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Mechanisms of Tryptophan Fluorescence Shifts in Proteins

James T. Vivian and Patrik R. Callis
Department of Chemistry and Biochemistry, Montana State University, Bozeman, Montana 59717 USA

ABSTRACT Tryptophan fluorescence wavelength is widely used as a tool to monitor changes in proteins and to make
inferences regarding local structure and dynamics. We have predicted the fluorescence wavelengths of 19 tryptophans in 16
proteins, starting with crystal structures and using a hybrid quantum mechanical-classical molecular dynamics method with
the assumption that only electrostatic interactions of the tryptophan ring electron density with the surrounding protein and
solvent affect the transition energy. With only one adjustable parameter, the scaling of the quantum mechanical atomic
charges as seen by the protein/solvent environment, the mean absolute deviation between predicted and observed
fluorescence maximum wavelength is 6 nm. The modeling of electrostatic interactions, including hydration, in proteins is vital
to understanding function and structure, and this study helps to assess the effectiveness of current electrostatic models.

INTRODUCTION

Electrostatic interactions (including hydration) are vital toand Callis, 1987; Sammeth et al., 1990, 1992), jet-cooled
the structure and function of proteins (Hayes and Kollmanand argon matrix spectra (Fender et al., 1995; Fender and
1976; Honig and Nicholls, 1995; Sham et al., 1998; WarshelCallis, 1996; Sammeth et al., 1992), Stark spectroscopy
and Agvist, 1991; Warshel, 1991). A particularly straight- (Pierce and Boxer, 1995), and hybrid quantum mechanical-
forward method for probing internal electrostatics is the usemolecular dynamics simulations (Muirand Callis, 1994b,
of a chromophore whose wavelength is sensitive to electric; Callis and Burgess, 1997). What is important here is that
fields. Fluorescence from the amino acid tryptophan hashe detailed experimental data are well-supported by a va-
long been known to be sensitive to the polarity of its localriety of semiempirical and ab initio quantum chemical stud-
environment (Beechem and Brand, 1985; Demchenkoies (Callis et al., 1995; Chabalowski et al., 1993; Hahn and
1986; Eftink, 1991; Konev, 1967; Lakowicz, 1999; Long- Callis, 1997; Serrano-Andres and Roos, 1996; Slater and
worth, 1971; Weber, 1960), and is an inviting candidate forCallis, 1995) [some of this work has been reviewed recently
such a probe, except that the required microscopic informa(Callis, 1997)]. Details that should have a substantial impact
tion has not been conveniently accessible. on Trp spectroscopy are direction of electron transfer and
About 300 papers per year abstracted in Biological Ab-atom charge differencesl 'L, energy gaps in different
stracts report work that exploits or studies tryptophan (Trplenvironments, detailed vibronic spectra (the, transition
fluorescence in proteins. Among the properties used arean have structure), and the effect of broadening upon
changes in the fluorescence intensity, wavelength maximurgpectral shape.
(Amax» band shape, anisotropy, fluorescence lifetimes, and These studies (vide supra) have supported the generally
energy transfer. They are applied to folding/unfolding, sub-eld belief that'L, is the fluorescing state in all proteins
strate binding, external quencher accessibility, etc. Theéwith the possible exception of Trp-48 of azurin), and the
power of this probe has been considerably amplified by thgjuantum mechanical studies have—without exception—
finding that Trp can often be substituted for other aminopredicted that electron density is shifted from the pyrrole
acids by site-directed mutagenesis, with minimal effect orving to the benzene ring upon excitation to the, state.
structure and activity. Trp,,,., is quite sensitive to its local This means that positively charged residues near the ben-
environment, ranging from-308 nm (azurin) to~355 nm  zene end or negative charges near the pyrrole end of the Trp
(e.g., glucagon) and roughly correlates with the degree ofing will shift A, to longer wavelengths (produce a red
solvent exposure of the chromophore. However, wavelengtihift), with the opposite configuration producing a blue
information, when interpreted, is universally done in a fash-shift. Because these shifts are due to the electric field
ion that does not exploit the substantial amount of detaiimposed by the protein and solvent, they may be termed an
concerning the two lowest excited electronic states of Trpinternal Stark effect, by analogy to the familiar shifting of
L, and 'Ly, that has emerged from two-photon excitation energy levels via an applied (external) field.
(Callis and Rehms, 1993; Muinand Callis, 1994a; Rehms  The internal Stark effect (ISE) has emerged as a useful
concept to understand spectral shifts for a wide range of
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feel is no Ionger an issue. Although not generally recog-original CNDO/S overlap factors. The molecular dynamics component of
nized as such, the large red shift observed in fluid solvent§!® method is handled by CHARMM (v.26) using the CHARMM22 force
of high dielectric constant is also a Stark effect, with thef1®d (Mackerell, Jr. etal., 1998). . . .
L . . . The effect of the environment surrounding the Trp ring atoms is
strong electric field (reaction field) at the solute being aincorporated directly into the electronic structure calculation through a
manifestation of the partial orientation of solvent dipolesstraightforward modification of the matrix elements of the Fock operator

around the large solute dipole. A primary contention in the

extension of the ISE hypothesis to proteins is that the source Fuu= FE?;)L —eV, (1)
of the field is irrelevant; only the magnitude and sign of its o L
projection on the long axis of the indole ring (chromophore) Fuo=FuoteE-r, (2)

matters in determining the spectral shift. o . . .
A pilot study from our group has reported (Callis and in whicheis the electron charg#, is the electrostatic potential at quantum
pI Yy 9 P p mechanical atora created by all protein and solvent atoms, including Trp

Burgess, 1997) preliminary results of hybrid quantum/clastackbone atoms; arf, is the associated electrostatic field. The potential
sical simulations of Trp fluorescence—based purely on thisnd field are evaluated via straightforward Coulomb sums, using a dielec-
p purely
electrostatic effect—wherein a reasonable prediction offic constant of unity:
Amax Was attained for Trps in 16 proteins, starting from the
protein crystal, but using only short (2-ps) trajectories and
partial solvation. These results served as encouraging evi-
dence for the validity of the internal ISE as a deterministic 2 3\2
Yo . ” E.= 2(a/r3f @)

factor for Trp fluorescence in proteins and the utility of the .
hybrid simulation approach.

In this paper we refine and extend the previous workwhere the summations extend over all atoms with the exception of those of
(Callis and Burgess, 1997) with full solvation of the protein, the Trp ring and thg8-methylene. In practice, the computed electrostatic
Ionger trajectories and some scaling of the quantum meqotentials and fields are applied to a reference 3-methylindole ground- or

hanical ch This has led t tisfact b excited-state structure and orientation, after transforming the field accord-
Chanical charges. IS has led to a more satistactory a S%'g to the transformation required to rotate the principal moments of inertia

lute agreement with experiment and provides a more rigorof the quantum mechanical Trp atoms from the protein coordinates to the

ous test of the ISE hypothesis. In addition, a detailedeference orientation.

ana|ysis of the local environment of Trp is provided for Electronic excitation of the Trp is simu!ated py switching the geometry

several of the proteins. and _che_lrges on the referen_ce_ 3MI to their excited-statg) yalues. Two
crucial ingredients for predicting correct fluorescence wavelengths are a

realistic geometry change upon excitation and a realistic representation of

the intermolecular interactions between the chromophore and environment.

V.= E qk/rak (3)

k

METHODS For the reference geometries, we currently use a ground state geometry
taken from a crystal structure of Trp (Takigawa et al., 1966), while the

Overview of the simulation procedure and crucial change in geometry upon excitation is from an ab initio calculation

tryptophan environment effects for the 3MI L, state (Callis et al., 1995), which gave accurate detailed

fluorescence band shapes at the vibronic level (Fender et al., 1999). The
Our method is an outgrowth of three previous studies: one treating theffect of explicit fields in this procedure is primarily to mix s- and
effect of electric fields in crystals (Sreerama et al., 1994; Theiste et al.p-orbitals on the same center, with little effect on the transition energies.
1991), one treating 3-methylindole (3MI) in water (Mairand Callis, Most of the internal Stark effect is expressed implicitly by diféerenceof
1994b, c), and one investigating the effect of electric fields in proteins withthe potentials at different atoms.
limited solvation and dynamics (Callis and Burgess, 1997). Inthe latterand Because the 3MI part of the Trp is treated quantum-mechanically,
the present work, the most obvious technical challenge is having a way tehromophore-protein interactions must be divided into two categories: the
apply quantum chemistry to a Trp residue that is covalently connected t@otentials and fields due to the surrounding protein that become part of the
a large protein. This problem has been dealt with by several groups, ofteBMI hamiltonian, and the potentials and fields produced by the chro-
by introducing a “link” atom (see, for example, Lyne et al., 1999). Becausemophore that act on the protein. For the former, the quantum system sees
in this study we are concerned primarily with the effect of electric fields atthe protein and solvent simply as a collection of point charges, whose
the Trp site upon the electronic spectrum, and less about the motions of thealues are taken from the CHARMM22 force field. For the latter, the Trp
Trp, we have chosen to stay with Zerner's spectroscopically calibrateding atoms are assigned charges given by the density matrix in“thdiho
INDO/S method (Ridley and Zerner, 1973) incorporating a modification basis from the INDO/S calculation:
that allows for input of electrostatic potentials and fields, developed pre-
viously and applied successfully in two of our earlier studies.

Our approach to computing Trp fluorescence is a hybrid quantum 0, = —€ E Pes — Za (5)

mechanical/molecular dynamics (QM/MD) technique in which the quan- B
tum mechanics is involved only in assigning charges to the Trp ring gnd C
and for interrogating the electronic transition energy as a function of thewhere Pgg are diagonal elements of the density matrix for all valence
electric potentials produced by the MD force field. The Trp dynamics andatomic orbitals B) centered on atom AZ, is the atomic core charge, and
atomic coordinates are governed entirely by the MD with QM modified e is the electron charge). Slight adjustments of the PBrmethylene
charges on the Trp. The transition energy calculation, with the potential€harges are made to give a net zero charge for the Trp ring group. We have
and fields added, is always performed on a 3MI molecule in a referencéound that the charge distribution of tHe, excited state is sufficiently
ground or excited-state geometry. This procedure uses 196 singly excitesensitive to the local field that these charges should be updated every 10 fs
configurations, Mataga-Nishimoto electron repulsion screening, and th¢o be consistent. The interface for informing the molecular dynamics of the
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Trp charges is accomplished by the USERSB subroutine that is native ton the surface of the spherical droplet prevented “evaporation” of any of
CHARMM. the waters during the course of the trajectory. The fully solvated protein

We found that using unmodified win point charges consistently led structures were then energy-minimized with 1000 adapted basis Newton
to overestimation of,,,,, when the 3MI was solvent exposed, the source of Raphson iterations, using a nonbonded interaction cutoff of 10 A, no
which appears to be short-(.8 A) “H-bonds” between the TIP3 model electrostatic cutoff, and a dielectric constant of unity.
waters and highly negative C4(CE3) and C7(CZ2) atoms of the benzene The resulting fully solvated and energy-minimized structures are taken
ring of Trp in theL, state. Examination of the CHARMM force field as the initial configurations for molecular dynamics simulation. A trajec-
reveals relatively “soft” carbon-oxygen Lennard-Jones repulsion parametory for a solvated protein is launched with the Trp charge distribution and
ters, which allows close approach of the water proton to these carbogeometry corresponding to the ground state. Every 10 fs the MD trajectory
atoms. The net result of the slightly exaggerated hydrogen bonding in thés interrupted, an electronic structure calculation is performed, and the
protein-water (TIP3) simulations is a propensity for overestimated solvengeometry and charges of the Trp residue are updated. Trajectories were
stabilization of the excited-state dipole, which leads to a concomitantpropagated according to the Verlet algorithm (Verlet, 1967) with a time
overestimated fluorescence red shift. (The CHARMM canonical values forstep of 1 fs. The SHAKE (Ryckaert et al., 1977) constraint was applied to
the Lennard-Jones 12—6 parameters for aromatic carbon (CA) and TIPBonds containing H. All simulations reported in this work were carried out
oxygen (OT) ares = —0.07 kcal/molR,;, = 1.9924 A ande = —0.152 at a temperature of 300 K. Following 5 ps of ground state dynamics
kcal/mol,R,,, = 1.768 A, respectively, which are then mixed according to (primarily to ensure equilibration), electronic excitation was initiated by
the usual Lorentz-Berthelot combining rules to give a CA-OT minimum atswitching the charges and geometry to those of'thgestate, and continu-
~3.760 A, in the absence of Coulomb terms.) Given the gross uncertaintieig the trajectory out to (typically) 30 ps, interrupting every 10 fs to
associated with representing the Trp ring charge distribution “agdiro perform an INDO/S-CIS calculation and subsequently update the Trp
atomic point charges, we have chosen to empirically scale the charges &harges.
give agreement for 3MI in water. A value of 0.80 was found to provide this  Harvesting a suitable wavelength to compare with experiment was
agreement, and was applied universally before passing the Trp charges performed as a straightforward average over the trajectory (transition
CHARMM. energy history). To minimize bias due to short-time relaxation effects, the

We emphasize that the charge scaling affects only the MD intermolecfirst 1 ps of excited state dynamics was omitted from the average. A
ular electrostatic interactions between the indole ring and the remainder adetailed examination of transition energy time correlation functions and
the protein and solvent. The primary effect is to reduce the strength oflirect-response results do not reveal a significant relaxation component
binding of water and/or mobile protein groups to the indole ring during beyond a few hundred femtoseconds of the groundL , excitation.
dynamics propagation. The extent of calculated red shifts is indirectly
reduced by this scaling only because the average distance between the
indole and nearby polar groups is increased, thereby reducing their CoyAnalysis tools
lombic interaction during the QM computation.

An attractive feature to the charge-scaling approach is that it provides Ve have endeavored to decompose the shifts due to protein and solvent
tractable and not entire|y unphysica| route to good agreement with experenvironment into contributions from individual amino acid reSidUeS, sol-
iment while avoiding invasive modification of the MD force field and/or vent molecules, and in some cases, individual atoms. This can be done
electronic structure ingredients. The INDO/S-CIS procedure neglects diseffectively at a given point in a trajectory from the scalar projection of the
persion contributions and presumably tends to overestimate the partiglectric potentials at the 3MI atoms and the electron density changes at
charges on the Trp moiety. The scale factor corrects for this, albeit in ghose atoms accompanying excitation:
coarse-grained way.

Finally, the near degeneracy of the, and’L, states along with their 2 Valpa (6)
different polarity creates a practical problem. The energy ordering of the a

two states frequently interchanges, and the states are often mixed, when the ) ) ) )
environment is not very polar, making identification &, difficult. whereV, is computed as in Eq. 3 and the changes in density are taken from

Determination of which is predominantly tAk, state during the course of 1€ INDO/S-CIS calculation at that configuration. The transition energy
the dynamics is made by projecting the ground-L , first-order transition shift estimated this way correlates very well with the transition energy

density matrix (Callis, 1984, 1991) for 3MI in vacuum onto the five lowest SHifts coming directly from the program, as they must, given Eq. 3.
excited states. Thus, contributions from individual point charges in the environment

are given from the individual terms i, and these can be summed over
individual residues and solvent molecules.

Protein structures, initial conditions,
and dynamics RESULTS

Seed structures for all the proteins (see Table 1) used in this work Werc-A” . ical It tained in Table 1 d
obtained from the RCSB Protein Data Bank (PDB) (Berman et al., 2000). primary numerical results are contained in lable 1, an

The PDB protein structures were pre-processed as follows. The protondOSt are displayed in Figs. 1-4.

tion/tautomer state of all histidine residues (HIS) was specified by replac-

ing the HIS residue index with the CHARMM neutraH tautomer HSE.

A modified PDB file was manufactured to include all crystallographic Transition energy histories

waters, heteroatoms (e.g., metal ions), and disulfide bonds, as needed, to . .

create a starting structure. Fig. 1, A-D displays a sample set of transition energy
From the starting structures (PDB file), we first added the full comple- histories, reported in nanometers, for four protein&) (

ment of hydrogens using the HBUILD command within CHARMM. We gzurin (Trp-48), B) subtilisin Carlsberg,@) phospholipase

then generated fully solvated structures by superimposing on the protein A2 and D) g|ucagon This selection portrays the range of

cube of length 62 A containing 8000 TIP3 model waters, removing.

overlapping waters according to a 2.6 A exclusion radius, and then trun!mcluence of Trp environments on fluorescence maxima,

cating the cube to a sphere of radius such that all parts of the protein We@ncompassmg Fhe ?Xtremes frpm Trp “buried” in the inte-
solvated to a depth of at least 5 A. A quartic confining potential localizedrior of the protein (Fig. 1A, azurin Trp-48) to fully solvent
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TABLE 1 Proteins, experimental and calculated wavelengths, and computed solvent and protein contributions
PDB Residues Calc

Name Code (Waters) Exp.* (30 ps) Calc-Exp Water Protein Total Tot. 305 nm
Azurin, W48 1AZB 129 (1471) 308 317 9 2 11 13 318
Parvalbumin 1B8R 108 (1603) 316 318 2 13 2 15 320
Myoglobin IMYT 146 (2964) 321 322 1 1 22 23 328
Subtilisin C. 1SBC 274 (2476) 322 337 15 29 12 41 345
Ribonuc. T1 9RNT 104 (3597) 322 324 2 13 7 20 325
FKBP12 1D60 107 (3138) 330 316 —-14 11 3 14 319
T4-lysozyme, W126 1LYD 164 (2835) 380 333 3 -6 a7 41 346
T4-lysozyme W138 1LYD 164 (2835) 330 322 -8 -2 27 25 330
T4-lysozyme W158 1LYD 164 (2835) 330 330 0 45 -8 37 342
Staph. Nuc. 1STN 136 (1393) 334 341 7 —-38 97 59 364
Che-Y 1CHN 126 (1467) 335 334 -1 -8 36 28 333
Cobra toxin 1CTX 71 (1777) 340 347 7 29 16 45 350
Phosphlp. A2 2BPP 123 (3129) 340 346 6 51 2 53 358
Monellin 1MOL 94 (3537) 342 351 9 22 41 63 368
Azurin W118 1AZB 129 (1471) 343 337 -6 7 32 39 344
Cholera toxin 1CHP 103 (3055) 345 338 -7 49 -6 43 348
Thioredoxin 2TRX 108 (1569) 345 345 0 8 52 60 365
Melittin IMLT 26 (1992) 346 348 2 70 -7 63 368
Glucagon 1GCN 29 (3958) 352 354 2 42 20 63 368
3MI 1(289) 369 364 -1
Vacuum 295 305 10

*From Eftink (1991) unless otherwise referenced.

"Egan et al. (1993).

*Harris and Hudson (1991).

SCallis et al. (2000).

P, Callis, unpublished data.
IEstimated from Sammeth et al. (1992).

exposed (Fig. D, glucagon). Subtilisin Carlsberg (FigB)

fluctuations (several picoseconds) are manifest in the tran-

and phospholipase A2 (Fig. €) represent two types of sition energy histories that reflect the influence of large-
intermediate cases of a Trp that is partially exposed tamplitude motions of the protein backbone and side chains
water. Subtilisin C is pathological in the sense that itsand/or wholesale rearrangement of nearby H-bonded water
average predicted,,,, value shows one of the greatest clusters.
deviations from experiment, along with large, low-fre- Fig. 2 illustrates the effect of scaling the quantum me-
quency fluctuations in calculateq,,,, chanical Trp ring charges by 0.80. Fig. &2 shows the
During the first 5 ps of these trajectories, the Trp is in theextractedA,,,, (fluorescence band maxima in hanometers)
ground state, meaning we use the ground state geometry afat the collection of proteins, compared to experiment,
the indole charges used by CHARMM are those computedising unscaledINDO/S charges on the chromophore. As
for the ground electronic state (scaled by 0.8). During thisbenchmarks for comparison, we also include the wave-
part of the trajectory, transition energy means vertical ablengths for 3MI in vacuum (from INDO/S) and fully sol-
sorption energy, and should correlate with the UV absorpvated with TIP3 waters using the same hybrid QM/MD
tion Apmaye Following the first 5 ps, Trp is in théL, excited  simulation approach as for the proteins. The vacuum and
state, and transition energy means vertical fluorescenckilly solvated 3MI results serve as theoretical reference
energy, which should correlate with the fluorescengg,  points for the protein data series; the vacuum result is a
The abrupt discontinuity at-5 ps results from shifting the prototype for a completely isolated chromophore, while the
geometry of the 3MI from the ground to the excitétl)  fully solvated 3MI represents a model for a Trp residue
values and defines the instantaneous Stokes shift betweavhose fluorescence wavelength is determined entirely by
absorption and fluorescence. When there are several watéte water reaction field.
molecules within~10 A of the Trp, relaxation of the waters  All of the proteins in Fig. 2A exhibit Trp fluorescence
in response to the increased dipole of the Trp can be seanaxima between the vacuum and fully solvated 3MI limits
out to ~500 fs. The high frequency fluctuations-20 fs  and the wavelengths correlate at a qualitative level with the
time scale) of the transition energy are due predominantly texperimental values. The most obvious aspect of disagree-
the now well-understood rapid inertial water motions inment is the general overestimation xf,,, for those Trps
the region near the chromophore (Jimenez et al., 1994xposed to water, epitomized by the fully solvated 3MI
Maroncelli, 1993). In addition, some relatively long-time result. The mean unsigned absolute error in the calculated
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FIGURE 1 Plots of calculated transition wavelength versus time during
the dynamics trajectories for a selection of four proteins. During the first 5
ps the indole ring charges and geometry are those for the ground state.
During the following 25 ps the indole ring charges and geometry are those
for the 'L, excited state. Every 10 fs the transition energy is computed and
the indole ring charges are updated in the CHARMM datab#gelrp-48

of apo-azurin. B) Trp-113 of subtilisin CarlsbergQ) Trp-3 of phospho-

lipase A2; D) Trp-25 of glucagon.

values is 17 nm. The general results in FigAare quite
similar to those of the preliminary study (Callis and Bur-
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gess, 199_7)’ which used the_ con5|st_ent valence force flelQIGURE 2 Plots of calculated versus experimental fluorescence maxi-
(CVFF) (Lifson et al., 1979) with the Discover MD program mum wavelengths for 19 Trps in 16 proteins and for 3-methylindole in
(Molecular Simulations, Inc., San Diego, CA), except thatwater. @) Charges on the Trp ring are not scaled and the calculated values
the overestimation of interaction with water is somewhatare averages over the 400 values during 4 ps of excited-state traje&fpry. (

higher using CHARMM.

Fig. 2 B shows the average wavelengths from a separat
set of production runs for which the INDO/S computed Trp
ring charges—as seen by CHARMM—are scaled by 0.80.
This only affects the CHARMM energy functions, leading
to increased equilibrium distances between the Trp ring

Charges on the Trp ring are multiplied by 0.80 and the calculated values are
averages over the 2400 values calculated during the last 24 ps of trajec-
%ries of the type shown in Fig. 1.

Biophysical Journal 80(5) 2093-2109



2098 Vivian and Callis

atoms and solvent and protein atoms with large atomicyumber of cases wherein oriented regions of water contain-
charges, thereby reducing the magnitude of any red shiftsig hundreds of water molecules 15-25 A from the Trp
resulting from relaxation of solvent and mobile protein collectively contribute 5-10 nm red and blue shifts. These
groups (e.g., lysine side chains) in response to the chargere apparently due to domains of water ordered by charged
redistribution during excitation. Substantially better agree-groups in the protein, and are therefore indirectly caused by
ment with experiment is captured, relative to the unscalegbrotein. The second type of coupling arises because the shift
charge results, with the mean unsigned absolute error now transition energy depends upon the change in dipole upon
being only 6 nm. Noteworthy is that the most red-shiftedexcitation, and because the dipole change is increased by
proteins of the set, glucagon and phospholipase A2, aréelds that create a red shift (fields that force electrons in the
brought into more reasonable agreement with experimentirection of electron transfer). Thus, the contribution by
Similarly, the bulk of the intermediate wavelength pro- both protein and water increases with increasing wave-
teins—from parvalbumin to melittin—display substantial length.
improvement. Notably, the three Trps of T4-lysozyme Fig. 3 shows an estimated decomposition of the spectral
(w126, W138, W158), which exhibit a spread of 30 nm in shifts relative to vacuum, in nanometers, for each of the
the unscaled charge results, are within 11 nm upon scalinpembers of Fig. B, segregated into contributions from the
the charges. Interestingly, che-Y, which is blue-shifted rel-solvent and non-Trp residues of the protein and arranged
ative to experiment with unscaled charges, is actuallyfrom shortest to longest average wavelength for the constit-
brought into reasonably good agreement with scaling, whileient proteins. This was done using Eqg. 6 and the analysis
FKBP12 (FK506 binding protein) remains blue-shifted. tool described in the Methods section (red shifts correspond
Cases wherein Trp is buried and isolated from mobile polato positive values, while blue shifts are reported as negative,
groups should not be affected by the scaling, and indeednd the sum of the solvent and protein contributions defines
little effect is seen.

A few comments are warranted on the sensitivity of the

final results with respect to the simulation protocol as out- B PROTEIN
lined in the Methods section. The meticulous inclusion of [ ] WATER

the crystallographic waters, metals, and disulfide bonds Glucagon [ 1
generally proved not to be a decisive factor in determining Melittin I ]
an accurate fluorescence wavelength. Che-Y is an excep- Thioredoxin [ NG
tion, where inclusion of M§" contributes a~20 nm blue Choleratoxin il |
shift. Typically, inclusion of the crystallographic waters Azurin W118 [N
changed the calculated result by no more than 4 nm. For T4 Monelin [ [N
lysozyme W138, however, their inclusion led to a substan- Phospholipase A2 ]
tially different conformation of the nearby GIn-105 and Cobratoxin[_____ IR
Arg-145, with a consequent 15 nm blue shift. In addition, crey [ 1D

the general agreement of predicted with experimental wave-
lengths was insensitive to the length of the ground state
trajectory and the excited-state trajectories accessible to us,
except for a few cases exhibiting extreme environmental
fluctuations, as shown in Fig. 1. Finally, we note that
although the results presented here are based on single
trajectories, one trajectory for each protein, a survey of
trajectory-averaged results for a subset of the proteins stud-
ied here displayed little sensitivity to the number of trajec-
tories.

Solvent versus protein shifts

An interesting question is to what extent the fluorescence
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Amax 1S governed by solvent and protein residues. OUIFIGURE 3 Estimated decomposition of the spectral shifts relative to
method does allow this formal division, but we acknowl- vacuum, in nanometers, for each of the members of Fig, Segregated

edge at the outset that this distinction is muddied by twanto contributions from the solvent and non-Trp residues of the protein and

types of coupling that occur within our model: 1) orienta- arranged from shortest to longest average wavelength for the constituent
) roteins. This was done using Eg. 6 and the analysis tool described in the

tional polarlzatlon of the water by charged and polar prOteIrﬁ/lethods section. Red shifts correspond to positive values, while blue shifts

reSidl{esz and 2) electronic polarization Pf the Trp ring bYare reported as negative, and the sum of the solvent and protein contribu-
electric fields from both water and protein. We shall see aions defines the net shift.
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the net shift). Curiously, although the shifts do not exhibit2400 cmi * (~24 nm) are found, i.e., much larger than can
monotonic behavior for solvent or protein contributions, be obtained with a single water 3MI. The reason for this
there is clearly a propensity for red shifts from both sourcesis that the L, excited state is quite polarizable. When
Of the entire series of 19 Trps, only three (T4-lysozymeseveral waters are contributing to a red shift, as is always the
W126, Staph. nuclease, and che-Y) show a significant bluecase for a solvent-exposed Trp, the, transition has much
shifting contribution from solvent, and only three (melittin, more electron transfer from the pyrrole to the benzene ring.
T4-lysozyme W158, and cholera toxin) display contributedFor example, the change in dipole is 4.82 Deby#&,D, and
blue shifts arising from the protein residues. We commentin~8 D for red shifts of 0 {L, 3MI in vacuum), 36 nm
some detail on the significance of this result in the Discus{FKBP12), and 117 nm (glucagon), respectively. [These
sion section. anecdotal examples are chosen simply to illustrate the broad
range of behavior in shifts versus dipole change, which were
noted previously (Mdio and Callis, 1994b).] Thus, a high
degree of polarization of thtL, state means that the indi-
These may be divided roughly into strong, close-rangevidual contributions of all interacting residues is amplified,
interactions involving a few first solvation shell molecules, i.e., both red and blue shifts will be magnified for the highly
and longer-range effects of the reaction field type involvingpolarized cases.
hundreds of molecules. The reaction field could be mostly Fig. 4 shows a sampling of plots of integrated average
due to the'L, dipole, as for 3MI, glucagon, and melittin, or contributions to the fluorescence shift from all waters within
could be primarily shaped by the collection of chargeda distancer, from the Trp as a function af. The range of
residues of the protein. When the reaction field is due to thdehavior is surprisingly large, and cannot be predicted from
excited-state dipole, it will always lead to a red shift whenapparent exposure to water. For example, the Trps of Staph.
the excited state dipole is larger than the ground state dipolguclease, subtilisin Carlsberg, and Trps-126,158 of T4-
(Onsager, 1936). However, if it is mainly due to other lysozyme all appear to lie on the surface with one edge of
charges in the protein, the shift can be of any sign andhe Trp exposed to water, but the average water contribution
magnitude. varies from a 40 nm blue shift to a 45 nm red shift. Even for
With our hybrid model, a single water can donate ancompletely buried Trps such as in azurin (W48) and parv-
H-bond to ther cloud of the benzene ring dt_, excited  albumin, there may or may not be substantial long-range
3MI. These have binding energiesofl1 kcal/mol in the  contributions from water. In addition, it is interesting that
'L, state and~2-3 kcal/mol in the ground state using the the sign and magnitude of the contributions is seen to
scaled charges at 0 K. In the-complex, the computed depend on distance.
fluorescence red shift is 1500 ¢rh (15 nm). For the
o-complex, wherein the HN donates a hydrogen bond to

Mechanism of shifts caused by water

80—

water, the computed red shift is10 nm. Because the Melittin
interaction and shifts are much larger for the, state -

than for the ground state, they are reminiscent of the 60— —_—_ A5
excited-state complexes (“exciplexes”) postulated by the J ——
Lumry group (Hershberger et al., 1981; Walker et al., 40

1967). However, as will be discussed below, they have Subti::e';‘yéf" A6
much different structures. Other configurations leading to i

significant shifts have favorable dipole-dipole interac- e 20 S
tions, with the dipole of water opposing that of the indole = - :

in a side-by-side arrangement or with the dipoles parallel E 04 @;W‘l& Lyso. W138
in an end-to-end arrangement. Model calculations incor- @

porating scaled charges show that these specific config- i T4 Lyso. W126
urations give red shifts o/~~8-10 nm and~3-5 nm, -20+

respectively, relative to the computed transition energy in L Staph. nuclease
vacuum (305 nm), and they give corresponding blue -40-

shifts when the dipole of the water is reversed. These

dipole-dipole interactions become weaker as the cube of
the intermolecular distance, but the number of water
molecules increases rapidly with increasing distance, so

that long-range contributions from weakly ordered (reac- _ _—
. . . L FIGURE 4 Selected plots of integrated average contributions to the
tion field) water can be quite significant.

A : . . . fluorescence shift from all waters within a distancefrom the Trp as a
When individual water contributions are determined infynction ofr. The range of behavior is surprisingly large, and cannot be

the protein/solvent environment, contributions as large aanticipated from apparent exposure to water.

5 10 15 20 25 30 35 40 45 50
Distance from TRP, angstroms
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The short-range exciplex interaction with water is mostother backbone. All charged residues can make significant
pronounced for melittin, as can be seen in Fig. 4. Oncontributions because of the long-range nature of the Cou-
average, three waters are residing@t A from the Trpand  lomb interaction of a point monopole and a point dipole.
making a total shift of 27 nm. Other highly exposed Trps areThe formula for such an interaction is:
those in phospholipase-A2, cobra and cholera toxins, mon- _
ellin, Trp-118 of azurin, and glucagon, which typically are 20Aw - F/r3 (7
on average only making one or two strong, short-range , . , )
interactions. Trp-158 of T4-lysozyme almost never makegVhich gives a 600 cm” (~6 nm) shift for a unit charge
an exciplex, presumably because of its lack of an exposelfind on the long axis of Trp 20 A distant when the change
face. in dipole is 5 Debye. Polar side chains and backbone typi-

A variety of reaction field-type contributions are evident Cally contribute shifts of 5-10 nm primarily by a dipole-
in Fig. 4. Melittin, phospholipase A2, and Trp-158 of T4- dipole mechanism, but only at short range (van der Waals

lysozyme exhibit close to classic reaction field-type behay-cONtact). Some extreme cases, however, reach 20 nm.
For virtually every protein examined in this study a

ior, with large red shifts due to orientation of water in ! g ’
reaction to the Trp dipole change. Choleratoxin and glucaSharged amino acid residue (Lys, Arg, Asp, Glu, and any N-

gon (not shown) behave similarly. More often, there appeaP" C-terminal residue) makgs the largest coptributiop to the
to be striking reaction field effects produced by the protein.cOMPuted fluorescence shift. Usually there is considerable
In Fig. 4, parvalbumin, Staph. nuclease, Trp-126, and TrppanceIIann of red and blue shifts. The largest red shifts at
138 of T4-lysozyme show contributions on the order of 108 Particular configuration observed were 78 nm for Lys-133
nm from waters beyond 10 A. In addition, ribonuclease-T1,0f Staph. nuclease and 67 nm for Asp-26 of thioredoxin; the
Trp-118 of azurin, FKBP12, che-Y, apo-myoglobin and largest blue shift contributions observed were 39 nm for

Trp-28 of thioredoxin show this behavior. The complexity LyS-57 in thioredoxin and 38 nm from Arg-22 in melittin
and range of behaviors point to domains of ordered water iff"ONOMer. , S
response to the individual protein charge distributions and The largest shifts found with this model due to neutral

shapes, as has been recently reported by Higo et al. (199®i_de chains were 20 nm from Asn-117 of subtilisin Carls-
An interesting question is, What are the temporal duraP€rg and 7 nm for GIn-105 of T4 lysozyme (W-138). The
mide induced shift from Asn-117, which is in direct con-

tions of the strong associations between water and the T ] |
ring in this model? For glucagon, the water making the act with one face of the Trp ring, ranges from a 12 nm blue

dominant average red shift (9 nm) is in the first or secondNift t0 & 20 nm red shift, depending on ifg rotamer
solvation shell for the entire excited-state trajectory (25 ps)conformation.

Its contribution varies from red shifts of 24 nm to blue shifts 1he TrP backbone atoms contribute significantly, but
of 12 nm. When it is making the: 24 nm shift, it is donating N€Ver dominate. On average these contributions range from

an H-bond to ther cloud, with H in the center of the @9 nm blue shift (for Trp-118 of azurinpta 6 nm recshift

benzene ring. When making the largest blue shift, this wateffo" monellin). The shifts arise from a variety ¢fy-x,-x,
has moved<1 A, so that one H is over the pyrrole ring combinations, with blue shifts being about three times more

while the O is over the benzene ring. Similar behavior is©°MMonN. .

found for the dominant red-shifting waters in the melittin Non-Trp backbone contributions are normally pnly afew
simulation. The strongly red-shifting waters commonly will "@h0meters, but an average red shift of 17 nm is found for
make 15 nm red shifts over a period of 5 ps, but during thid>ro-60 in ribonuclease T1, because a unique combination of

time there may be 0.1 ps intervals during which the red shiflihedral angles places both the N and O near the pyrrole
is nearly zero. ring of Trp-59.

Mechanism of shifts caused by protein Classification

Protein contributions may be classified as being fromTryptophans in the proteins studied here fall roughly into
charged side chains, polar side chains, Trp backbone, arfive classes (see Table 2) at the present level of analysis.

TABLE 2 Classification of tryptophan environments

Class Description Cases
1 Buried, no exposure to water azurin W48, ribonuclease T1, myoglobin, che-y, T4 lysozyme W138, parvalbumin
2 Edge exposed subtilisin C., T4 lysozyme (W126 and W158), Staph nuclease
3 One face only FKBP12
4 One face and edge exposed phospholipase A2, cobra toxin, cholera toxin, monellin, azurin W118
5 Two faces and edge exposed glucagon, melittin
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What is important appears to be the extent of exposure of Fig. 5 shows Trp-19 and its near neighbors in melittin
the faces of the benzene part of the Trp ring, becausemonomer after 30 ps of dynamics, along with the six waters
stabilization by water is most effective through the closemaking the strongest interactions in this frame. Lys-23 and
approach of water protons to C4(CE3) and C7(CZ2). Water3rp-19 come off the same side of the helix, with the Lys
at an edge or at the face of the pyrrole ring are unable tdNH,;* over part of the benzene ring. Water can reach most
interact strongly enough to create a large red shift, and thef this face and all of the other side, resulting in a classic
orientation of these waters is often more strongly influencedeaction field profile, with an average 60 nm red shift from
by neighboring polar groups than by the, dipole. The waters 4.5-9.0 A from the Trp. Lys-23 gives a large red
relationship between our results and the proposal of discretghift, but Arg-22 gives a larger blue shift, on average.
environmental states by Burstein et al. (1973) will be ex-Because the structure is a single helix, other residues are not
plored in the Discussion section. effective. The red-white waters are making red shifts of
13-18 nm, except for the one accepting the H-bond from the
Trp HN, which has its dipole perpendicular to the Trp ring;
it contributes a 2 nm rechift. The cyan water makes a blue
shift of 6 nm. These are the major players of the closest nine
Azurin (Trp-48) (see Fig. 1A) is exceptional in several waters in this frame; in total they contribute an 81 nm red
respects. Within the current catalog of measured proteishift, with Lys-23 on the left and Arg-22 on the right
fluorescence spectra (Eftink, 1991) it is the least red-shifteg¢ontributing 30 nm red and blue shifts, respectively. The
member, owing to Trp-48 being well-buried in the interior protein contributes a net zero in this frame.

of the protein within an entirely hydrophobic pocket. Al-  Fig. 6 A shows Trp-140 of Staph. nuclease, 25.70 ps into
though the fluorescence spectrum is very similar to that othe dynamics (waters removed from view) illustrating ap-
3MI in pure hydrocarbon solvents (Burstein et al., 1977;parent water exposure and the close contact of three lysines.
Szabo et al., 1983), our results show that this is largely duéys-110 and Lys-133 are close to the benzene ring and
to cancellation of moderate electrostatic interactions, leaveontribute a combined shift of 95 nm in this frame, while
ing a residual red shift of-12 nm. The magnitudes of the Lys-136 contribute a 7 nmblue shift. Fig. 6B shows the
transition energy fluctuations in this case are small (relativesame perspective somewhat closer, but with only those
to all other proteins examined), reflecting the fact that bothwaters within 11 A of the Trp and the amino groups of the
water and charged groups are denied close access to thearby lysines. The cyan colored waters all contribute a blue
chromophore. Water is rarely fourd9 A from Trp-48, as  shift and the red-white waters contribute red shifts. The
can be seen in Fig. 4. blue-shifting waters are primarily in chains terminating on

Glucagon (Fig. 1D) represents the extreme of a fully the red-shifting lysines. Many of the red-shifting waters are
solvent-exposed Trp, and a histogram of TIP3—Trp-27 disin chains that terminate on the blue-shifting Lys-136.
tances demonstrates that the closest approach3is A, Trp-113 of subtilisin Carlsberg is interesting because it is
quite similar to the~3.76 A predicted for Lennard-Jones apparently solvent-exposed, yet has a very blue-shifted
interaction between typical aliphatic carbons and the TIP3
oxygen. Both faces are well exposed. Thr-29 (C-terminus)
and Asp-21 are the corresponding residues above and below
on the helix, and both have carboxylates near the pyrrole
ring, the primary reason for the 20 nm red shift from
protein. Water contributions are mainly due to the classic
reaction field from théL , dipole, bu a 6 nmblue shift from
waters beyond 15 A indicates that the reaction field is partly
shaped by the protein.

FKPB12 represents a case where we fail to come within
10 nm of experiment. Trp-59 lies at the bottom of a hydro-
phobic cavity (the binding site of the immunosuppressant
FK506) with one face completely exposed to water. How-
ever, only about 1 or 2 waters are able to H-bond to the face
at any given time. Sometimes the waters form a hydrogensiGuRE 5 Trp-19 of melittin after 25 ps of excited-state dynamics. The
bonded “ring” structure, wherein the water-water interac-red-white waters are making red shifts of 13-18 nm, except for the one
tions are more favorable than water-Trp interaction foraccepting the H-bond from HN, which has its dipole perpendicular to the
significant periods over the course of the full trajectory, Trp ring and contributea 2 nm re(_ishil_‘t. The cyan molecule makgs a blue
thereby accounting for the small average red shift. Abou hlft of 6 nm. These are the major |nt_eractors of the closest nine waters,

. " ~Which contribute an 81 nm total red shift. Lys-23 on the left and Arg-22 on
100 waters 7—15 A from the Trp give a net 8 nm red shiftpe right contribute 30 nm red and blue shifts, respectively. The protein
and~3000 waters 15-30 A away give a net 8 nm blue shift.contributes a net zero in this frame.

Selected cases
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FIGURE 7 Frames at 10.8] and 13.0 psB) into the dynamics trajec-
tory for subtilisin Carlsberg. These frames were picked to show the cause
of the large increase (317 to 364 nm) in the calculated wavelength during
this interval (see Fig. 1). The waters shown are just those that make at least
a 5 nm contribution to the increase. The water making the H-bond to CZ2
of the Trp-113 in B) is making a 17 nm red shift, but only 0.3 nm iA)(

n addition, the backbone of Gly-47 and Ala-48 also contribute to the
Increase. Asn-117cyar) lies in van der Waals contact above the Trp ring,
%nd was seen to make y flip during the trajectory. In doing so its
contribution to the shift changed from a 12 nm blue shift to a 20 nm red
f'<,h|ft.

FIGURE 6 () Trp-140 of Staph. nuclease is shown in cpk color, except
that C4(CE3) and C7(CZ2) are shown in purple. The HZ hydrogens of th
nearby lysines 133, 110, and 136 are shown in yellow. Note that Lys-13
and Lys-110 lie over and under the benzene ring of the Trp, contributin
a combined 96 nm red shift8] The same view as\) showing only water
within 11 A. The cyan waters contribute a blue shift in this frame and the
red-white colored waters contribute red shifts. The ammonium groups o
Lys-133, Lys-110, and Lys-136 are also shown.

had little effect on the overall shift. The close proximity of

Amaxe Which our calculations fail to capture. In addition, its this residue is a possible reason for the low quantum yield
trajectory (Fig. 1) shows large excursions. FigA7andB  and short fluorescence lifetime for this Trp. The Asn side
show frames at 10.8 and 13.0 ps into the dynamics trajeazhain has been shown to have a significant quenching effect
tory for subtilisin Carlsberg. These frames were picked toon 3MI in solution (Chen and Barkley, 1998).

show the cause of the large increase (317 to 364 nm) in the Finally, we note some details of the results for ribonu-
calculated wavelength during this interval (Fig. 1). The fiveclease T1 for the purpose of comparison with the elegant 50
waters shown are just those that make at least a 5 nmps ground state simulation reported by Axelsen and Pren-
contribution to théncrease The water making the H-bond dergast (1989), a simulation specifically aimed at gaining
to CZ2 of Trp-113 in Fig. B is making a 17 nm red shift, microscopic understanding of the fluorescence spectra and
but only 0.3 nm in Fig. 7A. In addition, the backbones of lifetime. The crystal waters WAT-107, 108, and 191 of the
Gly-47 and Ala-48 contribute to the increase. An interesting@RNT structure used here correspond to 112, 142, and 114,
sidelight is that Asn-117 lies in van der Waals contact aboveespectively, of 1IRNT used in their study. We find, as did
the Trp ring, and was seen to makeya flip during the they, that these waters remain very near their crystal posi-
trajectory. In doing so, its contribution to the shift changedtions during a 50 ps trajectory. WAT-107 spends the entire
from a 12 nm blue shift to a 20 nm red shift. However, thistrajectory donating H-bonds to O of Pro-60 and WAT-108
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and accepting one from Tyr-68. Much of the time WAT-107 authenticated by the collective agreement demonstrated
is unable to accept an H-bond from the Trp HN because ithere. In particular, for these proteins the fluorescent state is
O lies above C7 of the Trp benzene ring. In this configu-*L, (with the possible exception of Trp-48 of azurin) and the
ration, WAT-107 contributes a blue shift of up to 12 nm. electron transfer is from the pyrrole to the benzene ring for
Some of the time WAT-107 does accept the Trp HN H-the ground A,) — 'L transition. This behavior was actu-
bond, during which time it contributes up 8 4 nm red ally pointed out in a few earlier studies, but has been
shift. The average contribution in the excited state by WAT-generally ignored (Andrews and Forster, 1972; llich and
107 is a 2.5 nm blue shift, and its behavior in the groundPrendergast, 1991).

state is not significantly different. We have consistently

found that the dominant red shift contribution comes fromB/ue shifts from water

Pro-60, whose O and N lie close to the pyrrole ring of the

Trp. The red shift ranges from 8 to 25 nm in the excited stateCurrently, the most common use of Trp fluorescengg,

and the average is 17 nm. The ground-state behavior is natformation is to assign a Trp as buried and in a “non-polar”
significantly different. We agree with the early study (Ax- environment ifA,,, iS <~330 nm; if A4, iS longer than
elsen and Prendergast, 1989) that the environment of Trp-59330 nm, the Trp is assigned a “polar” environment, which
is surprisingly polar considering its observed blue-shiftedalmost always is intended to imply solvent exposure. The
fluorescence (322 nm); our findings provide a reasonablenodel presented here shows that mere exposure to water
proposal for the underlying reason. may or may not create a large red shift. Again, takative
orientation of the water dipole to the ring determines
whether there will be a red shift, a blue shift, or no shift at
all.

Shifts in absorption spectra are typically much smaller than

the gorresponding fluorescence shifts, bo'th experimentalIxong_range shifts from protein-ordered water

and in our calculated results. The reason is largely because

the solvent reaction field at the time of excitation is dictatedAs seen in Fig. 4, significant shifts due to the collective
by the much smalleground state dipoleln addition, the effect of many ordered waters are found in this study.
change in dipole upon excitation is smaller becauséithe Presumably, the influence of charged residues distributed
state is not as polarized. The calculated absorption shiftdiroughout the protein structure play an important role in
relative to vacuum ranged from1 to +14 nm, whereas the determining the wholesale ordering of the water, and a
calculated fluorescence shifts ranged frerhl to+49 nm.  recent study by Higo et al. (1999) offers a beautiful illus-
There was poor correlation between the absorption antration of the effect and consequences on water self-diffu-
fluorescence shifts, as might be expected because of trgion. We are currently investigating the systematics of this
differing contributions from water that can respond to theinteresting effect.

excited state dipole and that which cannot. In this paper we

do not attempt comparison of experimental and CaICUIate?\lecessity for explicit solvent: exciplexes

absorption shifts because of the difficulty in accurately )
locating the'L, absorption maximum, which is overlapped The nature of the often-invoked exciplexes is made quite
by Trp 'L, (and often by tyrosine) absorption. specific in this work. The idea of exciplexes grew from
observations by Mataga et al. (1964) and by Lumry and
co-workers (Walker et al., 1967; Hershberger et al., 1981)
DISCUSSION that millimolar concentrations of alcohols, when added to a
New concepts arising from this study solution of indole or 3-methylindole in pure hydrocarbon,
would cause considerable shifts in fluorescence while caus-
ing minute changes in the absorption. Although Mataga
This work provides a rational framework upon which to suggested that the interaction was similar to an Onsager-
interpret fluorescence wavelength changes for tryptophan itype reaction field, Hershberger et al. (1981) advanced a
proteins. The agreement of prediction and experiment isather detailed picture of two binding sites: an electrophilic
sufficient to affirm the basic concept that the local electricone at C3(CG) and a nucleophilic one at N1. To date,
field direction and magnitude primarily determine the signhowever, all quantum mechanical treatments suggest that
and magnitude of the shifts relative to vacuum. Being neathe considerable electron transfer to the benzene ring upon
a charged group or dipolar group does not mean there wikkxcitation to'L , would lead to an electrophilic site (or sites)
be a red shift; the relative orientation of the charge or dipoleon the benzene ring.

to the ring determines whether there will be a red shift, a Traditionally, the term exciplex has implied a repulsive
blue shift, or no shift at all. In particular, the unanimous ground state, and therefore no significant complexation in
results of numerous quantum mechanical treatments athe ground state. There is some evidence that this is not the

Calculated absorption shifts

Directional interaction
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case, even for indoles in hydrocarbon-alcohol solventglease-T1 has an average red shift from water of 10 nm in
(Skalski et al., 1980) (V. Wagner and P. R. Callis, unpub-the ground state, increasing to 14 nm in the excited state.
lished results). The exciplex behavior seen in our model foiThe nearby crystallographic waters are simply too involved
the protein-Trp interactions is qualitatively different, how- in H-bonding to backbone atoms to form exciplex-like
ever, and should more accurately be termed relaxation. Thatteractions with the Trp. The backbone of Pro-60 contrib-
is, there is significant interaction already in the ground stateutes an average 14 nm red shift in the ground state and a 17
this interaction becomes stronger in the excited state beam red shift in the excited state; a small relaxation rather
cause of shortened distance between the interacting grouisan exciplex formation. Parvalbumin differs from azurin
due to relaxation The complexes leading to the larges{W48) only by a 12 nm red shift contributed from hundreds
single water-induced shifts are the most exciplex-like, be-of waters>10 A from the Trp, a reaction field dictated by
cause they are much less common in the ground state. It the protein having no apparent exciplex component. Apo-
rare to find a single water-induced red shif6 nm for an  myoglobin has almost no shift from water and a 22 nm red
exposed Trp when the solvation shell is in response to thehift from protein in both the ground and excited states.
ground state, but common to find shifts of 20 nm shortly
after excitation. However, unlike the specifically localized
exciplexes of Hershberger et al. (1981), we find a wider
locus of positions/orientations that can cause large retNDO/S-CIS has proven effective in a large number of
shifts. Our use of explicit solvent instead of a dielectric cases, including our previous studies (Muiat al., 1992;
continuum has provided rich detail regarding close-rangaviuifio and Callis, 1994b, c; Sreerama et al., 1994) and in
exciplex-type interaction that would be highly distorted in aseveral impressive applications to large systems, some sim-
continuum approach, wherein the results would be depernitar to ours. Some examples include hybrid simulations of
dent upon an arbitrary cavity about the Trp and choices ofthe photosynthetic reaction center (Gehlen et al., 1994;
the controversial protein dielectric constant, as well as som@archi et al., 1993; Thompson and Zerner, 1991; Thomp-
of the inherent problems associated with grid-based electrason and Schenter, 1995), path integral molecular dynamics
static approaches (e.g., Poisson-Boltzmann treatments). Prsimulations of tryptophan in water (using CNDO/S) (Si-
sumably, the longer-range effects due to the reaction field ofmonson et al., 1997), electronic spectra of uracils (Broo et
bulk water to protein charges would be represented reasor., 1997), and inorganic charge-transfer spectra (Zeng et al.,
ably well in continuum models (Tannor et al., 1994), for 1994). The important issue here is the scaling of the quan-
example, or the microscopic protein dipoles Langevin di-tum mechanical charges for the purpose of the molecular
poles (PDLP) of Warshel and co-workers (Florian anddynamics. Updating of solute charges in response to envi-
Warshel, 1997), but the short-ranged and highly specificonmental perturbations was an integral part of the self-
interactions between water and proximal residues with theonsistent reaction field methods using a continuum dielec-
chromophore are crucial ingredients for the level of micro-tric (Broo et al., 1997) and in our explicit water solvation
scopic detail required to rationalize the spectral shifts.  studies (Muiim and Callis, 1994b, c), but scaling of the
charges was not done in those cases. Scaling down the
atomic charges was necessary for reasonable agreement
with experiment in our nucleic acid crystal spectra studies.
Some time ago, Burstein and co-workers (Burstein et al.More recently, the necessity for scaling down INDO/S
1973; Reshetnyak and Burstein, 1997) proposed that all Trpéwdin excited-state charges to provide reasonable agree-
fluorescence spectra in proteins could be described as raent with experimental gas phase dipole moments has some
superposition of five discrete basic spectra emanating fromprecedent in the class IV charge model of Truhlar and
five distinct local environments: A, no exciplexes, (, = co-workers (Li et al., 2000) and references therein.

308 nm); S, 1:1 exciplex\,.x = 316 nm); I, 2:1 exciplex As seen in the Results section, the successes and failures
in interior (\ o, = 331 nm); I, on surface in contact with of the model presented here hinge critically on the interac-
bound water X,,,.x = 340—342 nm); and lll, on surface in tion of theexcitedTrp ring with water. We have also seen
contact with mobile water Ao, = 350-353 nm). This that the most effective computed interaction between a
proposal was based on observations of the spectral widths efater and 3MI in the'l, state is by H-bonding to ther

the fluorescence of Trp in proteins, which very often did notcloud of the benzene ring atoms, wherein a single water
fit the correlation of bandwidth with,,,,, found for indole  creates a calculated red shift of 15 nm (1500 ¢jnNote

in a wide variety of solvents. Although we certainly can that the water (TIP3) dipole in CHARMM is larger than for
agree with the class A and class Ill categories, our results an isolated water (MacKerell, Jr. et al., 1998). For a single
this stage do not seem to fit the other classes so well. Fowater acting as H-bond acceptor from the indole HN (
example, the four S-class cases (parvalbumin, ribonucleasmmplex) our calculated red shiftis10 nm. Unfortunately,

T1, subtilisin C., and apo-myoglobin) gain their red shift these numbers cannot be easily verified experimentally for
relative to A-class by quite different mechanisms. Ribonu-the L, state, becausd., lies ~500 cm * above’L, in

How realistic is the model?

Comment on the discrete state model of Burstein
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vacuum (Sammeth et al., 1992; Short and Callis, 2000), andluded for solvent and non-Trp residues. However, the
is therefore not the fluorescing state. Furthermore,’thge  effects of polarizability are to some extent built into
origin in the jet-cooled excitation spectrum is split into CHARMM and other force fields by adjusting the partial
several components, making a quantitative measure of theharges upward to mimic the larger dipole resulting from
shift difficult. In addition, only theo-complex is observed hydrogen bonding, for example. In addition, recent studies
in jet-cooled beams (Carney and Zwier, 1999). What ison model systems that include electronic polarization in
known is thato-complexing with water does not invert the molecular solvent models find little effect on energetics and
'L, and'L, states, although it does bring the two states tasolvation structure (Bader and Berne, 1996; Thompson and
nearly the same energy while red-shifting the origin by 236Schenter, 1995), whilsolute electronic polarizability ex-
cm~ ! (Demmer et al., 1994; Short and Callis, 2000). Usinghibits striking consequences for both equilibrium and non-
the observation that tht. , origin components appear to be equilibrium solvation dynamics (Bursulaya et al., 1995).
centered~500 cmi ' above the'l, on average, this sug- We conclude that at this point in the development of our
gests theo-bonded water red-shiftsL, ~740 cm* in model, the neglect of protein and solvent electronic polar-
vacuum. This translates to7 nm, a number close to that izability is probably not crucially limiting the predictive
given by the QM used here. power of the model.

Another important experimental reference point comes
from experiments mentioned above by Hershberger et al.
(1981) who measured fluorescence from 3MI in heptane irEffect of short trajectory

the presence of millimolar quantities of butanol. Their data_l_here is some justifiable concern over the use aingle

were consistent with 3MI-butanol complexes with 1:1 andtr actory of relatively short tenure to represent. presum
1:2 stoichiometry, causing 15 and 30 nm red shifts, respec-sfec Onyr? ril?l e\i/ rs 0 Ti u i Orin?pnfsle n' F esi h
tively, of the fluorescence relative to that in pure hydrocar-a Y, an ensembie average. The experimental analog of the

bon. These shifts are almost certainly a propertyllo;, computed fluorescence involves a steady-state measurement

because UV absorption (Strickland et al., 1970) and polarghat averages over dynamics on a nanosecond or even

ized two-photon excitation spectra (Sammeth, 1992) shovir/n LcrOfetﬁogdtrtllmter s_calte;perhap()js ;OLr” Ordﬁés or:‘ mrignltutillne
that 'L, and 'L, are essentially degenerate for 3MI in 0 9c' nan the trajeclones used here—and encompassing

. O . .. . .
hydrocarbon solvents. We would argue that the shift undethe dynamics of-10’individual tryptophans in their pro-

: ; . {innvirnmnt.ivnth low (few pi nd) natur
these circumstances will be somewhat larger than in vacn environments Given the slow (few picosecond) nature

uum because, even in a non-polar solvéig,is red-shifted of the fluctuations seen for most of the trajectories (Fig. 1),

and the change in dipole may be expected to be larger thffrqere is clearly the need for mu_ch longer trajectories to
in vacuum reach convergence toal nm precision level. However, at

Another way of validating the INDO/S-CHARMM pre- this stage of the investigation, accuracy and general appli-

dictions used here is with ab initio computations. At theﬁasmty' tnzttprecrf'ign’r 'SIO: grﬁatrﬁlrjlr:tefreft,t ailgd t?usl \\,/vver
level of Hartree-Fock SCF and singles configuration inter- ave opted fo consider a farge number of proteins at a lowe

action, ab initio calculated shifts are only about half thos level of precision for this paper. For those cases deviating

predicted by INDO/S-CIS for a given water com‘ormation.eby >.10 nm, further averaging 1s unlikely to improve the
predicted value, in our opinion.

This is also true of the effect of electric field (meaning
potential difference). However, we find the electric field
sensitivity of the calculatedL, transition energy when
using the more accurate CASPT2 (Serrano-Andres an
Roos, 1996) method is similar to that shown by INDO/S.A reasonable concern is whether the water droplet size
We have not yet been successful in using CASPT2 fomdequately captures the effect of bulk solvent. The choice of
computing a transition energy for 3MI-water complexes. droplet size in this study was dictated by the compromise of
In summary, the hybrid INDO/S-CIS- MD method  two factors: 1) the requirement of complete solvation of all
we are using (which includes the modification of partial protein residues, and 2) size and time limitations imposed
charge scaling on the chromophore) is in reasonably corby storage and CPU. Previous results (Callis and Burgess,
sistent agreement with relevant experimental and theoreticalo97) demonstrated that solvation of the Trp chromophore
information. by a “patch” of only 200—-300 waters yielded much the same
fit as shown in Fig. 2A. As a check on the size effects for
the simulations in this work, we varied the droplet size for
about half the proteins in Table 1 in a series of 10 ps
simulations. Varying the droplet radius from 25 to 30 A
Although the 3MI solute in our model shows considerable(20-30 A for the smaller proteins) typically changed the
polarizability in the excited state, electronic polariza- predicted wavelength by 2-5 nm. Usually the effect was to
tion—as is normal for simulations of protein—is not in- increase the wavelength, but for phospholipaseA2 there was

Effect of finite solvation

Effect of ignoring protein and solvent
electronic polarization
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an 11 nm blue shift from increasing the drop size. Ourhere show no correlation between the emission maximum
qualitative conclusion is that the finite solvation droplet and quantum yield.

contributes an error to the spectral shift o6 nm and is

probably no more a factor than several other limitations in

the method, such as trajectory length, choice of force fieldConsequence of ionization choices

arameters, and quantum mechanical method. . . . o
P q The results given in this paper are for every histidine,

tyrosine, and cysteine in the neutral form, all glutamates and
Why so few blue shifts from protein? aspartates in the anion form, and all lysines and arginines in

Th rorising propensity for red-shiftin ntributions b the cation form. The pKfor the histidine side chain in
€ surprising propensity for rec-s g contributions yzilqueous solution is 6, and that for tyrosine is 10.1. Thus, our
protein means that there is a strong correlation of the loca

" ; o results are nominally equivalent to a pH ef7.5-8.5.
electric field and the.ground state dipole direction (becaus?ﬂowever, the large deviations of electrical potential that
the ground andL, dipoles are nearly parallel and of the

same sign). Given the small-g—3 Debye) ground state affect the Trp fluorescence wavelength also perturb the pK

) . .values of these residues (Sham et al., 1997), \miues for
dipole therg Seems to be no ObV'OL.JS reason that the ProteiNgtidines range from 5 to 8 (Sham et al., 1997) in proteins,
would exhibit such an apparent bias. If the protein contri-

. so that if we are striving to predict the fluorescence spec-

bution to the net spectral shift were essentially random i . . IR
; : rum at pH 7, there will ionall histidines that ar
character, blue shifts would be observed with roughly equa% um at p ere occasionally be histidines that are

frequency. The probability of only three blue shifts in 19 substantially protonated. One case for which this is likely to

trials is [n K@) = [19 3]#2)™ = 1/541, where [n k] have an impact is for Trp-48 of apo-azurin, which has the

= I : _same\,,,, as the holo (Ct") protein. Of the five histidines,

denotes the binomial coefficient of the coin-toss (Bernoulh‘%hree would give a sizable blue shift if protonated (based on
. T o . heir position relative to the Trp ring), and those three are
shift contribution result in Fig. 3 strongly suggests, i.e., thatthe ones complexed with the &uin the holoenzyme. The

th.e orlentatlon'of f[he Tr.ps nour sample is highly correlatedother two would give only a small red shift, if any. Most
with the electric field direction.

; . I : likely, at least two of the histidines that bind the Cu
. Two possible speculat[ons for the or.|g|n'of this Correla'would be protonated. Similarly, if His-48 of phospholipase
tion may be offered at this pomt:' The first is that even theAZ were protonated, one can estimate that the calculated
relatively modest ground state dipole of the Trp ring could)\max would be~5 nm closer to the experimental value. In
contribute unacceptable instability for proper folding. Sup- - S it i -~
port for this is that a 10v/cm field (typical of fields we subtilisin C all histidines would be red-shifting if proton

compute) combined wita 2 Debye dipole gives an energy ated. Asp-26 of oxidized thioredoxin is located in van der
of ~1 kcal/mol. The energy difference with the Trp orien- Waals contact of the pyrrole ring of Trp-28 and is known to

. ' - . have a pK of 7.5 (Langsetmo et al., 1991), shifteeB pK
tation such that the field destabilizes the dipole compared t(Emits fropn‘%the nosmal g\]/alue because of it)s relativeI; bilried

one that maximally stabilizes it is therefore on the order Ofenvironment. Thus, our simulation is consistent with a pH

0 . )
2 keal/mol, a value on the order of 10% of a typical Glbbsof ~8.5 for this protein. As an anion, Asp-26 contributes a

free energy change for folding. In terms of a barrier, this . o P
translates into a 25-fold decrease in folding rate. From ar?0 nm red shift, which is offset by nearby blue-shifting

flibrium ooint of view. th ilibrium constant would residues. Experimentally, there is only abau5 nmblue
Eq“25 fuld Po h 0 ed : elde?“. ”“ ﬁ‘;t fha | O‘t’ Shift in Aa When the pH is taken to 6 (Callis et al., 2000),
€ <o-lold smaflet, and woulid typicafly sh & genatur- indicating that perhaps movement of Lys-57 or changes in

ation temperature by tens of degrees centigrade. SUpportins%lvation compensate for the large loss of charge upon
this line of argument are some preliminary results we hav:

: . . rotonation.
completed on this same set of Trps and proteins wherein the

trajectories were begun after changjpgof the Trp by 180°

from '|ts PDB. strgcture value. The results for this y'eldedSUMMARY AND CONCLUSIONS

protein contributions to the wavelengths that were much

less biased toward red-shifting. The inclusion of complete solvation, 30-ps trajectories,
A second possibility requires dismissing the above thercrystallographic waters, metal ions, and charge scaling have

modynamic arguments and concluding that our sample oimproved our ability to predict the fluorescence peak wave-

proteins taken from a list of single-Trp proteins with known length of tryptophan in proteins. This study has solidified

fluorescence properties (Eftink, 1991) is strongly biasedthe notion that the wavelength is determined primarily by

One obvious bias is that these Trps all fluoresce wellthe electrical potential difference across the long axis of the

enough to be easily studied, suggesting that Trps oriented iimdole ring. This means that the relative direction of a

a destabilizing way relative to the field have extremely lowcharge from the Trp ring is crucial: positive charges create

fluorescence quantum yields. However, experimental fluoa red shift when on the benzene ring end and a blue shift

rescence properties (Eftink, 1991) for the proteins examine#vhen on the pyrrole ring end, with the size of the shift being
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inversely proportional to the distance from the center of thehe effect of wavelength dispersion(*). These corrections would reduce
Trp ring. The reverse is true for negative charges. the predicted wavelengths by 6—8 nm. All wavelenglttifts were com-
The combination of the CHARMM22 force field, explicit PUted from energy shifts assuming a wavelength of 310 nm.
water and INDO/S Lavdin charges on Trp (scaled by 0.80),
and ab initio geometry difference (CIS-HF/3-21G) gives aThis work was made possible by National Science Foundation Grant
good quantitative prediction for the fluorescence wave-MCB9817372 and benefited from an allotment of CPU time on the SGI
length maximum, with the only fitting parameter being the Origin2000 at the Center for Computational Biology, Montana State
. ' . I - University.
charge scaling factor for the Trp ring. No protein dielectric niversity
constant was imposed.
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