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Abstract: The interaction geometries of the four tryptophan (Trp) side chains in the 12-residue designed
pB-hairpin trpzip2 are investigated using all-atom explicit-solvent molecular dynamics simulations. The
experimentally observed edge-to-face (EtF) pairwise interaction geometries are stable on a time scale of
10 ns. However, removing the electrostatic multipoles of the Trp side chains while retaining the dipoles of
the side chains’ NH moieties induces a conformational change to a geometry in which three of the four
side chains interact in a parallel-displaced (PD) manner. Free energy simulations of the Etf to PD
conformational change reveal that, with the side chain multipole moments intact (+MP), the EtF conformation
is preferred by 5.79 kcal/mol. Conversely, with only the dipole moments of the side chain NH moieties
intact (—MP), the PD conformation’s free energy is more favorable by 1.71 kcal/mol. In contrast to energetic
similarities for Trp side chain—water electrostatic and Trp side chain—Trp side chain and Trp side chain—
water van der Waals, +MP Trp side chain—Trp side chain electrostatic interactions are more favorable by
4.21 kcal/mol in the EtF conformation, while in the —MP case the EtF and PD conformations’ Trp side
chain—Trp side chain electrostatic energies are nearly identical. The results highlight the importance of
electrostatic multipole moments in determining aromatic—aromatic interaction geometries in aqueous
biomolecular systems and argue for the inclusion of this physics in simplified models used for protein—
ligand docking and protein structure prediction, possibly through a truncated Coulomb term between aromatic
moieties.

Introduction a b c

The interaction between a pair of aromatic moieties is widely
recognized to be important in biomolecular systémdhis
interaction, though weak relative to hydrogen bondifdias = =
been found to be quite prevalent in structural studies of préteins == S ==
and proteir-ligand complexe8.Extensive experimental inves- ==
tigations of model systems have shown that the aromatic _ L i .
aromatic interaction is both favorable and specific, not only in Figure 1 Benzene d'mer_mferacnon geometries: (a) edge-to-face, (b)
parallel-displaced, (c) face-to-face.
organic solvents but also in water, and help to provide a rationale
for the observations in structural studfes. displaced geometry (Figure 1b) is also a favorable conforma-
The benzene dimer has served as the canonical model Syste,ﬁ'on.s Recent high level ab initio quantum chemical calculations
for studying aromatie-aromatic interactions. Early work em-  On this system provide accurate energetic insight into the
p|oy|ng molecular beam Spectroscopy |mp||ed the favored gas- Competition between edge-to-face and parallel-displaced interac-
phase conformation of benzene to be an edge-to-face dimertion geometries: in gas phase, the two conformations are
(Figure 1a). Subsequent quantum chemical calculations revealed essentially isoenergetia g = 0.02 kcal/molf and with a nearly

that, in addition to the edge-to-face geometry, the parallel- flat energy profile for interconversion (barrier0.2 kcal/mol)?
A survey of pairs of aromatic side chains in high-resolution
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survey finds only a 0.50.75 kcal/mol preference for parallel-
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displaced PhePhe side chain pair geometries using 300 K as determining aromatiearomatic interaction geometriéss well
the temperature value for converting database statistics to freeas a lack of simulation studies on actual biomolecular systems
energies; this energy range would be downward revised by of known structure exploring the importance of the multipole
another 67% using a temperature of 100 K, a common moments of the aromatic amino acid side chains. Perhaps
temperature used in high-resolution X-ray crystal structure reflecting this, many simplified models used in proteliyand
determination. There thus appears to be a good correlationdocking and protein structure prediction, while accounting for
between benzene dimer gas phase conformational energetics andonded interactions, volume exclusion, solvent effects, and
the observed geometries of PHehe side chain pairs. hydrogen bonding, lack terms which can be expected to capture
The favorable interaction geometries for the benzene dimer the specific, geometric nature of aromataromatic interactions.
represent a compromise between maximizing dispersion and To extend the simulation studies of aromataromatic
electrostatic interactiorfslf the dimerization were governed interactions to Trp side chain pairs and also to do so in the
purely by dispersion interactions, the conformation with a context of a real, experimentally characterized system, we have
maximum of intermolecular contact would be an energetic undertaken explicit-water molecular dynamics simulations of
minimum. However, the excess of negative charge on the the designed 12-residykhairpin “trpzip2.%°2°This so-called
electron-rich carbon atoms and the corresponding positive chargetryptophan zipper” has two pairs of cross-strand Trp side
character of the electron-deficient hydrogens preclude such achain-Trp side chain interactions, both of which assume edge-
direct face-to-face stacked conformation (Figure 1c) becauseto-face geometries, and is 1.3 kcal/mol stable in water at 298
of the intermolecular electrostatic repulsion. In contrast, both K. Owing to its small size and unusual stability, trpzip2 is an
the parallel-displaced and the edge-to-face conformations allow attractive system for computational studies, and prior simulations
favorable interaction between the benzene quadrupole momentsusing implicit solvent models have been used to characterize
This physics of compromise between dispersion and electrostaticits folding thermodynamics and kinetics and also for validation
interactions extends to more complex aromatic systems, for of peptide backbone force field parametérs?
example in the stacking of bases in DNA and RNA. In the present work, simulations with and without multipoles
Though exceedingly accurate, gas-phase quantum chemicaPn the Trp side chains were run so as to separate electrostatic
studies of aromatiearomatic interactions lack solvent effects, Multipole effects from dispersion and hydrophobic forces in
whereas aromatiearomatic interactions in biomolecules occur determining the Trp side chain interaction geometries. In both
in either an aqueous environment if solvent-exposed or an apolarc@ses the large electrostatic dipoles on the Trp side chain NH
solventlike environment if, for example, buried in the hydro- Mmoieties were maintained so as not to perturb canonical
phobic core or binding site of a protein. Early solvated molecular hydrogen bonding involving the side chains. Lack of the
mechanics studies employing Coulomb and Lenndahes electrostatic multipoles, which normally arise from the net
interaction sites on the carbon and the hydrogen positions neutral collection of partial charges on the Trp side chain
showed that, in aqueous solvent, benzene dimer interaction@romatic carbon and hydrogen atoms, induced a conformational
energies are attenuated relative to gas pk#déMore recent  change from the experimental edge-to-face geometry to parallel-
solvated molecular mechanics studies have gone beyond thedisplaced. Free energy calculations were used to quantitate the
benzene dimer to include amino agdaindo. atoms as well as relative preferences for the two conformations with and without
the hydroxyl moiety characteristic of tyrosine and have found Multipoles. Energetic analysis revealed that electrostatic mul-
that parallel-displaced conformations are free energy minima tiPole interactions between the Trp side chains are a major
for Phe-Phe, Tyr-Tyr, and Phe-Tyr side chain pairs and are ~ contributor to the preferred edge-to-face side chain geometries
~1 kcal/mol lower in free energy than the edge-to-face despite the solvent-exposed nature of all four Trp side chains,
conformation, as opposed to the preferred edge-to-face geometrypuggesting that a term based on Coulomb’s law may be
of the solvated benzene dimérié Interestingly, a pair of  sufficient to account for aromaticaromatic interactions in
solvent-exposed cross-strand Phe residues in a desighait- simplified models employed in proteiigand docking and
pin peptide were found to assume an edge-to-face geometry inProtein structure prediction.
aqueous solverif, in contrast to what might be inferred from  Results and Discussion

these latter simulation studies. The seventh of twenty structures in the trpzip2 NMR
Despite the aforementioned computational studies and theensemble (PDB code 1lel) was randomly selected to serve as
widely accepted use of all-atom models in explicit-solvent the starting point for the all-atom explicit-water molecular
molecular mechanics simulations of biomolecular SySt@"nS ynan’ucs (MD) simulations. The pep'ude was solvated in a
there remains some debate about the importance of electrostatigryncated octahedron of water molecules such that a minimum
interactions relative to dispersion and hydrophobic effects in distance of 14 A separated the peptide from the edges of the
truncated octahedron, resulting in a system with a minimum
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15458-15463.
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4774,

(13) Linse, P.J. Am. Chem. S0d.992 114, 4366-4373.

(14) Linse, PJ. Am. Chem. S0d.993 115 8793-8797.

(15) Chipot, C.; Jaffe, R.; Maigret, B.; Pearlman, D. A.; Kollman, PJAAm.
Chem. Soc1996 118 1121711224,

(16) Chelli, R.; Gervasio, F. L.; Procacci, P.; SchettinoJVYAm. Chem. Soc.
2002 124, 6133-6143.

(17) Tatko, C. D.; Waters, M. LJ. Am. Chem. So@002 124, 9372-9373.

(18) Ponder, J. W.; Case, D. ARrotein SimulationsAcademic Press: San
Diego, 2003; Vol. 66, pp 2785.

dimension of 50 A and composed of the peptide plus 3183 water
molecules.
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US.A 2001 98, 5578-5583.

(20) Cochran, A. G.; Skelton, N. J.; Starovasnik, M.xoc. Natl. Acad. Sci.
U.S.A.2002 99, 9081.

(21) Yang, W. Y.; Pitera, J. W.; Swope, W. C.; Gruebele, M.Mol. Biol.
2004 336 241-251.

(22) Snow, C. D.; Qiu, L. L.; Du, D. G.; Gai, F.; Hagen, S. J.; Pande, V. S.
Proc. NatI Acad Sci. U SROO4 101, 4077 4082.
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Figure 2. Trp side chain partial charges:MP: with multipole intact.
—MP: without multipole.
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Figure 3. (a) G, atoms’ RMS fluctuations about average positions. (b)
RMSD with respect to starting structure vs time. The two time series with
larger values are all-atom RMSDs, and the two with smaller values are C
RMSDs. All-atom RMSDs are calculated after least-squares alignment of
all atoms; G RMSDs are calculated after least-squares alignment,of C
atoms.

To evaluate the effect of the aromatic Trp side chains’
multipoles on trpzip2 structure and dynamics, MD simulations
were performed with the Trp side chains’ aromatic electrostatic
multipoles intact +MP) and without these multipoles-MP).
Removal of the multipoles was accomplished by selectively

Table 1. Tryptophan Side Chains’ Average y1/y2 Values?

NMR

—76/102
178 99
—67/104
—175/-95

+MP

—63(9)/99(13)
—178(8) -96(14)
—66(8)/105(11)
—170(11)0(88)

-MP

—63(9)/90(15)
—174(9) -92(15)
—128(43)/50(50)
—110(54J36(79)

Trp2
Trp4
Trp9
Trpll

2 RMS fluctuations about mean values are in parentheses. Values with
RMS fluctuations> 20° are in bold.

multipoles has no effect on the secondary structure of this 12-
residueS-hairpin, and in both cases the backbone geometry is
very stable and rigid. The backbone stability and rigidity in the
+MP simulation is expected, as there is little variation in the
positions of the backbone atoms in the 20 models in the NMR
ensemble. The similar result for theMP simulation likely
reflects the fact that the Trp side chains, despite their lack of
multipoles, still protect cross-strand backbone hydrogen bonds
from exposure to solvent simply by virtue of their steric bulk.

The time courses of the-MP and —MP all-atom RMSDs
show significantly greater deviation from the starting conforma-
tion than the ¢ RMSDs (2.5 A compared to 0.5 A for,®nly)
(Figure 3b), implying motion in the amino acid side chains,
which are solvent exposed. This is in accord with the NMR
ensemble whose 20 structures’ non-Trp side chains show
considerable variability in their coordinates.

Unlike the side chains of the other residues, the four Trp side
chains in the 20 NMR models show a constancy of atomic
coordinates, with conserved edge-to-face interaction geometries
for both the Trp4Trp9 and Trp2-Trpll side chain pairs.
Extending the analysis of MD fluctuations about average
structures from gatoms to the Trp side chains reveals a marked
difference between the-MP and —MP cases, in contrast to
the similar simulation backbone dynamics and stability. The
—MP simulation shows large fluctuations about the average
values in both the; (N—C,—Cs—C,) andy. (Co—Cs—C,—

CsY) side chain dihedrals for Trp residues 9 and 11, whildP

has large fluctuations only in TrpLa. In both cases, the Trp
dihedrals with small fluctuations also have averagealues
that are close to the values from the NMR structure that serves
as the initial condition for the MD simulations. Also in both
cases, when a dihedral fluctuation is large, the deviation of the
average value of that dihedral relative to the starting NMR
structure is large (Table 1). This suggests that the calculated
fluctuations arise from conformational changes and not simply
from floppiness in the Trp side chains.

Tracking the relative geometries of the four Trp side chains
as a function of time confirms the presence of Trp side chain

setting to 0 atom-centered partial charges used in calculatingconformational changes in theMP simulation. Figure 4
the molecular mechanics electrostatic energy and forces (Figureillustrates the progression of the interplanar angles between the

2). The Trp side chains’ NH dipoles were maintained in the
—MP simulation, and thus the side chains’ abilities to form
canonical hydrogen bonds were unaltered.

C. atom fluctuations about average coordinates for the 10-
ns-+MP and—MP MD simulations are nearly identical (Figure

side chains of Trp4 and Trp9, Trp9 and Trp2, and Trp2 and
Trpl1, using the —N.! and G?—Cs? bond vectors to define
the side chain planes. TheMP data show that the Trp side
chains retain edge-to-face interaction geometries for the full 10
ns. Conversely, 2 ns into theMP simulation, the Trp4 Trp9

3a). Unremarkably, the largest fluctuations are seen in Asn6 and Trp9-Trp2 interplanar angles change so that Trp9 and Trp2

and Gly7, which form the hairpin turn, and in the terminal
residues. From the time courses of thge RMSDs relative to
the NMR starting structure, the backbone geometry for both
the+MP and—MP simulations remains constant and very close
to the initial geometry for the duration (Figure 3b). On the 10-

become coplanar and Trp4 and Trp9 become nearly coplanar
for a 0.5-ns interval. These residues revert to their starting
relative geometries for a subsequent 1.5 ns, after which they
once again assume coplanar geometries for the remaining 6 ns
of the 10-ns simulation. The lack of Trp side chain multipoles

ns time scale, the presence or absence of Trp side chainin the —MP simulation also induces a conformational change

4670 J. AM. CHEM. SOC. = VOL. 127, NO. 13, 2005
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chains. The-MP structure in Figure 5 (denoted “PD” for the
parallel-displaced Trp side chain interaction geometries), an
average of snapshots from the 5.5-ns to 6.5-ns interval, illustrates
how changes in Trp9 and Trpl1 side chain conformations lead
1 ] to a set of Trp side chain interactions strikingly different from
————t——t————t— the NMR starting structure. The change in conformation of Trp9
1, ] leads to a loss of the edge-to-face T+ p9 interaction. This
conformational change has the additional effect of creating a
stacking interaction between Trp9 and Trp2. The Trpll side
chain motion leads to conversion of the TrpRrpll edge-to-
face interaction geometry to a parallel-displaced geometry. Thus,
the net effect of the removal of the Trp side chain multipoles is
a loss of two pairwise edge-to-face aromatic interactions and
the creation of a stacked geometry involving three of the four

180
120
60

0/180 ——
120

60
0/180 L

120 -

60

side chain / side chain angle (degrees)

O " " " PR " PR Y " "
0 2 4 6 8 100 2 4 6 8 10 Trp side chains.
time (ns) The secondary structure is constant and the same in both the
Figure 4. Trp side chair-Trp side chain interplanar angles vs time. +MP and—MP simulations, and hence possible Trp side chain

geometries are similarly constrained for both because of the
fixed relative positions of the £and G atoms. Positional
constraint from the backbone is therefore not the determining
factor for Trp geometries in this system, unlike in a study of
pairwise interactions of Phe and Tyr side chain analogfes.
Rather, simple alteration of thg andy, dihedrals for two of
the four residues is possible and is sufficient to transform the
experimentally observed edge-to-face interactions to a stacked
geometry but is precluded by the Trp side chain multipoles. In
contrast to the importance of the Trp side chains’ multipole
moments in preserving the edge-to-face geometry, the side
chains’ NH dipoles cannot by themselves, either through
in the Trp2-Trp11 side chain interaction. During the 3-ns to Peptide-peptide or peptidesolvent electrostatic interactions,
4-ns and the 5-ns to 7.5-ns intervals, this pair also assumes dPreserve the correct geometry. In both structures in Figure 5,
coplanar geometry. sol\{ept exposure of t.he Trp side chgins’ NH moieties is

Figure 5 contrasts the coplanar parallel-displaced Trp side Sufficient to satisfy their hydrogen bonding potential.
chain geometries induced by a lack of multipoles in tHdP Further simulations were undertaken to estimate the free
simulation with the edge-to-face geometries in thé/P energy change associated with the EtFPD conformational
simulation. The+MP structure (denoted “EtF” for the edge- change for both the-MP and the-MP systems. To effect the
to-face Trp side chain interaction geometries) is an average of conformational transformation, all Trp side chain atoms (includ-
snapshots from the 0.5-ns to 3.5-ns interval, and the Trp sideing Cs and H; atoms) were duplicated, one set of duplicates
chain geometries of this average are equivalent to those of theassigned to a set “X,” the other assigned to a set *Y,” and the
NMR starting structure. By 0.5 ns into theMP simulation, rest of the system (nonduplicated atoms) assigned to a set “Z.”
the all-atom RMSD has reached a plateau, while at 3.5 ns Trp11The energies for XZ and Y—Z interactions were scaled by
undergoes a change j» such that it becomes more solvent 0.5, the energies for XY interactions were set to 0, and the
exposed, which accounts for the large fluctuation in this dinedral energies for X-X and Y=Y interactions were unaltered. The
(Table 1). Trp1l resumes its initial geometry for the 7-ns to NMR structure coordinates were assigned to nonduplicated
8-ns interval and assumes its alternate solvent-exposed geometrpeptide atoms, and after least-squares alignment,cdt@ms,
in the 8-ns to 10-ns interval. As apparent from Figure 4, the set X coordinates were assigned from average structure EtF and
alternate solvent-exposed geometry retains the near-perpendicuset Y coordinates from average structure PD. The hybrid peptide
lar angle between the Trp2 and Trp11 side chain planes, andwas then energy minimized with and without Trp side chain
the several interconversions experienced by Trp11 suggest it ismultipoles, and the resultant X and Y coordinates defined the
in rapid equilibrium between the published NMR structure and end points for the EtF~ PD conformational changes for the
a more solvent-exposed conformation. The mobility of the Trp11 +MP and—MP cases, respectively.
%2 dihedral does not compromise the near-perpendicular Trp  Intermediate hybrid conformations were constructed to span
side chain interplanar angles, which are maintained for the entirethe endpoints of the Et/= PD conformational changéy values
10 ns. were calculated for each Trp’s twodihedrals such thaly =

In the —MP simulation, though only the Trp9 and Trpki1 (" — x*)120. The X coordinates for hybrid conformation 1 were
andy, dihedrals have average values deviating from the NMR those of the EtF endpoint, and the Y coordinates were
starting structure and large fluctuations about these averagedetermined by constraining X atoms’ as well as Trpabhd N
values, the conformational changes in Trp9 and Trp11 that areatoms’ coordinates, restraining the Y set'values toyt* +
the basis for these average values and fluctuations have a largéy and minimizing the peptide. The X coordinates for confor-
effect on the overall interaction geometries of all four Trp side mation 2 were those of the Y coordinates for conformation 1,

+MP ("EtF") 4 -MP ("PD")
\9 ¢y
W

Figure 5. Average structures from-MP and—MP trajectories.
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+MP,  +5.79 (0.18) kcal/mol >+|v|P,

EtF PD
-5.22 (0.05) -12.62 (0.03)
-5.87 (0.05) -13.78 (0.03)
Figure 6. Hybrid Trp residue used in EtF PD conformational change
free energy simulations. V C D Y
-MP, )—MP,
and the Y coordinates for conformation 2 were determined by EtF -1.71 (0.19) PD

restraining the Y set'g values toy=" + 20y, constrai_ni_ng_ the Figure 7. Thermodynamic cycle for EtF- PD conformational changes
X set atoms as well as Trp,Gand N atoms, and minimizing  and+MP — —MP removal of Trp residues multipoles.

the peptide. Intermediates 3 through 19 were similarly con-
structed, and the Y coordinates for intermediate conformation chain atoms; however, the peptide’s rotational and translational
20 were the PD endpoint coordinates. In #helP case, because  contributions to the partition functions of the solvated EtF and
of a large distance between the X and Y coordinates for one PD conformations are expected to be nearly identical and thus
Trp residue that resulted during minimization from an unfavor- cancel in calculating the free-energy change for the-£tPD
able electrostatic interaction between two proximal hydrogens, transition.
two conformations, 7a and 7b, were constructed to split the  The EtF— PD conformational change for theMP system
conformational space originally spanned by conformation 7.  has an associatedA of —1.71 (0.19) kcal/mol (the number in
For each of these intermediate hybrid conformations, an MD parentheses is the standard error of the mean), illustrating the
simulation was run with constraints on the X and Y sets’ gjight preference for stacking of the Trp side chains over the
coordinates using the scaled interaction energy scheme involvingn MR edge-to-face geometry in the absence of Trp side chain
sets X, Y, and Z described above. Subsequently, the free energyyitipoles. Though favoring PD, the free energy difference
changeAA associated with the X~ Y conformational change  petween EtF and PD is not very large. This fact is reflected in
for each hybrid conformatiori was calculated using the  Figyre 4 wherein the Trp11 side chain appears to be in dynamic
thermodynamic integration formalisth.Because free energy  oquilibrium between conformations parallel to and perpendicular
is a state function, the total free energy chadgeassociated 4 the Trp2 side chain. In contrast, the EtFPD transition for
With transforming the EtF endpoint to the PD endpoint is then 6 4+ mp system carries &5.79 (0.18) kcal/mol cost, showing
simply calculated as that the PD conformation is negligibly populated under labora-
. tory conditions due to relatively unfavorable interactions involv-
AA=S AA ing Trp side chain electrostatic multipoles.

& To validate theAA results for the+MP and —MP EtF —

PD conformational changes, a complete thermodynamic cycle
Figure 6 illustrates the hybrid Trp9 side chain from conformation was constructed by calculating charging free energies for the
1 and the conformational change undergone by this side chainEtF and the PD conformations and confirming that free energy
in going from conformation 1 to conformation 20. The very changes from one corner of the cycle to the other were path-
small difference in coordinates between the X and Y copies of independent. Conversion of theMP charges to the-MP
the duplicated atoms in each conformation, along with the charges was accomplished with linear charge scaling over 10
scaling of X-Z and Y—Z interactions, allows for a good steps{ = 0.95, 0.85, ..., 0.05) combined with thermodynamic
sampling of atoms in set Z, especially those belonging to water integration. Figure 7 illustrates the thermodynamic cycle, with
molecules interacting with the Trp side chains. A possible the horizontal legs showing the EtF PD free energies and
alternate approach to calculating the free energy change of thethe vertical legs showing the charging free energies. Because
EtF — PD conformational change would be to use umbrella the EtF and PD conformations for thHeMIP and—MP systems
sampling with restraining potentials applied to the Typ  were subtly different in their Trp geometries due to the inclusion/
dihedrals. The drawback to this approach is that, with 8 biases exclusion of Trp side chain multipoles in the initial minimization
(4 Trp residuesx 2 restrained dihedral angles/residue), unbi- stages of preparing these endpoints, charging free energies were
asing would require eight-dimensional b#tsan impractical calculated using both thetMP and —MP EtF and PD
proposition given limits on computer memory and CPU time. conformations; each of the vertical legs in Figure 7 shows both
We note that, with the present approach, the partition function values respective|y. From the thermodynamic Cyc|el the “hys_
of the system has been altered relative to the unconstrainedieresis,” defined adA(A — B — D) — AA(A — C — D), is
peptide due to the use of positional constraints on the Trp sideyery small, less than the thermal enef@¥ (0.6 kcal/mol at

(24) Simonson, T. IComputational biochemistry and biophysi&ecker, O. 298 K)' Sp_ecmcally, the hySterESIS lflsmg théaP endpomts
M., MacKerell, A. D., Roux, B., Watanabe, M., Eds.: Marcel Dekker: New  for calculating the EtF and PD charging free energies0s10

York, 2001; pp 169-197. . L
(25) Kumar, S.; Bpl?uzida, D.; Swendsen, R. H.; Kollman, P. A.; Rosenberg, J. (0'27) kcal/mol and using th?l\/ll_j endpomts is-0.41 (0-27)
M. J. Comput. Cheml992 13, 1011-1021. kcal/mol. The small hysteresis gives confidence that the-EtF
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Table 2. Energy Difference Decomposition for the EtF — PD Conclusion
Conformational Change, AE = [Elpp — [Elgr
+MP -MP The present study demonstrates the importance of electrostatic
vdW  AE(Trp side chair-water) 2.27(0.07)  2.91(0.08) multipole moments in determining the edge-to-face interaction
AE(Trp side chain-Trp side chain) —5.59(0)  —6.72(0) geometries of the two pairs of solvent-exposed Trp side chains
elec AE(Trp side chair-water) 2.43(0.15) 2.43(0.13) in the desi d 12 idu@hairpin trozin2. Th f
AE(Trp side chain-Trp side chain) 4.21(0) 0.70(0) In the designe -residy@hairpin trpzip2. € presence o

multipoles leads to a very large free energy preference for the
experimentally observed edge-to-face pairwise interaction
PD AA values are well converged and do not suffer from geometries, in large part because the electrostatic multipole
systematic error. interaction energies between these side chains favor the edge-
Table 2 lists the differences between the average energiesto'face conformation. The absence of these interactions leads

(AE’s) of the Trp side chairwater and Trp side chaifTrp to a modest preference for a parallel-displaced conformation,
side chain interactions in the EtF and PD conformations for One that optimizes Trp side chaifirp side chain van der Waals
both the+MP and—MP systems. The Trp side chaiffrp side interactions and decreases the peptide’s solvent-accessible
chain van der Waals (vdW) interactions, as measured by theSurface area.

Lennard-Jones molecular mechanics energy, favor the PD  The importance of the inclusion of electrostatic multipoles
conformation to the EtF because of the greater contact surfacein obtaining correct aromatiearomatic geometries in solvated

in the former, whereas Trp side chaiwater vdW interactions ~ molecular mechanics studies of peptides has heretofore been
favor the more solvent-exposed Trp side chain conformations assumed based on gas phase and solvated calculations on model
of the EtF structure. Likewise, the energy decomposition shows compounds. The current results validate the use of multipoles
Trp side chair-water electrostatic interactions to favor the more originating from partial-charge centers located on aromatic
solvent-exposed Trp side chain conformations of the EtF hydrogen and carbon atoms in explicit-water molecular dynam-
structure. The near-identity in the electrostatic Trp side chain jcs simulations by showing that their absence leads to loss of
waterAE's for the +MP and—MP systems suggests that it is  experimentally determined side chain conformations in a well-
primarily the side chain NH dipole that is better solvated in the structured peptide. It is also seen that direct electrostatic
EtF conformation, with a near-zero contribution to conforma- interactions between the solvent-exposed Trp side chains
tional preference due to electrostatic interactions between waterstrongly contribute to the observed geometry, contrary to
molecules and aromatic carbon and hydrogen atoms. In contrashossible expectations that solvent effects would minimize the

to the similarity in theAE values for the+MP and —MP rgje of direct side chainside chain electrostatic interactions.
systems for the previous three types of interactions, there is a

large difference between theMP and—MP cases with respect

to electrostatic components AE for Trp side chain-Trp side
chain interactions. In the absence of Trp side chain multipoles,
Trp side chair-Trp side chain electrostatic interactions play a
negligible part in determining the EtF vs PD conformational . i i o
preference, despite the presence of the large dipoles of the sid@roups n dru_ghke _molecules and of aromataromatic mtgrac- )
chain NH moieties. With the multipoles intact, the Trp side tions in protein tertiary structure cor.1tacts argues for thg mclgsmn
chain=Trp side chain electrostatic interactions in the EtF O.f a term to accgunt for aromafr(aromanc'|nteract|ons n
conformation are more favorable by 4.21 (0) kcal/mol compared SiMPle models. Prior work suggests the functional form for such
to the PD conformation. Nearly 75% of the 5.79 kcal/mol free 2 {erm: of various molecular mechanics approaches, a 12-point
energy changeAA) for the +MP EtF — PD conformational model with Coulomb and Lenna-rrc.ﬂones centers gn all atoms
change is accounted for by Trp side chaifrp side chain was found to be the most promising for a force field approach
electrostatic multipole interactions, despite the solvent-exposed!© @ benzene diméf. The total interaction energy between two
nature of the four Trp side chains. Additionally, repulsion aromatic moieties decays much more rapidly than the underlying
between side chain electrostatic multipoles in thIP PD pairwise Coulomb interaction between partial charges, which
conformation accounts for the 1.13 kcal/mshAE in the Trp independently decay asrlbecause it is an interaction between
side chain-Trp side chain vdW interactions by preventing the Multipoles of an order greater than 1, not point charges. As an
same degree of favorable close-contact dispersion interactions®xample, the quadrupet@uadrupole interaction characteristic
as in the—MP PD conformation. Finally, we note that the values ©Of a benzene dimer decays asr3)(This rapid decay suggests

in Table 2 do not sum to the values in Figure 7. This is for two Coulomb’s law with truncation at-7 A as a reasonable
reasons: Table 2 does not show values for wateater approximation, with possibly some empirical scaling of partial
interactions (large fluctuations in the energy of this interaction charges to account for environmental effects in a mean-field
type preclude the collection of meaningful statistics on the time fashion. Inclusion of such an energy term may therefore be
scale of the simulations), and the Table 2 values are averageuseful in situations wherein aromatiaromatic interactions are
energies and do not account for entropic contributions, in expected to be important and where rigor must be balanced with
contrast to the Figure 7 values, which are free energies, andspeed of computation.

therefore include entropic contributions and are equivalent to
the reversible work at constant temperature and volume. (26) Smith, G. D.; Jaffe, R. LJ. Phys. Chem1996 100, 9624-9630.

Due to the resource-intensive nature of explicit-water mo-
lecular dynamics simulations, simpler models are attractive in
situations where extensive sampling is required, such as in
docking small molecule inhibitors to macromolecular targets
and in protein structure prediction. The prevalence of aromatic
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Methods a Gaussian distributiGhevery 500 dynamics steps during the 100-ps
equilibration phase, and subsequently during the production phase using
the Nose-Hoover metho#? with a thermal-piston mass of 1000 kcal

mol~! p£. The equations of motion were integrated using the “leapfrog”

The CHARMM22 all-atom force fielfl with a grid-based term for
improved peptide backbone energetié¢dvas used in conjunction with
a modified version of the TIP3P water modef! Periodic boundary alogorithn?® with a 2-fs time step.
conditions were employed, atom-based force shiffingth a 12-A Free Energy Simulations. The protocol for the free energy
cutoff was applied to electrostatic interactions, an atom-based switching simulations was the same as the above molecular dynamics protocol
functior?® was applied in the interval between 8 and 12 A to smoothly  ith the following exceptions: simulations were done at constant
truncate LennardJones interactions, and a 14-A atom-based pair list ygojume using average volumes calculated from the 16-MP and
was maintained and updated heuristically. SHAK®as used to —MP MD and were 96 731.99%and 96 732.15 A respectively; the
constrain all bonds to hydrogen atoms at their equilibrium lengths and «e|ocity Verlet” integratof was used; Trp side chain atom coordinates

to maintain rigid water geometries. All simulations were performed were constrained; and data were collected every 20 integration steps
with the CHARMM software®® Trajectories were visualized, and three- (40 fs). Prior to initial minimization, any water molecules overlapping

dimensional figures prepared using the VMD softw#re.

Molecular Dynamics. Following 1000 steps of steepest descent
minimization$® the system was equilibrated for 20 ps with harmonic

peptide atoms were randomly displaced into the bulk solvent, and all
simulations had 3183 water molecules. For the conformational change
free energy calculations, each window had a 1-ns production phase,

restraints on peptide heavy atom positions, followed by another 80 ps and for the charging free energy calculations, each window had a 0.5-
of unrestrained equilibration. Data for analysis were collected every ns production phase. Average energies were calculated from 6-ns
500 integration steps (1 ps) from a subsequent 10 ns of production trajectories of the+MP and —MP EtF and PD conformational
molecular dynamics. Pressure was maintained at 1 atm using a Langevirendpoints. Standard errors of the mean were calculated using data from
pistor?” with a piston mass of 100 amu, a collision frequency of 10 100-ps blocks and confirmed with estimates of the statistical inefficiency

ps?, and a piston bath temperature of 298 K. The simulation

of the simulationg? Bonded energy terms were excluded in the

temperature was maintained at 298 K using velocity reassignment from thermodynamic integration for the-MP and —MP EtF — PD
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conformational changes; average bonded energies from the unrestrained
MD simulations showed that the EtF and PD conformations had
identical bonded energies to within 0.39 kcal/mol.
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