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agreement for the lattice energy is less meaningful, since
the experimental value may be a poor benchmark. To
enable more precise conclusions about the accuracy of
the SAPT(DFT) force fields, we have computed a quantity
which is well known from experiments and which was
regarded [7] as pathologically difficult to predict from first
principles, the lattice energy of the benzene crystal at the
experimental geometry [24]. We calculated SAPT(DFT)
interaction energies (analogously to Ref. [15] but the po-
tential fit has not been utilized) of the 15 nearest non-
equivalent dimers, corresponding to 50 pairs by
symmetry. The two-body interactions beyond the resulting
cutoff of 11 Å were computed from the asymptotic expan-
sion of Ref. [15] and were well converged by taking into
account 8737 pairs.

As shown in Table II, our two-body lattice energy of
!56:30 kJ=mol agrees already quite well with the ex-
perimental sublimation enthalpy at 298 K equal to
!44:6 kJ=mol [29], about an order of magnitude better
agreement than in the case of the recent predictions from
Ref. [7]. However, several other contributions and correc-
tions should be considered for a more reliable comparison.
First, we were aware from our recent work [23] that for
benzene the nonadditive effects can be substantial. We
have therefore computed the three-body contributions to
the lattice energy using the nonadditive SAPT(DFT) dis-
persion energy and the supermolecular second-order
Møller-Plesset (MP2) energy, a method referred to as the
MP2þ SDFT approach [23]. We considered all 96 non-
equivalent trimers for which the average intermolecular
distance is less than 9 Å (corresponding to 188 trimers by
symmetry). The nonadditive dispersion contribution from
larger trimers was computed from the asymptotic triple-
dipole formula. Also the MP2 component has a long-range

induction contribution which was computed from an ap-
propriate asymptotic expression. As shown in Table II, the
total three-body contribution is a fairly significant fraction
(12.2%) of the two-body energy.
The sum of the two- and three-body contributions can

be compared to lattice energies predicted by benzene em-
pirical potentials. Note that this comparison is appropriate,
since such empirical pair potentials include effectively
many-body contributions. Our value is 3.2% smaller in
magnitude than we got with the pair potential of
Ref. [25]. Furthermore, a molecular-mechanics optimiza-
tion of the benzene crystal structure using another empiri-
cal potential has been published by van Eijck et al. [27]. To
compare with this work, we should correct for the fact that
the lattice geometry used by us was measured at 138 K
[24], whereas the calculations of Ref. [27] correspond to
0 K. This (very small) correction for the lattice contraction
has been taken from the literature [26]. As seen in Table II,
our corrected lattice energy agrees to within 3.7% with the
empirical result of Ref. [27].
To compare with experiment, we needed the zero-point

vibrational energy which was obtained by calculating nu-
merically the energy second derivatives of the central
molecule within a cluster of 35 benzene molecules de-
scribed by the potential of Ref. [15]. The resulting value
equals 2:78 kJ=mol, in very good agreement with
Ref. [28]. Monomer relaxation upon sublimation should
also be taken into account; however, we were unable to do
so since the crystal geometry at 0 K is unknown. Use of
the 138 K geometry would result in some double counting
with the correction for the lattice-geometry extrapolation

TABLE II. Contributions to lattice energy (in kJ=mol) of the
benzene crystal.

This work Literature

2-body short-range !54:82
2-body long-range !1:48
Total 2-body !56:30 ð!111:3Þ–ð!34:4Þa
3-body MP2 0.45
3-body dispersion short-range 6.19
3-body dispersion long-range 0.35
3-body induction long-range !0:12
Total 3-body 6.87
2þ 3-body !49:43 !51:06b

Lattice extrapolation to 0 K !0:9c

2þ 3-body for 0 K lattice !50:33 !52:25d

Zero-point energy 2.78 2.80e

Lattice energy at 0 K !47:55 !50:5f

aRef. [7], various ab initio and semiempirical methods.
bFrom the potential of Ref. [25].
cFrom Ref. [26].
dRef. [27], lowest-energy structure obtained by optimization of
an empirical potential.
eRef. [28].
fObtained from the median experimental value of H298

sub ¼
44:6 kJ=mol [29] and the calculated temperature correction
(see text) equal to 5:90 kJ=mol.

FIG. 1 (color online). The predicted RDX unit cell superim-
posed onto the experimental structure.
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The present work concentrates only on errors from the
electronic interaction energy, ΔE. In doing so, we assume that
the errors from ΔHcorr, ΔS, and ΔΔGSolv are zero (which is
certainly not the case, but serves as a computational expediency).
We refer to such an error estimate as the best-case scenario error,
BCSerror, because it ignores the error from these three remaining
terms of eq 4. For the sake of simplicity, we assume here as a first
approximation that errors in the calculated interaction energies
are purely random (even for variational quantum-based methods
since the variational principle does not apply to differences
between ground state energies). The random errors in the
calculation of interaction energies of chemical fragments 1, 2,
and 3, etc. now propagate as

BCSerror ¼ ½ðΔE1calc -ΔE1ref Þ
2 þ ðΔE2calc -ΔE2ref Þ

2

þ ðΔE3calc -ΔE3ref Þ
2 þ :::&1=2 ð9Þ

By neglecting the random error from the enthalpy, entropy,
and solvation energies, the overall propagated error (eq 9) is a
lower bound to the free energy error estimate and therefore can
be thought of as the best-case scenario estimate. In addition to
calculating the BCSerror, we also decompose errors from com-
putational methods into systematic and random portions by
using Gaussian error probability density functions. By using
error probability density functions, we show that it is possible
to remove the estimated systematic error for each interaction
and thereby decrease the estimation of the remaining random
error.

It is well-known that enthalpy and entropy tend to act against
one another in free energy calculations in a phenomenon called
enthalpy-entropy compensation. These two terms often have
opposite signs and similar magnitudes and thus largely cancel
each other in eq 4. In terms of error estimation, however, the
magnitudes of random errors in each term are not known. We
can only estimate their probable range on the basis of studies
such as the current one. When calculating overall random error
bars in the free energy, estimated errors from the individual terms
must be propagated according to eq 2, which only increases with
the addition of terms. In addition, while it is true that the errors
in any of the three remaining terms of eq 4 could cancel favorably
with a portion of the predicted error inΔE, by exploiting this, we
would be calculating the (sometimes) correct ΔGbind for
clearly the wrong reasons. The goal of molecular docking is
to routinely predict binding free energies both accurately and
precisely, so the error should be diminished in each of the
terms of eq 4. As a side note, any calculation of the entropy
term depends on the potential energy surface of the system
and thus depends on enthalpy measurements. Because of this,
errors in enthalpy estimations can lead to distorted potential
energy surfaces and have unpredictable effects on the entropy
term.

Clearly, experimental interaction energies/enthalpies would
be desirable to use as a reference for these error functions, but in
most cases this will not be possible. As a substitute, we use
converged quantummechanical methods such as CCSD(T) with
complete basis set extrapolations (CBS) to provide the reference
energy we need to make meaningful error estimates.29,30 Such
methods have been known to routinely achieve what is termed
“chemical accuracy” or the ability to compute energies to within
(1 kcal/mol of experimental observations.31

Prior to presenting the results, it is worth hypothesizing what
the expected error types would be for computed interaction
energies of hydrogen bonded and nonpolar complexes at differ-
ent levels of theory. Highly parametric methods like semiempi-
rical or force fieldmethods would be expected, on the face of it, to
have very significant random errors rather than systematic errors.
On the other hand, quantum chemical methods like Hartree-
Fock (HF) or density functional theory (DFT), which do not
correct for dispersion, would be expected to have very large
systematic errors and relatively smaller random errors. One
might suppose that more sophisticated correlated methods such
as second-order perturbation theory (MP2) would have smaller
systematic errors than HF or DFT; however, MP2 is known to
exhibit significant overbinding of dispersion-bound complexes
(especially with larger basis sets), and hence MP2 may also
exhibit significant systematic errors. Because MP2 performs
better for hydrogen-bonding interactions than for dispersion-
bound interactions, these errors may also appear to have a
significant random component. Interestingly, our analysis shows
that systematic errors are a significant component in all cases,
which arises because all methods examined tend to give too weak
interaction energies with respect to our reference level of theory.
If the computed interaction energy errors were better centered at
the zero error point, then error cancellation would possibly be
beneficial in the computation of the total interaction energy, but
this was found to not be the case for themodel systems examined.
The good news is that the systematic error can be estimated and
corrected for while reducing the remaining random error, and
this then becomes the main challenge in improving the predic-
tion of interaction energies.

In order to demonstrate our error hypothesis on a real system,
we have chosen to examine the HIV-II/indinavir crystal
structure32 in detail (PDBID: 1HSG, see Figure 2). This system
was chosen because of its large number and diversity of chemical
contacts. In addition, the experimentally observed binding free
energy has been reported33,34 to be-12.8 kcal/mol, indicating an
overall strong level of interaction between the protein and
indinavir. We have decomposed the protein-ligand complex into
21 distinct, chemically important fragment-based interactions
(Figure 3). Each pair of interacting fragments was evaluated in
terms of gas-phase electronic interaction energy with a number of
different computational methods including force field methods,

Figure 2. Crystal structure of HIV-II protease bound to indinavir
(PDB ID: 1HSG). The inner window displays an example of the
fragment systems studied, which includes a glycine residue interacting
with a pyridine ring in the ligand.
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2) Identify two key occupied bodies in 
each many-body interaction term.

ra bs

1) Allow the many-body interaction to 
occur naturally (SAPT0/jDZ for now).

4) Analyze and visualize results.

}

3) Perform key two-body occupied 
summations with local quasiparticles.

{

R.M. Parrish and C.D. Sherrill, J. Chem, Phys. 141, 044115 (2014).
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Cl variant binds effectively, Me variant does not. Why?

Proposed Explanations: 
A. Halogen-π Interaction 
B. Dipole-Aspartate Interaction 
C. Unknown Effect 

3ens:

R.M. Parrish, C.D. Sherrill, D. Sitkoff and D. Cheney, In Progress, (2015).
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3ens-Cl: Geometry

3ens-Me: -55.00 kcal mol-1

Difference: -2.46 kcal mol-1 Color Scale (Top):
-5 kcal mol-1 (Favors Cl)

+5 kcal mol-1 (Favors Me)

0 kcal mol-1 ��Eint

3ens-Cl: -57.46 kcal mol-1 Color Scale (Bottom):
-20 kcal mol-1

+20 kcal mol-1

0 kcal mol-1 �Eint
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Color Scale:
-5 kcal mol-1 (Favors Cl)

+5 kcal mol-1 (Favors Me)

0 kcal mol-1 ��Eint

Cl Enhancement:  
Total:             -2.46 kcal mol-1
Electrostatic: -2.32 kcal mol-1

Cl enhancement comes from electrostatic interactions 
with peptide backbone!



Summary	
  and	
  Outlook

• Par::oned	
  SAPT	
  Methods:	
  
–Par::ons	
  interac:on	
  energy	
  contribu:ons	
  to	
  pairs	
  of	
  fragments	
  
–Uses	
  rigorous	
  SAPT	
  methodology	
  
–Developed	
  in	
  A-­‐SAPT,	
  F-­‐SAPT,	
  I-­‐SAPT	
  flavors	
  

•Applica:on	
  to	
  S1	
  Pocket	
  in	
  Factor	
  Xa:	
  
–Results	
  are	
  not	
  in	
  line	
  with	
  standard	
  intui:on	
  
–Pairwise	
  contacts	
  from	
  all	
  over	
  the	
  pocket	
  are	
  significant	
  
–Pep:de	
  bond	
  dipoles	
  may	
  be	
  very	
  important	
  
–Unexpected	
  effects	
  are	
  largely	
  electrosta:c	
  in	
  nature	
  

•Outlook:	
  
–Chemical	
  intui:on	
  cannot	
  be	
  trusted	
  
–SAPT/F-­‐SAPT	
  can	
  help!
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  Results
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3ens: F-SAPT Contributions 3ens: F-SAPT Partial Sums
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PDB ID 2bok: Factor Xa + Ligand:

Antistasin:
(Mexican Leech)

Many others (~220 publicly available!)

2bok:(Diederich, 
ETH)

Molecular Recognition

Quantification of Cation–p Interactions in
Protein–Ligand Complexes: Crystal-Structure
Analysis of Factor Xa Bound to a Quaternary
Ammonium Ion Ligand**

Kaspar Sch!rer, Martin Morgenthaler, Ralph Paulini,
Ulrike Obst-Sander, David W. Banner,* Daniel Schlatter,
J"rg Benz, Martine Stihle, and Fran#ois Diederich*

In our molecular recognition studies, aimed at quantifying the
energetics of individual protein–ligand interactions,[1] we
became interested in exploring cation–p interactions[2,3] in
the D-pocket of thrombin, a central serine protease in the
blood coagulation cascade. The bottom of this hydrophobic
pocket is lined by the indole residue of Trp215 (Figure 1), an
aromatic amino acid side chain frequently involved in cation–
p interactions in biological systems.[4] To probe this inter-
action, we prepared the tricyclic inhibitors[5] (! )-1 and (! )-2,
predicted by computer modeling[6] to position a quaternary
ammonium ion and an uncharged tert-butyl group above the
indole ring of Trp 215.

The synthesis of (! )-1 started with the 1,3-dipolar
cycloaddition between maleimide 3, aldehyde 4, and l-proline
(5) to give (! )-6, which was transformed into amidinium salt
(! )-7 using a Pinner-reaction (Scheme 1, for full experimen-

[*] Dr. U. Obst-Sander, Dr. D. W. Banner, Dr. D. Schlatter, Dr. J. Benz,
M. Stihle
Pharma Division
Pr!klinische Forschung
F. Hoffmann-La Roche AG
4070 Basel (Schweiz)
E-mail: david.banner@roche.com

Dr. K. Sch!rer, M. Morgenthaler, R. Paulini, Prof. Dr. F. Diederich
Laboratorium f"r Organische Chemie
ETH H#nggerberg
HCI, 8093 Z"rich (Switzerland)
Fax: (+ 41)1-632-1109
E-mail: diederich@org.chem.ethz.ch

[**] This work was supported by a grant from the ETH Research Council
and by F. Hoffmann-La Roche, Basel. We thank Olivier Kuster, Dr.
Thomas Tschopp, and Dr. Alain Gast for the biological assays as well
as Dr. Michael Hennig for his support of this work.

Supporting information for this article is available on the WWW
under http://www.angewandte.org or from the author.

Communications

4400 ! 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/anie.200500883 Angew. Chem. Int. Ed. 2005, 44, 4400 –4404
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Color Scale:
-5 kcal mol-1 (Favors Cl)

+5 kcal mol-1 (Favors Me)

0 kcal mol-1 ��Eint

More	
  Difference	
  F-­‐SAPT	
  Results

2cji: -1.30 kcal mol-1

Ki = 6 nM vs. 109 nM: 18x 

2w26: -0.71 kcal mol-1

IC50 = 0.7 nM vs. 4.2 nM: 6x 

3ens: -2.46 kcal mol-1

IC50 = 2.4 nM vs. 118 nM: 49x 

2pr3: -1.28 kcal mol-1

(IC50 = 36 nM vs. 389 nM: 11x)
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Toluene:

Dipole: +0.42 Debeye

Chlorobenzene

Dipole: +2.07 Debeye

Color Scale:
-0.05 H q-1

+0.05 H q-1

0.00 H q-1 ��Eint
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3ens: -2.46 kcal mol-1

2pr3: -1.28 kcal mol-1 2w26: -0.71 kcal mol-1

2cji: -1.30 kcal mol-1

Geometries
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2) Identify two key occupied bodies in 
each many-body interaction term.

ra bs

1) Allow the many-body interaction to 
occur naturally (SAPT0/jDZ for now).

4) Analyze and visualize results.

}

3) Perform key two-body occupied 
summations with local quasiparticles.

{

R.M. Parrish and C.D. Sherrill, J. Chem, Phys. 141, 044115 (2014).
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2CJI Cl - Tyr228:

2CJI Me - Tyr228:

(kcal 
mol-1) F-SAPT Cut-Cap

Me -1.04 -1.52

Cl -1.33 -1.37

Diff -0.29 +0.15

SAPT0/jun-cc-pVDZ Results:
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2CJI Me - Asp189:

2CJI Cl - Asp189:

(kcal 
mol-1) F-SAPT Cut-Cap

Me -13.05 -14.10

Cl -12.05 -13.16

Diff +1.00 +0.94

SAPT0/jun-cc-pVDZ Results:
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(kcal 
mol-1)

Total 
(F-SAPT)

Elst 
(F-SAPT)

Elst 
(Charges)

Me -38.84 -21.26 -32.23

Cl -40.14 -22.89 -33.12

Diff -1.30 -1.63 -0.91

SAPT0/jun-cc-pVDZ Results:

2CJI Me - S1 Pocket:

2CJI Cl - S1 Pocket:
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  F-­‐SAPT	
  vs.	
  Cut-­‐Cap	
  Totals
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F-SAPT: -2.46 kcal mol-1 Cut-Cap: -1.21 kcal mol-1
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