5 £2.1 -155.8 £2.1 -272.1 £1.9
MUEtr 4.1° 3.9 £1.0 4.7 £1.0 6.4 1.2
7 0.55 £0.18  0.45 £0.16  0.66 £0.15
T9o 1.00 £0.06  1.00 £0.08 1.00 +0.09
np9o 4 4 4

# Mean absolute difference from the Sg estimates.



Figure 1. Ligands used in this study. Et, iPr, and sBu indicate ethyl, isopropyl, and secondary butyl
groups. The experimental affinities are shown in kJ/mol.'*"**
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Figure 2. Illustration of the truncation approaches. Water molecules are shown in blue, protein
residues that are included in the frequency calculations in green, and protein residues that are in the
buffer region are shown in orange. The ligand is shown in ball-and-stick representation. The protein
is fXa with C53.




