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We use path integral molecular dynamics to study the effect of nuclear tunneling on the structure, fluctuations,
and energetics of tryptophan in water. Tryptophan is important as a spectroscopic probe; it can also serve as
a miniature model of a protein, possessing charged, polar, hydrophobic, and aromatic groups, hard and soft
degrees of freedom, and conformational heterogeneity around its dihedral angles. At room temperature, nuclear
tunneling increases the fluctuations of hard internal degrees of freedom by a factor of approximately 2; dihedral
fluctuations are not affected. Water structure is weakened, and the solvation energies of the amino, carboxyl,
and indole groups change by-2 kcal/mol. Solvation energies and free energies of the 1La and 1Lb excited
states were analyzed, using semiempirical and ab initio atomic charges, and a free energy perturbation approach.
The dielectric relaxation free energy, from Marcus theory/,isf the dielectric relaxation energy, for a wide

class of systems; this is used to relate the free energy results to experimental Stokes shifts. CNDO/S charges,
with the classical ground state simulations, predict a 5.5 kcal/mol red shift for 1La, a large solvent broadening
and Stokes shift, in approximate agreement with experimental data for methylindole, with a smaller red shift,
solvent broadening, and relaxation for 1Lb. Nuclear tunneling increases the red shift, decreases the solvent
broadening, and decreases the solvent dielectric relaxation bg@®@, consistent with the weaker solvent
structure seen in the quantum simulations.

1. Introduction temperature. The magnitude of quantum effects on the soft
dihedral degrees of freedom was difficult to assess from these
simulations, because of the short simulation time (a few tens
of picoseconds). Also the convergence of the results with

binding in heme proteins, electron transfer reactions, and ) . .
. 4 - ; . respect to the quality of the path integral represenation (the
enzymatic proton transfér3 Path integral simulation tech- : : A ,,
number of quasiparticles, or “beads”, used per atom) was not

nigues provide an increasingly viable approach to study these. ;
effects®> Recent applications to complex systems include |nvest|gateq. ) ] ] )
studies of liquid watef;” solid and liquid neof; % buckey- _In this article, we report path integral simulations of a simpler
balls!tions in aqueous clusters and bulk wafets and electron biological molecule, tryptophan, in aqueous solution, in order
transfer at a metalwater interfacé® These studies all address {0 investigate the magnitude of quantum effects on both the
equilibrium properties, since ordinary path integral simulations hard and the soft dihedral degrees of freedom, as well as the
do not allow one to study dynamics in real time. Very recent convergence with respect to simulation length and number of
studies based on the centroid molecular dynamics method ofPeads. Indeed, tryptophan has in miniature something of the
Voth and co-workerd are beginning to explore actual quantum Complexity of a real protein: charged, polar, hydrophobic, and
dynamics!8 aromatic groups; both hard and soft degrees of freedom; and
Path integral simulations may eventually have applications conformational heterogeneity around its dihedral angles.
in other areas, such as simulated annealing and structure Tryptophan is also of considerable interest as a spectroscopic
refinement, due to the enhanced conformational sampling of probe in proteins. It can potentially be used as a microscopic
the multicopy model. Indeed, semiclassical, Gaussian wave-window into the static and time-dependent dielectric properties
packet dynamics have been used recently in a simulatedof proteins, which are quite difficult to study, both experimen-
annealing procedure to find the global energy minimum of van tally?#25 and theoreticalliy28 Yet, despite a considerable
der Waals and water clusters very efficienity An analogous amount of experimental and theoretical work, its spectroscopic
procedure could possibly be implemented with path integral properties are still not fully understood. Classical molecular
dynamics. Multicopy methods have been used recently in dynamics simulations have been performed on tryptoghan,
crystallographic structure refinement with a great deal of well as indole and methylindof€,32 and various spectroscopic

Nuclear tunneling is known to play a role in the dynamics
and function of several biological molecules, affecting ligand

succesg%21 properties calculated. However, the presence of two low-lying
Preliminary path integral simulations of the electron transfer excited states, of conformational heterogeneity, the possible
protein cytochrome were carried out several years &ja? formation of specific excited statesolvent complexes (exci-

demonstrating noticeable quantum effects on the equilibrium plexes), and the rapid time scale of solvent relaxation all
fluctuations of the hard internal degrees of freedom even at roomcomplicate studies of this apparently simple molecule. We
therefore also report calculations of spectroscopic properties,

:Corresponding authors. including the solvent broadening of the excitation energy
CNRS. . distributions, and the magnitude of the Stokes shift, and we

*Mt. Sinai School of Medicine. . -

S Yale University. assess the importance of quantum effects on these properties.
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TABLE 1: Ground and Excited State Charges agreement with the INDO/S methylindole charges of Muino and
CNDO/S 321G Callis®2 More importantly, they also led to good agreement

for the solvent contribution to the groune 1La excitation

energy and free energy, calculated with the Muino and Callis

ground— ground— ground— ground—

atonf ground 1LeP 1Lb 1lLa 1Lb A

charges. Below, we analyze the solvent contribution to the 1La
E% 8:238 8:888 8:888 70.8%7 70.(?1'216 and_l_l__b excitation energies and free energies usiljg both the
N —0.870 0.001 0.001 0.004 0.004 ab initio charges and the CNDO/S charges. Since these
HT3 0.480 0.000 0.000 —0.013 ~0.014 properties only depend on the charge shifts between ground and
C 0.870 0.000 0.000 —0.013 —0.001 excited state, it is permissible to use the CNDO/S charge shifts
OoT1  -0.800 0.002 0.001  —0.013 0.049 in combination with simulations done with ab initio charges.
812 :8-?38 8-823 8-883 o %-8503 0 &%Ol Indeed, the solvent contribution to the excitation enevgis
HA 0.270 0.001 0.000 0.000 "0.001 given byV = Y,0qV;, wheredq is the charge shift on atoin
CB —0.490 0.014 0.006 —0.008 0.002 upon excitation, and; is the solvent electrostatic potential on
HB1 0.270 0.009 0.004 —0.001 —0.007 atomi.
HB2 0.270 0.002 0.001 0.008 0.009 The semiempirical charge shifts will be seen below to give
ggz :8&?8 _(?'11555 (?'002806 0 8'8572 0 %‘205’4 much better agreement with experimental data for indoles. This
cD1 0.040 0112 0024 -0005 —0.041 is probably due to the low level of the ab initio calculations,
HD1 0.260 0.001 0.000 0.003 0.002 i.e., to the neglect of electron correlation effects, and the lack
NE1 —0.650 0.117 0.024 0.032 0.038 of polarization functions in the basis set. These limitations
HE1 0.440 0.000 0.000 0.008 0.006  especially affect the excited state charge distribution; they should
CE2 0.200 0028 —0.076 0.015 0.014 be much less serious for the ground state. Despite them, we
CE3 —-0.240 -—-0.081 —0.083 0.062 —0.056 .
HE3 0.260 0.000 0.000 —0.015 —0.011 shall report results for quantum effects calculated with both the
czZ2 -0280 —0.091 —0.044  —0.043 —0.030 semiempirical and the 3-21G charge shifts, in order to assess
HZ2 0.250 0.000 0.000 —0.008 —0.008 the sensitivity of the quantum effects to the exact partial charge
Cz3 —-0.270 0.042 —0.012 0.009 0.067 model.
gﬁg _8:328 _091()7()20 0%%030 _069887 :8‘832 The tryptophan bonded and van der Waals interactions were

HH2 0.250 0.000 0.000 -0009  —0.008 described by the Amber all-atom force fiéftl. Water molecules
were described by a modified version of the SPC water model,
including intramolecular flexibility?® This model has the
advantage of a very simple functional form, since intramolecular
flexibility is described by harmonic bond stretching and bending

through Marcus theory not only to the solvent relaxation energy terms. Van der Waals interactions between water and tryp-
but also to the solvent relaxation free energy in response totophan were treated with the LorentBerthelot combination
excitation—an occasionally neglected resgi334 rules?’

The next section describes technical details of the classical This force field was used without any reparametrization in
and quantum molecular dynamics simulations. Path integral the quantum simulations. Therefore, quantum effects are
molecular dynamics are used to explore equilibrium properties effectively included in the model twice, since the classical force
only: quantum dynamics are beyond the scope of this study. field is parametrized to include quantum effects implicitly. We
Results are presented in the third section; the final section is adisregard this problem here, since the primary purpose of our
discussion. An Appendix recalls the relation between the quantum simulations is to evaluate the effects of quantization
relaxation energy and free energy in response to a set ofby direct comparison to classical simulations performed in the

aCharges in atomic units from 3-21G calculati®iCharge shifts
upon going from ground to 1llLa excited state from semi-empirical
CNDO/S calculation® See atom labels, Figure 4.

perturbing charges. same conditions. In addition, the SPC water model does appear
to perform well in path integral simulatiorig$
2. Methods 2.2. Molecular Dynamics Simulations. Molecular dynam-

2.1. Partial Charges and Force Field. Partial charges for €S simulations were done with periodic boundary conditions,
tryptophan in its ground and first two excited states were including one tryptophan and 197 water molecules in a cubic
obtained from both ab initio and semiempirical calculati#hs. Cell of edge length 18.836 A. Long-range interactions were
The 3-21G basis set was used in the ab initio calculations, angShifted to zero @9 A separations, with an atom-based, minimum

the charges were obtained from natural orbital population image convention. The use of a cutoff represents a serious
analyses. The excited state charges were obtained fromlimitation3*-4t However, as the classical and quantum simula-

configuration interaction calculations, which included only single tions were carried out in the same conditions, we expect that
excitations. The calculations were carried out for three stable diréct comparison between the two sets of simulations will give
conformations of the ground state tryptophan, corresponding @ éasonable estimate of the magnitude of quantum effects,
to the threey; rotamers. The charges were quite similar for despite this simple cutoff treatment.
the three conformations. Therefore, the averages of these Langevin dynamics were performed, in which all atoms are
charges were used (Table 1) in the work presented here. Atomicsubjected to weak friction and stochastic forces, representing
charges obtained from Mulliken and natural orbital population thermal coupling to a solvent bath at 293 K. The equations of
analyses with several basis sets are quite similar. The ab initiomotion were integrated with a time step of 0.4 fs, which led to
ground state charges were used in all the simulations. very good energy conservation in microcanonical classical and
Semiempirical Mulliken charges for the ground and excited guantum simulations of tryptophan in vacuum. No attempt was
states were also obtained with the CNDO/S method, for both made to increase the efficiency by using a multiple time step
tryptophan and 3-methylindole, using a program by J. Reimers algorithm to accommodate the high-frequency bond vibrations
(University Sydney$¢ These atomic charges reproduce ac- for example. The list of nonbonded interactions was updated
curately the quantum mechanical dipole moments. The groundWhenever any atom had moved 0.25 A since the previous update.
— 1La charge shifts from this method were in reasonable Quantum simulations were run in the same conditions, using
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either 5 or 10 beads per atom. For details of the path integral
simulation method, readers are referreceimp ref 5.
Classical and quantum simulations were also carried out with

the Verlet algorithm (i.e., without friction and stochastic fOfCES) If 8V follows a Gaussian distribution, the higher order terms
for comparison. In this case, the system was maintained at 2930(5\8) are exactly zeré! and the solvent response is always
K by the temperature coupling method of Berendsen e¥al., |inear, regardless of the magnitude of the perturbatdh
which involves weak velocity scaling. Notice that it is the magnitude of the fluctuationswothat limits

Simulations were initiated with tryptophan in thga{iché€, the applicability of the free energy expansion and not the
perp conformation f; ~ +60°, y» ~ +90°), and this magnitude ofV itself.

conformation was retained throughout all the simulations.  |f the rms fluctuations oV are much larger thakT, the

Experimentally, thggauche state is favored in solutioff,with exponential formula becomes essentially useless. Insufficient
thegauche” about 0.5 kcal/mol less stable, and thensabout  sampling of the negative tail of the probability distributiafdV)
1 keal/mol higher. However, thgauche state is favored for  |eads to systematic error, which can easily be mistaken for
tryptophan residues in peptides and proténs. - _ dielectric saturation, due to its si§h. A multiwindow or
Preparation of the simulations involved extensive equilibration ymprella sampling strategy can then be used. Alternatively,
of the .ClaSS|C'aI SyStem with Verlet C!ynamlCS, followed by dat.a the linear response approximation (2) may app|y Bulk water
collection using both Verlet dynamics (600 ps) and Langevin s sufficiently polarizable that this approximation appears to give
dynamics (200 ps). The classical system served to initiate reasonable results for fairly large perturbations, well beyond
equilibration and production of the 5-bead quantum system with the [imit [BV2GY2 ~ KT ~ AFyy.
Verlet dynamics (700 ps); Langevin dynamics were started from 5 4. calculations with a Macroscopic Continuum Model.
the end of the quantum Verlet simulation and run for 400 ps. The contribution of solvent relaxation to the excitation free
Simulation of the 10-bead quantum system was started from gpergy of (classical) tryptophan was also calculated using a
the end of this last run; the starting bead velocities were modified macroscopic continuum mod&. Tryptophan is viewed as a
by adding a random component, drawn from a Maxwellian cayity in a solvent continuum, with each atom bearing a partial
distribution at 20 K. Langevin dynamics were run for 250 ps, charge equal to its charge shift upon excitation. The free energy
and the last 200 were ps used for analysis. Results are reportegy, this system, obtained by solving the Poiss@vltzmann
from the Langevin dynamics runs unless otherwise noted.  gquation, is equal to the solvent contribution to the dielectric
Calculations were carried out with the program X-PLOR,  re|axation free energy, in response to tryptophan excit&fion.
using only standard features. This program has a general facilityThe poissorBoltzmann calculations were done with the
for limiting atomic interactions to specific subsystems inavery program Delphf® 3-21G charges and Amber atomic radii were
flexible way (the so-called “constraints interaction” statement). used: the solute dielectric constant was set to 1, and the ionic
Thus the quantum simulations use multiple copies of each atomstrength to 0. Calculations were done wijth in the trans,

(multiple beads), linked by harmonic springs to form atomic ga,che, andgauche conformations (conformations minimized
necklaces. Interactions between beads (other than the harmonig, yacuum with no electrostatic interactions).

springs) are limited to beads of the same rank in different
necklaces. Harmonic springs between successive beads ineach Results
necklace are implemented in X-PLOR as pseudo-NOE restraints.
X-PLOR script files are available from the authors. 3.1. Comparison of Structural Properties from the

2.3. Excitation Free Energies and Dielectric Relaxation. ~ Quantum and Classical Runs. Solute and Seknt Intra-
We calculate the solvent contribution to the excitation free molecular Degrees of FreedoniThe number of beads in our
energies for the 1La and 1Lb excited states using thermodynamicmodel is too small to give high accuracy for the quantum bond
perturbation theor§®47 The shifts in the atomic partial charges fluctuations, and the fluctuations of bond angles involving
upon excitation are obtained from both ab initio and semiem- hydrogens (see ref 54, Discussion). For this, at least 20 beads
pirical calculations. We calculate only the contribution of Wwould be needed. Thus, our results for the hardest degrees of
tryptophan-solvent interactions to the excitation energy and freedom must be viewed as qualitative.
free energy. The contribution from intramolecular interactions ~ Both bond lengths and bond angles show appreciable quantum
is not expected to be accurately described by a simple, classicalgffects even at room temperature. For example, although the
atomic partial charge model. The solvent contribution to the water bond angle has an average value of°li@7all three
excitation free energiF, for a particular excited state, is given ~ simulations, its rms fluctuation is larger by a factor-e2 in

AF,, =— %Tabvzq + OOV )

by the perturbation formula the quantum than in the classical runs; the values &re 3
(classical), 8 (quantum, 5-bead), and® Tquantum, 10-bead).
AF = —KT Ineéxp(-V/KT)[ The fluctuations of bond lengths also increase by a factor of

~2 in the quantum runs. For example, the rms fluctuations of
= V[] — kT Inéxp(—oV/kT)[{ 1) the water G-H bonds are 0.02, 0.04, and 0.04 A for the

classical, 5-bead, and 10-bead runs, respectively. The average
whereV is the solvent contribution to the excitation energy, O—H bond length is 1.009 A in all three runs. The rms
oV is the deviation ofV from its mean, and the subscript g fluctuation of the G-H bond length in an isolated water
indicates an average over the ground state ensemble. Themolecule can be estimated from a quantum harmonic oscillator
second equality decomposes the perturbation free energy intomodefs to be 0.1 A. Thus the 5- and 10-bead estimates of
a static termAFg = V[, and a relaxation term\F,, = —kT 0.04 A are too small. In theory, the limited number of beads
Inexp(JVIKT)lg. The latter represents the dielectric relaxation in our model is expected to underestimate thetOfluctuations.
of the solvent in response to the excited state charge However, Koncet al>* showed that the probability distribution

redistribution?®=30 |t can always be expanded in powersif of a harmonic oscillator of this stiffness is fairly well fit by a
The lowest term gives the dielectric relaxation free energy in 10-bead model at room temperature. Thus, the underestimate
the limit of a small perturbation (smadlV), i.e., in the linear is probably mainly due to the parametrization of the force fiéld;

response limit: i.e. the classical effective force constant is too stiff. However,
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Figure 1. Tryptophan dihedral anglg, as a function of time shown as dial plots: (a) classical; (b) 5-bead; (c) 10-bead.
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Figure 2. Total number of waterwater hydrogen bonds of the 5-bead  Figyre 3. Oxygen-oxygen radial distribution functions from the
quantum system as a function of time, during the early equilibration ¢|assical, 5-bead and 10-bead simulations.

phase, and the final data collection phase, of the simulation.

the relative magnitude of the quantum effects should be fairly ~190 after 100 ps of Verlet dynamics. After several hundred
insensitive to this force constant. more picoseconds of equilibration with Verlet followed by
Bond lengths involving solute hydrogens behave similarly. Langevin dynamics, the number of hydrogen bonds averaged
For example, the rms fluctuations of the-M bond lengths of ~ OVer the last 200 ps is 268 10. This can be compared with
the amino group are approximately twice as large in the quantum 227 & 2 for the 5-bead run and 218 2 for the 10-bead run.
runs as in the classical: 0.03, 0.05, and 0.06 A for the classical, The results obtained from the 5-bead and 10-bead runs are quite
5-bead, and 10-bead runs. The averageH\bond length is similar, suggesting that the 5-bead representation has already
1.01 A in all three cases. The quantum effects on the bond accounted for most of the quantum effects on hydrogen bonding
lengths involving two heavy atoms are somewhat smaller. For duite well at the temperature where the system is simulated.
example, the rms fluctuations of the G&B bond lengths are ~ Quantum effects decrease the number of water hydrogen bonds
0.03, 0.04, and 0.05 A for the classical, 5-bead, and 10-beadformed.
runs. The average GACB bond lengths are 1.54, 1.54, and The water OG-0 radial distribution functions for the three
1.55 A, respectively. runs are shown in Figure 3. The results from the two quantum
In contrast to these hard degrees of freedom, the quantumruns are quite close and differ from the classical runs. The
effects on the soft dihedral degrees of freedom are negligible results are qualitatively similar to those obtained by Rosstky
at room temperature. For example, the averggangles are al. on pure watef;” except that we observe an exagerated water
50°, 52°, and 49 for the classical, 5-bead, and 10-bead runs. structure, with two extra peaks, corresponding to the third and
The corresponding rms fluctuations ark 8°, and 8, respec- fourth hydration shells. Some overstructuring of this water
tively. The differences between the three runs are within model was also observed by Telen®iral. 8 compared to rigid
sampling errors. The fluctuations of the angles (Figure 1) ~ SPC water. (A slightly different flexible SPC moélegave a
are somewhat larger than the angles, and it is harder to  structure very similar to rigid SPC, howev&y. Cutoff artifacts
reliably estimate them from the 200 ps 10-bead simulations can be seen at the cutoff separation and presumably also
carried out in this work. However, the classical and quantum contribute to the overstructuring. The presence of tryptophan,
fluctuations appear to agree within statistical error. with its charged and hydrophobic groups, probably also
Water Hydrogen Bonds and Structur@he number of water ~ contributes to the structuring. However, our results are similar
hydrogen bonds is one of the first quantities we monitor for to those of Rosskegt al. in that the quantum effecteducethe
the equilibration of the dynamics runs. A hydrogen bond is degree of water structure. This is consistent with the reduced
assumed to be formed when the distance between a hydrogemumber of hydrogen bonds in the quantum runs.
and its hydrogen bond acceptord® A and the @-H—0 angle 3.2. Solvation and Excitation Energies.Classical Simula-
is >135°. Figure 2 shows the number of water hydrogen bonds tion. The solvent effect on the tryptophan absorption and
as a function of time for the beginning of the equilibration emission properties is determined by the solvent contribution
process, which is carried out by Verlet dynamics with a weak to the tryptophan excitation energies. These are dictated by
coupling to a temperature bath. The number of hydrogen bondsthe charge redistribution upon excitation and by the solvent
is quite low,~100, after 30 ps. It then gradually increases to electrostatic potential on the tryptophan atoms. In the classical



Simulations of Tryptophan in Solution J. Phys. Chem. A, Vol. 101, No. 10, 199039

TABLE 2: Ground and Excited State Dipole Moments 0.15 )
molecule method state lul (D) [oul® (D) 0.125 1La /oa\a

tryptophan 3-21G ground 1393 2 o1 o °

tryptophan 3-21G 1lLa 13.21 2.30 = " ; .
tryptophan 3-21G iLb 13.26 1.41 § 0.075 ((lllolal?eg(rﬁy/ classical
tryptophan CNDO/S ground  14.90 S 005

tryptophan CNDO/S 1lLa 13.00 5.96 I

tryptophan CNDO/S 1Lb 14.39 1.53 0.025

indole experiment  ground 243 Ol=

indole experiment  1la 5%4 N N - _

indole experiment  1Lb 2:33.40¢ 20 -5 -0 5 0 >
methylindole  CNDO/S ground 1.15 -

methylindole ~CNDO/S ~ 1la 6.48 5.60 excitation energy (kcal/mol)
methylindole  CNDO/S 1Lb 2.66 1.72 0

methylindole  ref 32 1la 6.9 6.0 0.4 o

methylindole  ref 58 1La 5.4 2.7 1Lb & o

methylindole  ref 58 1Lb 249 0.8 203 ]

= uantum i
aDipole shift between ground and excited st&t€alculated from 2 02 (?O beads)O/ classical

atomic point charges.Values from wave function and from atomic |

point charges are within 1% of each oth&Reference 75¢ Reference & 0.1

59.fMuino Callis charge&? 9 Charges from Westbrook et #l. :

0

excitation energy (kcal/mol)

Figure 5. Probability distributions of the solvent contribution to the
excitation free energies, using the CNDO/S charge shifts. The solid
and dashed curves are Gaussian fits to the data.

excitation energylVlJ, determines the solvent red shift of the
absorption spectrum. In the 1La/CNDO excited state, the
solvent contribution to the excitation energy j = —5.5
kcal/mol. Interactions with the indole group contribut®.6
kcal/mol, with much smaller contributions from the amino,
carboxyl, and aliphatic groups. This compares favorably with
Figure 4. Tryptophan molecule, with arrows showing the dipole an experimental absorption red shift for 3-methylindole of
moment shifts associated with excitation (labeled 1La and 1Lb, —1500 cnt! = —4.3 kcal/mol® In the 1Lb/CNDO excited
respectively), from t_he CNDO/_S ca_lculation. The calc_ulated dipole state, the average excitation energy due to solventli§ kcal/
shifts are almost entirely contained in the plane of the figure. AtoMS | inieractions with the indole group contribute.1 kcall
are labeled with the atomic partial charge shifts associated with o o
excitation (upper numbers: 1La shifts; lower numbers: 1Lb shifts). MOl, with much smaller contributions from the other groups.
When no numbers are given, atoms have negligible charge shifts.  The g)épi“”;/ent?' 1Lb red shift for 3-methylindole95 cnt*
= —0.3 kcal/mol.

simulation, the electrostatic potential ranges frei8 e A1 Inthe 1La/3-21G and 1Lb/3-21G excited states, the carboxyl
on the amino hydrogens 100 e A% on the carboxyl oxygens.  group makes a surprisingly large contribution-e6 kcal/mol
The total tryptophan solvation energy 6f160.5 kcal/mol is to the solvation energy shift, with the indole group contributing
dominated by the carboxyl group-106.3 kcal/mol), with—18.7 just —1 kcal/mol. The average 1La/3-21G excitation energy
kcal/mol from the amino group;35.1 kcal/mol from the indole  due to solvent ist5.0 kcal/mol; the 1Lb/3-21G result 5.9
group, and just-0.3 kcal/mol from thex. andf3 carbon groups. kcal/mol. These results differ from the experimental methyl-

Charge redistribution in the ground and excited states is indole shifts. It may well be that the ab initio excited state
significant. In what follows, we report results based on charges are not particularly good, as discussed above (Methods).
semiempirical CNDO/S calculations and ab initio calculations However, because the experimental data are for indoles, which
at the 3-21G level. The ab initio charge shifts give generally lack the charged carboxylate and amino groups of tryptophan,
poorer agreement with experimental results for indoles. How- we cannot completely rule out a possible effect of the charged
ever, it is of interest to compare the magnitude of quantum groups on the red shift. There are a number of cases in proteins
effects estimated with the two charge sets, to test the sensitivitywhere the presence of negatively charged groups around
of the calculation to the exact partial charge model. The chargestryptophans appears to lead to blue-shifted spectra.
and dipole moments are given in Tables 1 and 2; the charge The 1La and 1Lb excitation energies fluctuate as a result of
and dipole shifts are also shown in Figure 4. The CNDO/S solute and solvent motions, and this is reflected experimentally
dipole moment shifts for tryptophan are 6.0 D (groundLLa) in the broadening of the absorption and emission spectra. The
and 1.5 D (ground— 1Lb). The results for methylindole are  probability distributions of the solvent contribution to the
similar. The ground and excited state dipoles agree ap- excitation energies are shown in Figure 5, from both the classical
proximately with experimental values for indole (Table 2). Our and the quantum simulations, using the CNDO/S charges. The
ab initio dipole shifts for tryptophan are just 2.3 and 1.4 D, distributions are approximately Gaussian in the thermally
respectively. For comparison, the Muino and Callis INDO/S acessible range, as are the electrostatic potentials on the
1La result for methylindole is also 6.0 3 while the INDO/S individual tryptophan atoms (not shown). The 3-21G charges
charges of Westbrook et #l.lead to smaller shifts of 2.7 and  also lead to similar shapes (not shown). The standard deviations
0.4 D, respectively. of the distributions from the classical simulation, using the

Experimentally, the solvent contribution to the average CNDO/S charges, are 3.5 kcal/mol (1La/CNDO) and 1.2 kcal/
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TABLE 3: Solvent Contribution to Excitation Free Energies?

charges state method AV/E] AF° —(L/&T)dved AF®
CNDO/S 1lLa classical —5.51(121) —14.6 -10.4 not available
CNDO/S 1lLa 5 bead —6.55 (121) —-13.1 -84 not available
CNDO/S 1lLa 10 bead —8.16 (67) —-14.0 -8.3 not available
CNDO/S 1Lb classical —1.57 (30) —2.8(4) —1.21 (20) -1.27
CNDO/S 1Lb 5 bead —1.74 (33) —2.6 (4) —0.86 (14) —0.85
CNDO/S 1Lb 10 bead —2.19 (33) —-3.0(4) —0.99 (12) —0.85
3-21G 1La classical 5.02 (24) 3.5(3) —1.17 (26) —-1.51
3-21G 1lLa 5 bead 4.53 (69) 3.3(8) —1.25 (33) —1.26
3-21G 1lLa 10 bead 3.83(18) 2.8(2) —1.01 (15) -1.07
3-21G 1Lb classical 5.91 (13) 5.4 (1) —0.48 (07) —0.50
3-21G 1Lb 5 bead 5.54 (57) 4.8 (6) —0.70 (17) —0.73
3-21G 1Lb 10 bead 5.27 (07) 4.8 (1) —0.42 (04) —0.46

aResults in kcal/mol. Statistical error in last digits in parenthesitentical to the static componetF; of excitation free energy:. Total
e 01 ) ; o . ;
excitation free energ\Fs: + AF.. 9 Linear response estimate of relaxation free enexByx. ¢ Relaxation free energy from exponential formula.
f Exponential formula not applicable due to limited conformational sampling.

mol (1Lb/CNDO). With the 3-21G charges, the widths are estimate deviations from the linear response. On the other hand,
smaller (1.2 and 0.8 kcal/mol, respectively). The experimental the 1La/CNDO excitation energy has fluctuations much larger
1La width for indole in glycerol (which includes both solvent thankT, so that the exponential formula is effectively useless.
and solute contributions) has been estimated to be 1046,cm However, the linear response approximation is still expected to
or 2.9 kcal/mol, close to our CNDO/S result. be accurate, based on studies of test charges and dipoles in water
Quantum Simulations The tryptophan solvation energies and other solvent¥.6!
decrease somewhat going from 1 to 10 beads; the results (in As an illustration of the convergence of the calculation, and
kcal/mol) are—160.5 (2.0) (classical);-161.4 (2.5) (5 beads), the linearity of the solvent response, we first consider excitation
and —163.0 (1.5) (10 beads) (standard errors in parentheses).to the 1La/3-21G state. For this state, the static part of the
Thus the ground state is more strongly solvated in the quantumexcitation free energy (eq 1) i8Fs; = VI = 5.02 kcal/mol.
simulations. Although the decrease is at the limit of the The total excitation free energy, from the exponential formula,
statistical error, it appears systematic and arises largely fromis AF = 3.51 kcal/mol. Therefore, the relaxation free energy
the hydrogen atoms. The group solvation energies from the in response to the excitation isFx = —1.51 kcal/mol. The
three simulations are all within statistical error, except for the second-order estimate of the relaxation free energy is
amino group, and the 5-atom cycle in the indole ring, whose —(1/2kT)[dV?[§ = —1.17 kcal/mol. The third- and fourth-order
solvation energies decrease by about 1 and 2 kcal/mol, free energy terms are estimated together te-Bel 2 kcal/mol.
respectively. Systematic error in the free energy associated with insufficient
The 1La and 1Lb excitation energies also decrease in thesampling of the tails of the probability distributiqu(dV) is
guantum simulations; for example, the 1La/CNDO results (kcal/ estimated to be small<0.1 kcal/mol). Systematic error
mol) are—5.51 (1.21) (classical)};-6.55 (1.21) (5 beads), and associated with inadequate sampling of conformational sub-
—8.16 (0.67) (10 beads). The 1Lb/CNDO results show the samestate& is expected to be small, since our simulations are
trend; the results are 1.57 (0.30) (classical);-1.74 (0.30) (5 restricted to just one of the major conformations of tryptophan
beads), and-2.19 (0.33) (10 beads). The classieall0-bead (g™, perp. Thus the uncertainty should be dominated by
energy decrease is larger than the estimated uncertainty. Thusfandom statistical error, estimated to be just 0.2 kcal/mol for
in the quantum simulations, the ground and excited states arethe first- and second-order free energy terms, and 0.3 kcal/mol
both solvated more strongly than in the classical simulation, for the total free energy. These results are consistent with the
but the effect is stronger in the excited states than in the groundpresence of little or not dielectric saturation, as expected for
state. The 3-21G excitation energies also show the samesuch a moderate perturbatiéh.
systematic trend (Table 3). With the CNDO/S charges, the 1La free energies (kcal/mol)
The quantum probability distributions of the 1La and 1Lb are much larger in magnitude, so that the perturbation method
excitation energies are shown in Figure 5. They are systemati-is less reliable, and the error bars notoriously difficult to
cally about 10% narrower than the classical ones. Thus theestimate. Indeed, we must rely on the linear response ap-
1La/CNDO widths are 3.5 kcal/mol (classical) and 3.2 kcal/ proximation, for which an a priori error estimate is difficult.
mol (10 bead). The 1Lb/CNDO widths are 1.2 kcal/mol We obtain a large relaxatiomFx = —(1/2kT)[dV?d = —10.4
(classical) and 1.1 kcal/mol (quantum). The 3-21G trends are kcal/mol. For 1Lb/CNDO,AF = —1.3 kcal/mol, with
the same. In what follows, this quantum narrowing will translate negligible dielectric saturation.
directly into a systematically smaller dielectric response of the  To compare the relaxation free energies to experimental
solvent, and is consistent with the weakening of the quantum Stokes shifts, we need to invoke the relation between dielectric
water structure already discussed. relaxation energies and free energies, discussed below, and in
3.3. Relaxation Free Energies.Classical Simulation The the Appendix. For the moment, we simply note that the
relaxation free energies are determined by the shape of therelaxation free energy, following 1La excitation of methylindole
probability distribution of the excitation energies (eq 1). For in water, can be estimated to be5.45 kcal/mol, in better
both the 1La and 1Lb states, the probability distribution is agreement with the CNDO/S result than the 3-21G result (Table
approximately Gaussian (Figure 5). Except for the 1La/CNDO 3).
case, the modest fluctuation&{2¥2 ~ KkT), and the ap- Quantum SimulationsThe quantum relaxation free energies
proximately Gaussian shape, imply that the dielectric responsediffer in a systematic way from the classical results, as did the
of the solvent will follow linear response to a good approxima- quantum excitation energies seen above (Table 3). For the 1La/
tion2051 Furthermore, sincédV232 ~ KT, the exponential CNDO state, the relaxation free energies (in kcal/mol)-at8.4
formula should be fairly accurate and can therefore be used to(classical),—8.4 (5 bead), and-8.3 (10 bead). Dielectric
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relaxation is weaker in the quantum case, consistent with the
weaker quantum water structure seen above. For the 1Lb/
CNDO state, the relaxation free energies aré.21 (20)
(classical),—0.86 (20) (5 bead), and-0.99 (12) (10 bead)
(standard errors on the last digits in parentheses).

With the 3-21G charges, the 1La relaxation free energies are
smaller (Table 3), but again, relaxation is weaker in the quantum
case. The same trend is seen using the Muino and Callis charge
shifts32 as well as the Westbroo&t al. charge shift® (not

shown). 0 2 4 6 8 10
The classical> 10-bead relaxation free energy decreases are

about equal to the standard error. However, considering the time (ps)

consistent trend for both excited states and four different chargerigure 6. Normalized correlation functiofi(t) (eq 4) of the 1La (solid)
models, along with the systematic variation of the hydrogen and 1Lb (dashed) excitation energies (based on the CNDO/S charge
solvation energies (above), and the systematic decrease in wateshifts).

structure, this relaxation decrease appears to be a real effect of . . L
the quantization. Linear response theory predicts that this function is equal to

the equilibrium correlation functio@(t) of the excitation energy
in the unperturbed, ground, stéft&s

0.8
0.6
0.4
0.2

correlation function C(t)

3.4. Relaxation Free Energies from a Continuum Model.
In addition to the molecular dynamics calculations described

above, we have calculated the contribution of solvent relaxation [BV(0) 6V(t)@
to the excitation free energies from a continuum model, both C(t) = 4)
as a consistency check and to aid in the interpretation of the @Vzlg

microscopic simulations. Indeed, disagreement would suggest

that local details of the molecular interactions are important. where the brackets represent an average over the ground state
The complete tryptophan excitation free energies cannot beensemble, andV represents the deviation of the excitation

calculated from the continuum model alone; an estimate of the energy from its mean. In the case of indole and 3-methylindole

vacuum excitation free energy would also be needed. In orderin water, the time dependence of the fluorescence red shift is

to compare the continuum model directly to the molecular believed to be dominated by dielectric relaxation of the sol¥ent.

dynamics results, we focus instead on the dielectric relaxation We can calculate the solvent contribution &/ and the

free energyAFy, in response to the excitation. Inthe continuum corresponding correlation functio@(t) function from our

model, the solvent contribution tAF,x is obtained from a classical simulations. (The calculation of quantum time-

Poissor-Boltzmann calculation that includes only the atomic dependent correlation functiohi$”is beyond the scope of this

partial charge shifts associated with the excitation. The work.)

electrostatic free energy to solvate the charge shifts is identical The normalized correlation functiddV(0) oV(t)[g/[0V?g is

to the dielectric relaxation free energfy. plotted in Figure 6 for the excited states 1La/CNDO and 1Lb/

Calculations were done witpy in the trans gauche, and ~ CNDO. The 3-21G charges lead to very similar results (not
gauche conformations. Our molecular dynamics simulations shown). The uncertainty in the correlation functions is esti-

were all done in thegauché state. The 3-21G charge shifts Mated, from the apparent relaxation times ef2lps and the
were used. total simulation length of 200 ps, to be abat15%°% Over

half of the relaxation occurs in the first 200 fs, and most of the
between—0.5 and—0.6 kcal/mol, depending on the conforma- remaining relaxation occurs within the next few picoseconds.
tion and the exact PoisseiBoltzmann protocol. The solvent The short-time portion of the curve (below 0.2 ps) cannot be

resolved further, because trajectory frames were only stored

relaxation free energy for 1Lb excitation+0.2 kcal/mol. For 0.2 £ . tal data for trvotophan i i abl
comparison, the Onsager free energy of the corresponding dipoleevery - Ps. EXxperimental data for fryptophan IS not avarable

in a spherical cavity is-1.4 (1La) and—0.4 kcal/mol (1Lb), on tTe femt_osecond time tscsle. (Ij—|owevetr, tre(;:enlt ultr?fastt
assuming a tryptophan radius of 3.2 A. The molecular dynamics spectroscopic measurements have demonstrated a 'arge temto-

results were—1.2 kcal/mol for 1La/3-21G ane-0.5 kcal/mol second solvent response .for other SOIUt.eS In .V\%tmd

for 1Lb/3-21G. While the PoisserBoltzmann results are molecular dynamics simulations of 3-methylindole in water also

smaller, the approximate magnitude and the trend of a smallerSU99est femtosecond solvent relaxafién.

relaxation for 1Lb agree with the molecular dynamics results.
3.5. Time-Dependent Solvent Relaxation.Immediately o ) )

after excitation, the solvent is in equilibrium with the ground ~ 4-1. Convergence and Limitations of the Simulations.An

state charge distribution, and the solvent contributig@) to obvious limitation of our quantum simulatipns is the m.odest

the nonequilibrium excitation energy is large. As the solvent Number of beads used. A theoretical analysis of the path integral

gradually adjusts to the excited state charge distribution, the 'epresentation of the harmonic oscill&toshows for example

solvent contribution/(t) to the nonequilibrium energy decreases  that for an oscillator of frequency 1000 cfa 5-bead model

and finally reaches its equilibrium excited state vallse As reproduces the room temperature energy and free energy within

the energy relaxation occurs, the red shift of the fluorescence 10% and 4%, respectively, while a 10-bead model reproduces

spectrum due to solvation increag&sThe time-dependent red ~ them within 4% and 1%, respectively. The probability distribu-

shift is characterized experimentally through the Stokes shift tion of the oscillator stretch is reproduced accurately with just
response functioft 5 beads. On the other hand, for a 3000 émscillator at room

temperature, the 10-bead model has 15% and 5% errors for the

V() — V. energy and free energy, respectively, while the 5-bead model

= ° (3) is even further off. Thus, our 10-bead representation should
V(0) — V. be accurate for the low and moderate frequency modes; for bond

The solvent relaxation free energy for 1La excitation varies

4. Discussion

S0
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stretching modes, and the bending modes involving hydrogens, dielectric
it should still be qualitatively reasonable although 20 beads or ~ relaxation
more would no doubt be needed to achieve high accucy. energy Vi,
The apparent convergence for the structural and energetic

| |
I |
| |
| )
| 1

properties examined above, going from 5 to 10 beads, suggests excited TTpciiceeeen

that the 10-bead model is reasonably accurate for many sate

purposes. AV e
Sampling is another problem in path integral simulations, due V/

to the coexistence of stiff quantum springs with soft collective ground T rlx

degrees of freedoff?. This problem may worsen as the number state ! ! solvent

of beads increases. Velocity reassignment schemes, or Langevin ! | configuration

dynamics algorithms, have been suggested to alleviaté&-this, R, R,

and indeed, we see marked improvement in sampling going from __ o )
the simple Verlet algorithm to Langevin dynamics (not shown). Figure 7. Schematic view of ground and excited state energy surfaces.

o I based on the small apparent error bars for the bropertie The horizontal axis represents a collective solvent coordinate along
verall, PP Properties, hich relaxation occurs. The dielectric relaxation energy following

examin?d, the aF_)prOXimate agreement between the Verlet andyycitation, corresponds to a solvent rearrangement Rgto R., and
Langevin dynamics, and the systematic nature of the quantumto a relaxation energyx. Relaxation following emission releases the

effects observed, it appears that with ) beads, and 250 same relaxation energ¥ix (we assume equal curvatures of the ground
400 ps of Langevin dynamics, we have achieved reasonableand excited state surfaces).
sampling. to excitation, which gives rise experimentally to the fluorescence

The choice of force field and treatment of long-range Stokes shift, is systematically about 20% smaller in the quantum
interactions is another difficulty. Existing force fields have been case. This effect also mimics a temperature increase, as did
parametrized without exception for classical simulations, and the water structure decrease. Convergence with respect to the
furthermore, the flexible water model used here has not beennumber of beads may be incomplete, so that with more beads,
extensively parametrized and tes#dA polarizable water dielectric relaxation would decrease further.
model might have been better suited to describe the interactions 4.3. Relation between Relaxation Free Energies and
with the tryptophan zwitterion. The truncation of electrostatic Experimental Stokes Shifts. The connection between the
forces used here also introduces some artif&cts,although solvation free energy and the experimental Stokes shift is
the solute studied is neutral. In particular, overstructuring of straightforward but has occasionally been neglected in the recent
the water may lead to an overestimate of the dielectric relaxation. literature. For example, Stokes shifts have sometimes been
Finally, accurate calculations of the excited state charges of incorrectly compared to the excitation free enefgjyn fact,
tryptophan are difficult, and different methods lead to different they are directly related to the relaxation energy in response to
energetics. Nevertheless, these approximations should affeciexcitation. Indeed, ifAv, and Ave are the absorption and
the classical and quantum simulations to about the same degreegmission shifts of the chromophore in solution relative to
so that we can still analyze the magnitude of quantum effects vacuum, the Stokes shiftAv, — hAve measures the dielectric
with reasonable confidence. relaxation of the environmet#3* in response to the charge

4.2. Quantum Effects on Structure and Energetics. redistribution upon absorption and emission (Figure 7). As-
Consistent with previous studies, we see that even at roomsuming the curvatures of the energy surfaces around the ground
temperature, quantum effects are significant for structure, and excited states are the same, the dielectric relaxation in
fluctuations, and energetics. The effect is especially noticeable response to the initial excitation, and that in response to the
on the water structure, with the average number of hydrogen subsequent emission, are equivalent. This is likely to be a good
bonds decreasing from 260 in the classical simulation to 218 approximation, as shown by detailed simulation studies of
in the 10-bead simulation. Kuharski and Rossgpinted out charged solutes in acetonitrile, a solvent somewhat less polar
that the decrease in water structure mimics (crudely) an increasghan watef! Therefore, the Stokes shift will be twice the
in temperature by about 50 degrees. The increased fluctuationg€laxation energy in response to excitation. This relaxation
of the hard degrees of freedom in the water and the tryptophan€nergy, in turn, is simply related to the relaxation free energy.
are similar to previous results for prote#tsyhile the soft Indeed, it is known for a wide class of systems, including
tryptophany; andy, dihedrals are not affected by the quantiza- continuum models, that the relaxation free energy is just half
tion, to within statistical errors. Thus the quantization is not the relaxation energs?333* Therefore, the Stokes shift is just
expected to directly affect the soft degrees of freedom in a 4 times the relaxation free energy:
protein molecule. Nevertheless, the energetic effects seen here hAv. — hAv. = 4F (5)
imply that quantization could have an indirect effect on protein a € rix
dihedrals, by modifying the relative stabilities of different  \ve have calculated only the direct solvent contribution to
dihedral wells. For example, in the present study, the quantiza-the relaxation free energy. Assuming intramolecular relaxation
tion decreases the solvation energy of the amino group by 1.1tg be small, or at least independent of solvent relaxation, we
kcal/mol and increases that of the carboxyl group by 1.5 kcal/ can directly compare our results to the experimental Stokes shift,
mol; in a protein environment, this type of effect would favor  typically measured by comparing fluorescence spectra in water
arrangements of the protein where the amino is more exposedand in a glassy environment. We should note, however, that it
and the carboxyl less so. may be problematic to consider the solvent relaxation separately

The energetic effects of increasing the bead number in our from the intramolecular relaxation. Indeed, in simulation studies
simulations are small but systematic, suggesting that they areof charged perturbations in the protein cytochrome very
real effects of quantization. The effect on the solvation energy large coupling was observed between dielectric relaxation by
and free energy is quite significant (Table 3). Quantization the protein and solven.
decreases both the ground and excited state solvation energies With this caveat, we can compare our results to experimental
by 1-2 kcal/mol. The solvent dielectric relaxation in response data for indole and methylindole in various solvents. The
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estimated emission shift for 3-methylindole in water is 3800 Quantum effects reduce the dielectric relaxation in all cases,
cm™1, or 10.9 kcal/moB2 This is half the Stokes shift, since  consistent with the weakening of solvent structure in the
absorption is not considered. It corresponds to a relaxation freequantum runs. Comparison is made to Stokes shifts in polar
energy of 5.45 kcal/mol. The Stokes shift of indole relative to solvents, by observing that the relaxation free energy isljust
hexane is 4.6 kcal/mol in acetonitrile and 9.1 in butafdf. of the Stokes shift, an occasionally neglected relation. The
The Stokes shift of methylindole relative to cyclohexane is 8.5 calculated relaxation, using the CNDO/S charges, appears larger
kcal/mol in acetonitrile and 9.1 kcal/mol in butarfél. These than experimental estimates for indole and 3-methylindole in
shifts correspond to relaxation free energies between 2.28 andvarious solvents. This may be due to coupling between
1.15 kcal/mol. intramolecular and solvent relaxation, found to be important in

Our calculated relaxation free energies range depend on thesimulation studies of proteirtS;or it may be due to overstruc-
charge model used (Table 3). The 1La/CNDO results+{8.3 turing of the liquid induced by the electrostatic cutoff. However,
10.4 kcal/mol) are larger than the methylindole experimental the magnitude of the quantum correction to the Stokes shift is
estimate in water (5.45 kcal/mol), but of the same order of likely to be more robust than the absolute value and appears to
magnitude. The INDO/S charge shifts of Muino and C&llis be significant, representing up to 2680% of the solvent
give very similar results. The 3-21G results are considerably relaxation free energy. Itis not at all clear that effective classical
smaller. This probably reflects a poor description of the excited potentials can accurately capture such large effects in all cases.
state (although our data do not allow us to completely rule out Therefore, approaches such as those used here should prove
a real decrease in the excited state solvation, going from useful for quantitative studies of dielectric relaxation in biologi-
methylindole to tryptophan, associated with the charged carboxyl cal macromolecules, including processes such as electron
and amino groups). transfer and photosynthesis.
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Nevertheless, a number of qualitative results are of interest. ! 33.34 . .
. . relaxation free enerd§-333*has occasionally been neglected in
Quantum effects on structure, fluctuations, and energetics are . .
the recent literature, we give a proof below.

significant, even at room temperature, as noted for other systems Consider a molecular system such as a folded protein, or a
?r)ée%rsr\g%urz :gtt r(;?rr:étl Aggg;%z Lhethsgﬁuc;r?ﬁgzl):i%fe;;f tryptophan molecule, perturbed by a set of external charges.
y y q theymay) o ¢ = (f1, f2, ..., fn), wheref; is the perturbing field produced

be affected indirectly, by changes in the solvation of alternate . L . . .
. . . on atomi. If the perturbation is small, it contributes a linear
conformations. While the method used did not allow us to study .
term to the energy, of the form:

the actual dynamics of the system, the increased range of
fluctuations available, and the decrease in water structure, will
have a significant effect on the local and collective motions of
a large solute such as a protein. With the path integral
methodology readily available in simulation packages, it will
become necessary to specifically parametrize force fields, as
more detailed quantum studies become routine.

The solvent relaxation in response to tryptophan photoexci-
tationlw.as also studied, using a Sif“p'e' atomic point charge a surface integral. However, the linear form\¢is retained,
description of the' grqund and excited states. We have not and the following arguments remain valid.
attempted to ot_)tal_n highly accurate excited st,ate charges, NOI | ot us define the instantaneous deviatiboof x by
to do fully quantitative calculations of tryptophan’s spectroscopic
properties. This would require more sophisticated tools, such
as hybrid classical/quantum simulatiéfthat take into account
the indole polarizability, possibly a polarizable water model, )
and multiwindow, free energy perturbation calculations. Our WhereX[g is the ensemble average xfin the absence of the
truncation of long-range electrostatic interactions also introduces Perturbing charges. Then
artifacts, seen for example in the radial distribution functions.

Because the relation between the relaxation energy and the

V= —xf 6)

wherex represents the structural relaxation of the system. For
simplicity, we can assume thats also a 8 vector. However,

the exact form ofx, and its physical nature, depend on the
system. In some cases (e.g., for a macroscopic dielectric
continuum), the dot product must be replaced by a volume or

X = X[ + ox (7)

Nevertheless, we obtain approximate agreement with experiment V= —Rgf - oxf
for a number of properties, and furthermore, quantum effects
should be fairly robust with respect to the exact charge shifts = Vetat T Vi (8)

and the use of a long-range cutoff. The distribution of excitation

energies is found to be nearly Gaussian in the thermal accessibléeNe shall see that the second term, dendtgd is precisely the
range, indicating a nearly linear dielectric response of the relaxation energy.

solvent, as noted by Levy et & for methylindole excitation. In the linear response regime, we have
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Ox= of 9)
wherea is the generalized susceptibility in responsétwhich

is a 3 x 3n matrix in this case, but can be an integral operator
in other cases (see below). The subscfiptepresents an
ensemble average in the presence of the perturbatidsow
assume that we introduce the perturbation gradually, scéling
by a coupling constarnt that varies gradually from 0 to 1. For
a particulard we have (with obvious notations)

V() = —AXJf — A0x-f

VI = — X[ — Ox-f

%’ﬂ = —gf — DX

—[XIgf — Af-af

OF ..
=

(10)

Notice that in the third equation, the first term on the right is a
constant, unaffected by the ensemble averagiig Integrating
the last equation fromk = 0 to A = 1, we have finally
F=—Qgf — "f-af (11)
The first term is the work to introduce the perturbing charges,
while constraining the system so that it cannot adjust; it
retains its unperturbed probability distribution. The second term
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