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Il. Correlations with fluorescence
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ABSTRACT The interactions of trypto-
phan-59 (TRP-59) and its protein
environment in ribonuclease-T1
(RNAse-T 1) were examined in a 50-ps
molecular dynamics simulation. The
simulation used was previously shown
to demonstrate a fluorescence aniso-
tropy decay that closely agreed with
the experimentally determined limiting
anistropy for RNAse-T1 (Axelsen,
P.H., C. Haydock, and F. G. Prender-
gast. 1988. Biophys. J. 54:249-258).
Further characterization of TRP-59
side chain dynamics and its protein
environment has now been completed
and correlated to other photophysical
properties of this protein. Angular fluc-
tuations of the side chain occur at rates
of 1-10 cycles/ps and are limited to
+0.3 radians in all directions. Side
chain motions are primarily limited by
nonpolar collisions, although most side

chain atoms have some collisional con-
tact with polar atoms in the adjacent
protein matrix or water. The steric rela-
tionship between PRO-39 and TRP-59
changes abruptly at 16 ps into the
simulation. Two types of interaction
with water are observed. First, a struc-
tural water appears to H-bond with the
>N—H group of TRP-59. Second,
water frequently contacts the six-atom
ring. The electrostatic field experi-
enced by the TRP-59 rings appears to
be relatively constant and featureless
regardless of ring orientation. We make
the following inferences from our data:
The fluorescent emission of TRP-59
may be red-shifted relative to TRP in
nonpolar solvents either as a result of
specific interactions with the structural
water or relaxations of proximal bulk
water and polar protein moieties. The
quenching efficiency of polar interac-

tions with TRP-59 must be extremely
low given their frequency and the high
quantum yield of RNAse-T1. This low
efficiency may be due to restricted and
unfavorable interaction geometries.
PRO-39 is located near two titratable
HIS residues in RNAse-T1 and may be
involved in pH-dependent fluorescence
phenomena by virtue of a metastable
interaction with TRP-59. The interac-
tion of bulk water with TRP-59 illus-
trates features of the gated transition
state model for transient exposure to
exogenously added collisional quench-
ing agents. The restrictive environment
of TRP-59 suggests that extrinsic
quenching can only occur via interac-
tions with the edge of the indole six-
atom ring and that the efficiency of a
quencher in a protein environment is
likely to be a function of molecular
symmetry.

INTRODUCTION

All measurable photophysical properties of the trypto-
phan (TRP) fluorophore are susceptible to physicochemi-
cal perturbation. As a consequence, information about
TRP environments within a protein is encrypted within
protein fluorescence emissions. In principle, TRP should
be useful as a probe of protein structure and dynamics,
particularly when there is only one TRP residue in the
protein to which the fluorescence emission may be
assigned. In practice, however, decrypting protein fluo-
rescence emissions into accurate information about TRP
environments is problematic. For example, there is no
straightforward correlation between spectral position and
location of a TRP side chain within a protein. The
dependence of TRP fluorescence on solvent character is
complex (Creed, 1984; Demchenko, 1986), and conse-
quently empirical rules for assigning the location of a
TRP side chain within a protein on the basis of solvent
accessibility are at best only grossly approximate (Bur-
stein et al.,, 1973). We also cannot readily interpret

fluorescence lifetimes which range, for example, from
<0.5 ns in scorpion neurotoxin (var. 3) to >7.0 ns in
phospholipase A2 (Beechem and Brand, 1985; Alcala et
al., 1987b). Fluorescence lifetimes are often resolvable
into two or more quasi-unique components which do not
have clear structural correlations and whose relative
contributions vary unpredictably with factors such as
temperature and pH (Beechem and Brand, 1985; Gryc-
zynski et al., 1988). In sum, our basic understanding of
protein fluorescence has advanced slowly in comparison
to our appreciation for its complexity (as anticipated by
Longworth, 1971), despite the wide-ranging and increas-
ingly apparent utility of protein fluorescence.

Ideally, we would like to explain TRP fluorescence in
terms of its intrinsic photophysical properties and specific
protein-solvent influences. Without question, protein
crystal structures are of enormous help in this regard.
Yet, crystal structures are not without limitations, and
can be misleading at times. For example, crystal coordi-
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nates are in fact average atomic positions (Ringe and
Petsko, 1985), and as a consequence, may represent an
improbable set of atomic relationships for a given instant
in time. The interactions between solvent and residues on
the protein surface are often ambiguous, and not infre-
quently, entire side chains or even multiple residue seg-
ments of the protein are disordered. Even when “crystal
waters” can be localized, hydrogen atom positions are
usually not determinable and the presence of hydrogen
bonds is therefore deduced rather than observed. Protein
crystals are difficult to study spectroscopically, and we
usually do not know the extent to which crystal and
solution structures for a protein differ. Finally, crystal
data yield an essentially static image of a protein. Tem-
perature factors, to the extent that they are a function of
atomic motion, are subject to an isotropic approximation
and thus do not assist us in understanding the anisotropic
aspects of atomic motions.

In view of these limitations, it is logical to pursue
computer simulations of protein dynamics. Because the
initial structure for such simulations is generally derived
from crystallographic data, a molecular dynamics trajec-
tory is an extrapolation from the crystal structure. These
extrapolations enable the study of plausible relationships
between fluorophore and protein matrix that would other-
wise not be evident in static representations of the crystal
structure. It is important to recognize that simulations of
protein dynamics generally span time intervals <1 ns and
thus, such simulations can at best sample a minute
fraction of the total conformational space available to a
protein. Nevertheless, significant motions do occur on the
time scale which is presently accessible to simulation, and
several interesting studies correlating fluorescence data
and molecular dynamics simulations have appeared
(Henry and Hochstrasser, 1987; Chen et al., 1988b;
MacKerrel et al., 1987, 1988). Furthermore, it is clear
that protein fluorescence, though it may persist in inten-
sity for several nanoseconds, is primarily governed by
subnanosecond events. Photoexcitation, for example,
occurs in <1 fs (the Frank-Condon principle). Time-
dependent depolarization appears to be a function of
innumerable interatomic collisions, all occurring on the
femtosecond-picosecond time scale (Chen et al., 1988a).
Quenching, particularly in the case of fluorophores ren-
dered photoemissively silent within their protein environ-
ment, must be effective on a time scale several orders of
magnitude smaller than the fluorescence lifetime. In
addition, transient phenomena are observed at subnano-
second time intervals and high quencher concentrations
and are presumably due to the existence of fluorophore-
quencher pairs capable of interacting faster than diffu-
sion-limited rates (Lakowicz et al., 1987).

The enzyme RNAse-T1 was chosen for this study on
account of several unusual and interesting features: a

high limiting anisotropy (Lackowicz et al., 1983; Eftink,
1983), a blue-shifted and semistructured emission spec-
trum, and a differential susceptibility of its fluorescence
to quenching agents (James et al., 1985). These charac-
teristics suggested to us that (a) simulated anisotropy
decay in RNAse-T1 may be directly compared with
experimental data, (b) steric relationships between the
TRP residue and the protein will be relatively fixed and
thus simpler to characterize, (¢) one or more intrinsic
protein moieties capable of perturbing indole might be
identified, and (d) the protein surface topography and
protein matrix dynamics may help explain the behavior of
quenchers in the vicinity of the TRP.

In an earlier paper, we found excellent agreement
between the simulation-derived fluorescence anisotropy
decay of TRP-59 and experimental determinations of its
limiting anisotropy, illustrating in this case how fluores-
cence data can yield insight into the validity of a molecu-
lar dynamics simulation (Axelsen et al., 1988). In the
work described below, we have examined the utility of
molecular dynamics in the interpretation of fluorescence
data. We find that simulations of molecular dynamics are
highly effective stimuli to the generation of hypotheses
concerning the origin and interpretation of fluorescence.
Importantly, these hypotheses should be testable in many
cases through the study of specifically mutated proteins,
and simulations greatly facilitate the design of such
proteins.

METHODS

The dynamics trajectory used for the analysis below has been described
previously (Axelsen et al., 1988). Briefly, a subset of atoms from the
crystal structure of RNAse-T1 (Heinemann and Saenger, 1982) was
propagated for 50 ps within a stochastic boundary at 300°K. The
boundary had been positioned such that the two major secondary
structures adjacent to TRP-59 (helix 12-29 and loop 60-77) were
entirely within the boundary. The system consisted of 462 explicitly
modeled hydrogens, 536 heavier atoms, and 204 TIP3 water models for
a total of 1,610 atoms. References to specific water molecules are made
using the residue number of the most closely corresponding crystal water
in the data deposited with the Brookhaven Protein Data Bank (Bern-
stein et al., 1977) when the residue number is <201. Waters with residue
numbers >201 were numbered arbitrarily. Coordinates were saved at
0.02-ps intervals, yielding a total of 2,500 discrete coordinate sets for the
50-ps trajectory.

Analysis was performed using locally augmented versions of
CHARMM (Brooks et al., 1983; version 20 distributed by Polygen
Corp., Waltham, MA). Vector graphics were produced using HYDRA
(Polygen Corp.) on a PS330 vector graphics system (Evans & Suther-
land, Salt Lake City, UT) and a Microvax II (Digital Equipment Co.,
Waltham, MA). Dot surfaces for graphics were generated using MS
(Connolly, 1983) using atomic radii that corresponded to zero interac-
tion energy for the corresponding atom in CHARMM. This was
generally the R, value for the VDW interaction energy scaled by 0.89,
and a probe of 1.0 A was used so that it entered the space available to
hydrogen atoms. Numerical values for solvent accessible surface areas
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were calculated using the algorithm of Lee and Richards (1971). Plots
were generated using PLT2 by States, D., et al. (unpublished) or a
commercially available contouring package (Prevision Visuals Inc.,
Boulder, CO). The crystal structures for azurin (Adman and Jensen,
1981; from P. aeruginosa) and nuclease (Cotton et al., 1979; from S.
aureus) were also obtained from the Brookhaven Protein Data Bank.

RESULTS

I. Correlation between
temperature factors and
fluctuations

In general, a crystallographically-derived temperature
factor, B, should be greater than 8% {x*), where (x?) is
the mean-squared fluctuation of an atom from its average
position in a molecular dynamics simulation. This is to be
expected because static disorder in the crystal lattice will
exaggerate temperature factors (Ringe and Petsko, 1985)
and dynamics simulations may underestimate fluctua-
tions due to limited sampling of conformational space.
Fig. 1 a illustrates this trend for all atoms within the 14 A
reaction zone.

The finding of some atoms in which B < 8x(x?) (left
of an x =y line in Fig. 1 a) is of interest. Our first
expectation was that such atoms would be found within
the protein crystal at points of intermolecular contact. As
shown in Fig. 1 b this was not the case and atoms which
are involved in intermolecular contacts either directly or
via hydrogen-bonded water (Arni et al., 1987) are found
entirely in the B > 87%(x?) region. Graphical inspection
of atoms in the B < 8x?(x?) set of Fig. 1 a reveals that
most are side chain atoms, and that several of these
comprise atom pairs which are symmetrically related to
an X, or X, axis (see Table 1). Thus, these data suggest
that rotations about certain X, or X, bonds are greater in
our simulation than in the crystal. However, this conclu-
sion must be qualified because the motions of an atom
pair rotating about a specific bond are inherently aniso-
tropic. Therefore, the fluctuations which appear to be
anomalous may only be so on account of the isotropic
approximation used in calculating temperature factors.

Fig. 1 c identifies atoms whose average position is
within 8 A of the reaction zone center where any artifacts
due to the boundary and buffer region constraints should
be minimized. Curiously, most of these atoms for which
B < 8x*(x*) are adjacent to one or more atoms of

FIGURE 1 The relationship between crystallographic temperature fac-
tors and mean square displacements from average position for nonhy-
drogen atoms in the simulation. Fluctuations are plotted as 8x*( x? )in
units of A2 where ( x*) is the mean square fluctuation about an average
position during the last 25 ps of the simulation. (@) All nonhydrogen
atoms; (b) atoms at points of crystal contact, (¢) atoms with 8 A of the
center of the boundary.
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TABLE 1 Atoms in the simulation for which B <

8x? {x*) where Bis the crystallographic temperature
factor and (x?) is the mean square fluctuation of the
atom about its average position during the simulation

0.3 -

RADIANS
=]
o

-0.3 -

1 1

1

5 10

15

20

25

Atom ID 8x?(x?) B
TYR 11 On 4.48 4.39
ASP 15 Cy 11.69 10.03

*ASP 15 01 53.42 9.52
*ASP 15 082 11.49 10.26
THR 18 Cy2 11.23 10.75
ALA 19 CB 498 4.95
ALA 21 CB 9.95 9.24
ALA 21 0 11.76 10.74
*HIS 27 Nél 12.01 10.34
*HIS 27 Co2 12.41 8.25
*HIS 27 Cel 19.28 9.67
*HIS 27 Ne2 20.27 9.90
TRP 59 Csl 5.23 427
TRP 59 Nel 6.41 597
PRO 60 (o] 5.87 5.70
ILE 61 Cs 7.77 4.81
LEU 62 Cy 8.39 8.25
LEU 62 Cs2 11.36 8.82
SER 64 CB 16.08 15.60
SER 64 Oy 21.17 17.10
SER 64 (o] 18.10 17.82
GLY 65 0 16.78 15.17
VAL 67 Cg 13.66 11.62
*VAL 67 Cyl 18.64 11.01
*VAL 67 Cy2 20.50 11.57
*TYR 68 Cel 7.82 7.20
*TYR 68 Ce2 14.26 7.85
TYR 68 Cé2 13.50 7.81
TYR 68 C¢ 9.27 9.12
SER 69 Oy 18.94 18.77
PHE 80 Cel 11.82 9.86
PHE 80 Ce2 10.31 7.80
PHE 80 Ct 13.08 8.62
*HIS 92 Cel 5.40 2.00
*HIS 92 Ne2 4.85 2.00

*Paired about a x, or x, axis.

TRP-59. In addition, we note that two atoms in the
five-atom ring of TRP-59 are among those in which B <
8x2(x*) (Table 1). Together, these data suggest that the
TRP-59 environment is even more dynamically restricted
in the protein crystal than in our simulation.

Il. Components of the
anisotropy decay

The simulation trajectory was reoriented such that the
average position of the TRP-59 rings is in the X-Y plane
with the long axis of the residue aligned with the X axis.
Angular fluctuations of the TRP rings with respect to
these axes are shown in Fig. 2, a—c. It is readily seen that
the angular rotations of the ring system are indeed
isotropic in space and occur on a time scale on the order of
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FIGURE 2 Fluctuation time series and their spectral densities for the
last 25 ps of the simulation. The long axis is defined as the vector from
the midpoint between atom C,; and C;; to atom C;,. The short axis was
defined as the vector from atom C,, to C,,. Their cross product defines
the perpendicular axis which in turn defines the plane of the rings. (a)
In-plane fluctuations of the long axis; (b) out-of-plane fluctuations of
the long axis, (times 7, and T, correspond to Fig. 10; a and b). (¢)
Out-of-plane fluctuations of the short axis.
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1 cycle/ps. There is little motion of the long axis faster
than 5 cycles/ps but the short axis has significant
motional components at 9-10 cycles/ps. The resolution of
the data is 25 cycles/ps (sampling at 0.02-ps intervals).

Rotations about dihedral angles X, and X, are uncorre-
lated over time. The X, angle distribution mode occurs at
~180 degrees and the energy of this torsion rarely exceeds
0.2 kcal/mol. In contrast, the X, angle distribution mode
occurs at —110 degrees (the angle formed by C;—
C,—Cg—C,) which corresponds to an eclipse of H; on
C;. Consequently, this torsion energy tends to be at a local
maximum, ~1.5 kcal/mol, and rarely is found below 1.0
kcal/mol. This energy barrier is too small, with barrier
crossing being too frequent (~2 cycles/ps), to be the basis
for a two-state system yielding a double exponential
fluorescence lifetime decay in RNAse-T1. Rather, for
times greater than a few picoseconds these environmental
influences on each conformer will be averaged.

lil. VDW interactions

A. Search scheme

To find the most significant VDW interactions between
TRP-59 and atoms of the protein matrix, a pair list was
constructed between atoms of the TRP side chain (15
atoms) and all atoms whose average position over the
course of the 50-ps trajectory was within 7 A of any side
chain atom (299 non-TRP protein and water atoms). For
each of the 15 x 299 = 4,485 pairs, the maximum and
mimimum VDW interaction energy was found over the
duration of the trajectory and a maximum amplitude for
the VDW energy fluctuation was calculated. The pair list
was then sorted once to yield an ordered list of maximum
interaction energies and again to yield an ordered list of
maximum energy fluctuation amplitudes.

B. Descriptive summary

The pair-wise interaction energies ranged between —0.2
and + 3.8 kcal/mol, and the instantaneous energies of the
25 pairs with the highest maximum interaction energies
are shown plotted versus time in Fig. 3. In this figure,
lines 1 and 3 show a persistent interaction between a
water molecule and the five-member ring of TRP-59.
Line 6 documents the appearance of a new water interac-
tion with the six-member ring late in the trajectory. These
interactions will be described in detail below in the section
on solvent behavior.

Lines 2, 12, 15, and 23 suggest a slight relaxation of
contacts involving these atoms over the course of the
simulation, whereas the interactions represented by lines
4, 13, and 14 intensify slightly over the same interval.
These data nonetheless reflect very small atomic displace-
ments and, taken together with the remaining lines docu-
menting stable interaction patterns, they indicate that

atomic relationships in the immediate vicinity of TRP-59
are relatively stable during the simulation.

We note that RNAse-T1 was crystallized and crystal-
lographically studied at a pH of 4.0-4.4 in alcohol
solution with bound 2'-GMP (Heinemann and Saenger,
1982), whereas our simulation was conducted without
ligand and with residues in their expected state of proton-
ation at neutral pH. While the fluorescence intensity
decay of TRP-59 in RNAse-T1 at acid pH appears to be
purely monoexponential, a short component (7 = 1.0-1.5
ns) is present at neutral pH (Chen et al., 1987; Eftink and
Ghiron, 1987). In addition, new intensity decay compo-
nents are observed upon the binding of ligand to a site
which is not in direct contact with the fluorophore (Chen
et al., 1987; MacKerrel et al., 1987). It seems reasonable
to infer from these data that pH manipulations and ligand
binding both induce conformational shifts in the protein.

Therefore, insofar as the initial structure for our simu-
lation was that of the “liganded acid pH” form, the
“unliganded neutral pH” form should evolve in the course
of the trajectory, representing a mixture of ligand- and
pH-induced conformational shifts. The increasing or
decreasing interaction intensities mentioned above may in
fact be manifestations of such an evolution.

The TRP-59 side chain interactions in Fig. 3 are
strictly nonpolar with the exception of lines 12, 14, 15,
and 23 which document contacts between various side
chain atoms and the carbonyl oxygens of ALA-19, TYR-
38, and PRO-60. In total, we observe 152 separate
repulsive VDW contacts between TRP-protein atom pairs
in the course of the simulation; 20 of these pairs may be
seen to involve TRP and polar atoms (see Table 2). This
list illustrates the utility of a dynamics simulation in this
type of analysis, because interactions of this type could
not be easily or reliably generated from the crystal
structure of energy-minimized coordinates. These data
suggest that most atoms in the TRP-59 side chain
frequently collide with polar atoms (at least once in 50
ps). This is an unexpected finding because, by spectros-
copic criteria, TRP-59 appears to be in a relatively
nonpolar environment (James et al., 1985).

C. Proline-39

Several intriguing interactions involve atoms of a cis-
proline at position 39 and the six-atom ring of TRP-59
between 15 and 16 ps into the simulation (lines 7, 10, 11,
16, and 18). Inspection of the trajectory at this point
shows PRO-39 to undergo a conformational transition
characterized by boat-chair (axial-equatorial) shifts of
the ring C-H bonds (Fig. 4 and Table 3). In the “boat”
form, both the carbonyl group and atom C, are found on
the same side of the plane formed by atoms C;,—N—C,,
whereas these atoms are on opposite sides of this plane in
the “chair” form.
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TABLE 2 VDW interaction energies (‘‘contacts’’)
between atoms of TRP-59 and polar atoms of the
protein and solvent

WAT-
Max (E) TRP-atom PROT-atom Max (E) TRP-atom atom
0.084 Nel ALAC19 0.308 Cn2 O 114
0.749 Hé1 ALAC19 0.071 Hn2 H 114
1
0.880 Csl ALAO19 0.029 Hn2 H 114
2
1.263 Hé1 ALAO19 2.704 Hn2 O 114
2.043 Hel ALAO19 0.054 H¢{3 O 114
2.149 Nel ALAO19
0.002 Ce2 GLY N 23 0.234 Hn2 H 227
1
0.391 H¢{3 TYRC 38 1.359 Hn2 0o 227
1.761 H{3 TYR O 38 0.823 H{2 o 227
0.072 He3 PRO N 39
0.165 H{3 PRON 39 0.161 Hn2 O 228
0.012 Hél TRP C 59
0.168 Csl TRP C 59 0.408 Hn2 O 354
1.534 Cy TRP C 59 0.648 H{2 O 354
0.230 Hél PRO C 60
0.629 Nel PRO O 60 0.016 Cél 0 112
1.208 Cél PRO O 60 0.006 Cél H 112
2
2.052 Hé1 PRO O 60 0.168 Ce2 H 112
1
0.066 H{2 TYR N 68 0.524 Ce2 O 112
0.206 H{2 TYR HN 68 0.886 C2 O 112
1.197 H{2 O 112
1.178 Nel H 112
1
0.478 Nel H 112
2
3.153 Nel O 112
3.793 Hel O 112

All interactions with an energy greater than zero have been included.
Values were calculated using the VDW term of the CHARMM
potential function and VDW parameters from Brooks et al. (1983).

A separate 500-ps vacuum simulation of the isolated
proline zwitterion at 300°K revealed that the preferred
conformer in the CHARMM potential field is the chair
form, but a single spontaneous transition to the boat form
was observed along with many occurrences of a planar
configuration. The single occurrence of the boat form
lasted ~1.0 ps.

In addition, an adiabatic mapping of this transition was
done using the 14 atoms present in PRO-39 and fixing the
positions of atoms N, C, and O to their relative positions
in the RNAse-T1 crystal. The dihedral angle defined by
atoms C,—C,—C;—C, was constrained at intervals of
2.5 degrees through a range of —75 to +75 degrees and
exhaustively energy minimized at each step. This map-
ping reveals an energy minimum at —42.5 degrees corre-
sponding to the chair form, and at 45 degrees correspond-

ing to the boat form, with the chair form more stable by
1.55 kcal/mol. The difference is due chiefly to a reduced
repulsive electrostatic term in the chair form between the
carbonyl oxygen (assigned charge = —0.55) and atom C,,
(assigned charge = —0.2). The barrier for interconver-
sion was 4.6 kcal/mol above the internal energy of the
chair form.

Whether these energy differences correspond to a true
conformational preference is unknown. Tanaka et al.
(1977) have reviewed crystal studies of pyrrolidine ring
conformations in short peptides, noting that both forms
are found. A brief survey of the better resolved structures
in the Brookhaven Protein Data Bank also finds both
forms represented (data not shown). However, protein
crystal structures are difficult to interpret on this scale
due to their relatively low resolution; conformers found in
such data most likely represent the bias of the refinement
procedure rather than actual conformational detail.

Nonetheless, given the CHARMM potential function
and the available crystal data, PRO-39 is initially in an
energetically unfavorable conformation, and a transition
to the favored conformation occurs after 16.0 ps in our
simulation. This transition could be related to the evolu-
tion from a liganded-acid-pH form to an unliganded-
neutral-pH form of the enzyme as mentioned above. This
is especially plausible because PRO-39 is adjacent to a
histidine residue at position 40. The finding that the
transition does not occur earlier, as would be expected
recalling the brief existence of this conformer in the
vacuum simulation, suggests either that adjacent atoms
sterically interfere with the transition, or various non-
bonded interactions in the protein crystal tend to stabilize
the boat form.

IV. Solvent behavior

A. Structural water

A single water molecule (designated WAT-112) lies near
the surface of the protein in a small cavity for the entire
simulation. This cavity is not accessible to a 1.4 A probe
sphere from the protein exterior and the water within it is
apparently stabilized by hydrogen bonds. The presence of
this water was predicted by the simulation and subse-
quently confirmed by the x-ray crystallographic data
(Arni et al,, 1987). Fig. S illustrates the relationship
between potential H-bond pairs in the vicinity of TRP-59
and shows that an H-bond chain may extend from WAT-
112 out to bulk water via WAT-142 and WAT-110. The
distribution of geometric relationships between the oxy-
gen of WAT-112 and H,; of TRP-59 are shown in Fig. 6
a.

Our simulation considered electrostatic energies
involving polar hydrogens but did not explicitly consider
H-bond energies by the incorporation of directional terms
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FIGURE4 The relationship between PRO-39 and TRP-59 before (above) and after (below) the transition at 16 ps. Connolly surfaces have been
placed on the carbonyl oxygens of residues GLY-23 and PRO-60 (shown in blue) and PRO-39 atoms Hg, (yellow) and H,, (red). It appears that part
of the PRO-39 ring is held away from the TRP-59 rings by the GLY-23 carbonyl. After the transition, the PRO-39 ring is free to collide with a face of
the TRP-59 and possibly displace TRP-59 in the direction of the PRO-60 carbonyl.

(e.g., a term representing quadrupole moments for pep-
tide N-H groups) into the potential function. Hence,
H-bond energies must be estimated from the observed
geometries, and it may be expected that incorporation of a
directional term into the potential function would change
the distribution of these geometries. Nevertheless, it is
evident from Fig. 6 a that the geometries are favorable for

TABLE 3 Characteristics of PRO-39 before and after a
transition occurring at 16 ps

Time relative

to transition Before After
Conformer Boat Chair
Interacting TRP-C{3 PRO-Hé2 TRP-He3 PRO-Hy2
pairs H{3 Hé2 Ce3 H~y2
He3 Hg1

H-bond formation as well as significant electrostatic
interactions between the indole >N—H group of TRP-59
and WAT-112. In addition, significant interactions seem
likely involving the carbonyl groups of PRO-60 and
ALA-19 as well as the peptide hydrogen of TYR-68.
Geometry distributions for these pairs were much less
favorable for H-bond formation, however (Fig. 6, b and

).

B. Solvent water

In addition to the above-mentioned structural water,
another 203 water molecules were explicitly modeled
within the 16 A boundary. In simulations consisting of
only water within such a boundary, we have noted that
there exists a region of above-average density located in a
shell just inside the boundary. It is difficult to calculate
water density in our simulation of RNAse-T1 because
there are few regions inside the boundary >4 A from
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FIGURE 5 Electrostatic interactions involving the indole >N—H group of TRP-59 and WAT-112. Data represent crystal coordinates with hydrogens
positioned in an energy-minimized configuration by CHARMM. Residues ALA-19, TRP-59, PRO-60, TYR-68, WAT-112, WAT-142, and
WAT-110 are shown along with potential (not necessarily actual) hydrogen bonds.

protein and therefore not dominated by the presence of
the protein. Nevertheless, in such regions as there are, the
water appears to recede slightly from the boundary and
condense toward the surface of the protein.

Given that initial solvent positions were assigned quite

arbitrarily, an equilibration period must pass before the
simulation can be expected to exhibit realistic relation-
ships between protein and solvent. The requisite length of
such a period is unknown, but it is clear that migration of
the water toward the protein surface is generally complete

5.0 T T
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| | 1

30 60

90 120 150
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FIGURE 6 Distribution of hydrogen bond geometries involving TRP-59. The D-A distance and D-H-A angle for the indicated atoms were calculated
for each of the 1,250 data sets comprising the last 25 ps of the simulation and plotted to show the distribution of geometries and angles. D, donor, H,
hydrogen, and A, acceptor. Contour levels are arbitrary. (a) H,, (TRP-59) and the oxygen of WAT-112. (b) H,; (TRP-59) and the carbonyl of

ALA-19. (¢) H, (TRP-59) and the carbonyl of PRO-60.
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FIGURE 6 continued

by 20 ps. The time series presented below should be
considered in this light, even though they are depicted for
the entire simulation length of 50 ps.

We have examined the interaction between water and
TRP-59 as a model for the interaction of quenching
agents and this residue, particularly quenching agents
with hydrogen bonding capability such as acrylamide or
trichloroethanol. In the course of the simulation, 21
contact pairs are observed (see Table 2). Of note, the most
energetic of these contacts involve the water oxygen;
water hydrogen contacts are relatively weak. The most

intense interactions occur between the oxygen of WAT-
114 and atom H,, of TRP-59, and it is of interest to
correlate these interactions with the solvent-accessible
surface area of the TRP residue (see Fig 7).

Several features of Fig. 7 are noteworthy. First, the
accessible surface area (algorithm of Lee and Richards,
1971) fluctuates rapidly, rarely being equal to zero and
occasionally as high as 5 A. Atom H,, accounts for 93% of
this area. In the free amino acid form of TRP, this atom
has a total accessible surface of 35 A? whereas the indole
moiety apart from the protein backbone has a surface
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FIGURE7 The interaction of WAT-114 and TRP-59. (a) The solvent-accessible surface was caiculated at 0.2-ps intervals throughout the 50-ps
simulation using the algorithm of Lee and Richards (1971). The initial value was 2.0 A? (b) The distance between the oxygen of WAT-114 and atom
H,; of TRP-59. (c) Positive VDW interaction energies between the oxygen of WAT-114 and atom H,, of TRP-59. This is the same plot as line 6 of Fig.

3. Times T,, T,, and T; correspond to Fig. 8 4, b/c, and 4.

area of 230 A% By the same measure, RNAse-T1 has a
total surface area of 4,000 A2 Second, although an
apparent equilibration process takes place in the first 40
ps of the trajectory, the average area in the last 10 ps
(~2.5 A?) is the same as that found for the crystal
structure (see ordinate at time = 0.0 ps). Third, it is seen
that WAT-114 is in close proximity (=5 A)to atom H,,
throughout the trejectory, but only makes repulsive con-
tact at later times. These latter two features may in fact
indicate that this water assumes an “equilibrated” posi-
tion only at these later times.

Analysis of the trajectory using computer graphics
clarifies certain features of these data (Fig 8). WAT-114
appears to preferentially participate in a hydrogen bond
network with polar moieties on the protein surface and
with other waters. These interactions suspend WAT-114
somewhat above TRP-59 for most of the simulation,
leaving an unoccupied space adjacent to TRP-59 with a
volume less than that of an oxygen atom. The solvent-

accessible surface of TRP-59 (algorithm of Connolly,
1983) forms the base of a shallow pit on the protein
surface which is almost completely bounded by nonpolar
atoms. There is an apparent competition for H-bonding
partners between WAT-114 and the nearby peptide
hydrogen of TYR-68; WAT-114 occupies the space adja-
cent to TRP-59 only when the water to which it is
H-bonded has instead H-bonded to TYR-68. Contact
between WAT-114 and H,, is further facilitated by the
concerted movement of TRP-59 toward the protein sur-
face and rotation of adjacent residue side chains such that
the “window” to H,, is slightly larger.

V. Electrostatic interactions

A. General considerations

We have considered three ways of examining the electro-
static environment of the TRP side chain in RNAse-T1.
The first merely lists which atoms interact most strongly
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FIGURES Interactions of WAT-114 and TRP-59. A solvent-accessible (Connolly) surface has been placed on RNAse-T1 at points corresponding to
times T, and T, in Fig. 7. Red: TRP-59. Yellow: WAT-114. Blue: other protein atoms. (a) Time 33.42 ps: TRP-59 is minimally “accessible” at this
point and WAT-114 is suspended above the TRP-59 surface by hydrogen bonds to TYR-68 and other waters. (b) Time 33.84 ps: TRP-59 has
transiently moved toward the surface and adjacent residues (particularly GLN-25 and TYR-68) have rotated such that TRP-59 is far more accessible
to solvent. The Lee and Richards surface area algorithm (used in Fig. 7) indicates a 25-fold increase in solvent accessibility over this interval. If we had
distinguished between contact and reentrant Connolly surfaces in this figure, a correspondingly large increase in the contact area would be evident. (¢)
Time 33.84 ps (same as b): WAT-114 participates in a hydrogen bond network with other waters and polar protein groups such as the GLN-25 side
chain and the TYR-68 main chain. Although TRP-59 is “accessible,” there is no VDW contact at this point. (d) Time 34.20 ps: WAT-114 makes
contact with TRP-59 only after breaking hydrogen bonds with TYR-68 and another water molecule (time T, in Fig. 7).




with atoms of the TRP-59 side chain. The second consid-
ers which of these interactions fluctuate over the broadest
range. The former constitute the principal electrostatic
influences on the TRP-59 side chain, whereas the latter
reveal time-dependent interactions which may signifi-
cantly though transiently change the electrostatic field of
the side chain. The third approach involves constructing a
molecular electrostatic potential map in the plane of the
TRP side chain. The application of macromolecular
mechanics to the analysis of protein electrostatics side-
steps most quantum mechanical considerations including
the fact that one must work with energy and time scales
that are well beyond the Heisenberg uncertainty thresh-
old. Each of these approaches, though based on the
potential used in calculation of the trejectories, must be
regarded as no more than semiquantitative because it is
not possible at this stage of the work to consider atomic
polarizabilities and quantum mechanical effects rigorous-
ly. A simplistic electrostatic treatment notwithstanding,
this approach to molecular dynamics has demonstrated
noteworthy experimental correlations. For example,
molecular dynamics estimates of the energy barrier
height for tyrosine ring rotation (Ghosh and McCammon,
1987), of ligand-receptor binding energies (Bash et al.,
1987), and of fluorescence anisotropy decay (Axelsen et
al., 1988) all correlate to experimental data with reason-
able accuracy.

B. Search scheme

The most significant electrostatic interactions were found
in parallel with the search for VDW interactions
described above. A constant, unshifted dielectric of 1.0
and the partial atom charges assigned by CHARMM
were used. No polarization or shielding effects were
assumed, and only monopole-monopole energies were
calculated using: E = q,9,/(4wer), where r is the intera-
tomic distance and e is the permittivity of the vacuum.
Charges assigned to TRP ring atoms by CHARMM are
given in Table 4. Minimum and maximum interaction
energies (absolute values) were found as for VDW inter-
actions above for each of the 4,485 atom pairs studied at
each time point over the course of the simulation. Ordered
lists of the maximum energy and maximum energy fluc-
tuation amplitude were prepared.

C. Descriptive summary

Ordered lists of peak interaction energies and interaction
energy fluctuations were very similar, indicating by one
measure that specific electrostatic interactions with rela-
tively high energies are not preferentially observed in the
simulation. Time series of these energies reveal some
trends involving TRP-water pairs that may be due to an
equilibration process, but no such trends among TRP-
protein pairs are observed beyond the first 3 ps (see Fig.

TABLE 4 Partial atom charges assigned to TRP
sidechain atoms by CHARMM and used in electrostatic
energy calculations

5-Atom ring Inter-ring 6-Atom ring

Cy -0.03 cs2  0.10 Ce3 -0.13
He3 0.10

Cil —0.04 Ce2 -0.04

Hé1  0.10 C2 —-0.10
H2 010

Nel -0.36

Hel  0.30 Ci3 -0.10
HE3 010
Cp2 -0.10
Hn2 0.10

Sum of the charges is zero.

9). As expected from the partial charge assignments
(Table 4), the most energetic interactions involve the
indole >N—H group of TRP-59. Interactions with a
structural water (WAT-112) predominate, and involve an
apparent H-bond (see above discussion of “structural
water’’).

There are relatively large interaction energies with the
carbonyl groups of both ALA-19 and PRO-60, the former
being larger, generally. These interactions begin to occur
intermittently 3 ps into the trajectory and frequently
return to the relatively low level found in the crystal
structure throughout the trajectory. This suggests that
both relatively high energy and relatively low energy
interactions with the ALA-19 carbonyl occur, and the
neither is merely an artifact of incomplete equilibration.
The geometry of this H,,-carbonyl interaction does not
appear likely to yield true H-bonds of significant energy
(see Fig. 6 b), however, we do not know the extent to
which use of explicit H-bond terms in the CHARMM
potential function would alter the distribution of observed
geometries.

Several other water molecules develop relatively large
interaction energies with the indole >N—H group, but
are in continuity with bulk water rather than individually
situated in the protein matrix as with WAT-112. Exclud-
ing water and the >N—H group, electrostatic interaction
energies between protein matrix and the TRP-59 side
chain are relatively low in energy (<8 kcal/mol), and
stable over the course of the trajectory. This set of
interactions involves predominantly backbone carbonyl
groups interacting with both TRP rings. These carbonyl
groups (bearing partial charges of +0.55/—-0.55) are
generally found to be oriented with the oxygen closer to
the TRP rings. Backbone N—H groups are assigned
smaller partial charges (+0.25/—0.35) and conse-
quently, the only N—H group found in a list of the 100
strongest interactions is that of TYR-68; in this case the
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FIGURE 9 Electrostatic interaction energies between TRP-59 atoms and other atoms in the protein matrix or solvent. Complete (50 ps) time series for
the 25 largest interactions are shown. For reference, the range of energies in line 1 is 22.3-48.5 kcal/mol and all plots are on the same scale.
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peptide hydrogen is oriented toward atom H,, of TRP-
59.

D. Molecular electrostatic potentials

Electrostatic potential maps were constructed at various
points in the simulation by determining the sum of the
potentials due to all protein and water charges for a grid
of points in the plane of the TRP side chain. As with the
above calculations, no polarization or shielding effects
were assumed, and the potential at each point was calcu-
lated using V' = Z7_, q,/(4wer) over the n atoms for which
distance » < 8 A from the grid point (exclusive of TRP
side chain atoms). The resulting maps resemble published
molecular electrostatic potentials for small molecules
calculated using semempirical and ab initio programs
(Politzer and Truhlar, 1981). However, it is not presently
feasible to apply these more rigorous programs to struc-
tures as large as proteins. It is possible to refine this
calculation somewhat by the introduction of terms
accounting for atomic polarizabilities (Russel and War-
shel, 1985); however, uncertainties with respect to partial
charge parameters may not warrant such refinement
(Van Belle et al., 1987). Hence, for the present, our
relatively crude and semiquantitative maps must suffice.

The most noteworthy result from these studies is that
the potential maps for two extremes of TRP-59 side chain
rotational motion are remarkably similar (see Fig. 10, a
and b). Thus, by this measure, and despite the specific
electrostatic energy fluctuations noted above, the environ-
ment of TRP-59 in RNAse-T1 appears electrostatically
homogeneous throughout the rotational excursion of the
side chain. We also find that TRP-59 is situated near the
midpoint of the helix where the helix macrodipole will
have relatively weak interactions with TRP-59 regardless
of orientation. Finally, we note that unbound water tends
to oppose whatever small gradient is due to the helix.

To put these results into perspective, we have compared
them to maps made from the crystal structures of azurin
and staphylococcal nuclease (see Fig. 10, ¢ and d). In
azurin, we see that the potential is smaller in magnitude,
but that the gradient in the plane of the rings is several-
fold greater at most points. In nuclease, the potential is
highly positive as well as more steeply graded. Thus, we
conclude that the electrostatic environment of TRP-59 in
RNAse-T1 is relatively homogeneous, and that substan-
tially greater potential gradients may act on the TRP side
chain in other proteins.

DISCUSSION
I. Analytical validity

The accuracy of a molecular dynamics simulation is very
difficult to assess when the object of study is a single

macromolecule. In single-TRP proteins, a simulation of
fluorescence anisotropy decay can be compared with the
experimentally determined limiting anisotropy. However,
a comparison such as this is only capable of showing a
simulation to be unrealistic, and it says little about a
simulation which compares favorably. Apart from this,
we must rely largely on self consistency within the simula-
tion to assess its validity.

For example, to illustrate various approaches to the
question of when a system is suitably equilibrated, we
have included time series which span the entire 50-ps
trajectory in most figures. Time series of electrostatic
interactions appear to be largely insensitive to equilibra-
tory processes because they begin a monotonous pattern
within several picoseconds of simulation. Likewise, most
of the VDW interactions reveal little change in character
over 50 ps. On the other hand, the solvent-accessible TRP
surface is clearly in transition over the same interval. We
conclude that interactions such as that of TRP-59 with
WAT-112 and the ALA-19 carbonyl group are consis-
tently represented throughout most of the simulation,
whereas the solvent accessibility of TRP may or may not
be suitably represented by the end of the trajectory.
Singular events such as the PRO-39 conversion at 16 ps
are found fortuitously and even missed if an “equilibra-
tion” period is not given the same scrutiny as the “equili-
brated” period.

There are at least two serious limitations encountered
when specifically attempting to interpret fluorescence
using the molecular dynamics approach. First, the time
scale of the simulation is many orders of magnitude
shorter than the time scale of the experiment. Thus, we
sample only a minute portion of the conformational space
available to a protein in a 50-ps simulation. Furthermore,
even 100-fold longer times (times comparable to the
fluorescence lifetime) are inadequate because evidence
suggesting that the fluorophore environment in RNAse-
T1 is heterogenous implicitly requires simulations many
times longer than the fluorescence lifetime.

Second, the model for tryptophan used in molecular
dynamics is, at best, a crude model of the ground state
fluorophore. No adjustments are made for changes in
kinetic energy or charge distribution incurred as a result
of photoexcitation, nor is it clear how to make such
adjustments. We might expect quantum mechanical cal-
culations to yield insight into this problem, but here too,
no adequate theory exists describing relaxation from the
electronically excited singlet state. Furthermore, indole
exhibits particularly complex photophysics with two
closely spaced excited states, one of which is manifest only
in condensed phases (Rizzo et al.,, 1986; Hager et al.,
1987).

These limitations dictate that we must carefully avoid
overinterpreting molecular dynamics simulations. In our
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FIGURE 10 Molecular electrostatic potential maps. The electrostatic potential in the plane of the TRP rings is shown for two points in the simulation
which represent the extremes of rotational motion for the TRP-59 side chain. (a) Map at 43.00 ps into the simulation (time T, in Fig. 2 ) () Map at
47.32 ps into the simulation (time T, in Fig. 2 b) Rings in panels @ and b are oriented ~34 degrees to each other. (¢) Map of azurin using crystal
coordinates. (d) Map of nuclease using crystal coordinates. Note: Maps a and b include solvent water, whereas maps ¢ and d do not. Dashed lines
represent negative potentials; solid lines represent positive potentials; contour intervals of 10 kcal/mol per esu.
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FIGURE 10 continued
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view, we can best regard such brief simulations as a tool
for a more detailed analysis of protein crystal structures.
Through such analyses, we seek to gain insight into
important aspects of the structure which are not ordi-
narily apparent in crystallographic data such as aniso-
tropic motions and protein-solvent interactions. We also
seek to avoid inappropriately rigid preconceptions con-
cerning intramolecular interactions.

Il. Anisotropy decay

The unoccupied space around TRP-59 apparent in the
x-ray crystal structure of RNAse-T1 allows the side chain
to rotate no more than +5 degrees. The simulation, on the
other hand, reveals frequent excursions to +17 degrees.
These excursions occur to an equal degree along all axes
(Fig. 2, a—c) and reflect substantial motion of the protein
matrix in the vicinity of TRP-59.

Assuming a limiting anisotropy, r,, for TRP of 0.310,
the simulated anisotropy decay for RN Ase-T1 plateaus at
a value of ~0.298, which agrees well with published data
(Lakowicz et al., 1983; Eftink, 1983; Axelsen et al.,
1988). Although this corresponds to a 9.4-degree “cone of
rotation,” such abstractions do not relate in any simple
way to the fact that we also observe rotational fluctua-
tions as large as +17 degrees (Lakowicz, 1983). For
example, it is not correct to assert that “(a simulated
anisotropy) decrease corresponds to an increase in the
angle A between the absorption and emission vectors”, as
stated by MacKerrel et al. (1987). These authors found
an anisotropy decay from 0.31 to 0.24 in a vacuum
simulation of RNAse-T1 for which the correct cone angle
is 22.8 degrees. This is not consistent with experimental
results showing smaller angles for TRP residues in most
other proteins and an angle of ~0 degrees in RNAse-T1
(Lakowicz et al., 1983; Eftink, 1983).

TRP side chain fluctuations must undoubtedly occur
with an amplitude greater than the value of their cone
angle, but we do not at present have any means to
determine whether they occur to the extent or with the
frequencies suggested by the simulation. Our results
would be strengthened by demonstrating good correla-
tions with experiment when comparable simulation strat-
egies are applied to a series of single-TRP proteins
exhibiting a range of limiting anisotropies.

Frequency-domain fluorescence spectroscopy promises
to be an important technique for comparison of experi-
ment to simulation with its capability of resolving aniso-
tropy decays on the picosecond time scale (Lakowicz et
al., 1986, 1987). For example, in RNAse-T1 there is no
evidence for correlation times shorter than the overall
correlation time for the protein (6.5 ns) using this tech-
nique, even with the use of acrylamide quenching (Lako-
wicz, J. R., unpublished results). Thus, the 100-ps corre-

lation times measured by MacKerrel et al. (1987) and the
22-, 39-, and 130-ps times found in various simulations of
RNAse-T1 (MacKerrel et al., 1987, 1988) may be high-
temperature phenomena (40°C) or artifact.

ili. Emission spectra

The fluorescence emission from TRP-59 in RNAse-T1 is
unusual both for the location of its maximum intensity
and the presence of vibrational structure (James et al.,
1985). In these respects, the spectrum of RNAse-T1 is
comparable to that of azurin which has a single TRP at
position 48 (Burstein et al., 1977; Petrich et al., 1987). In
both cases, the emission intensity maxima are signifi-
cantly blue shifted relative to other single TRP proteins,
being 318-320 nm in RNAse-T1 and 308 nm in azurin.
Although their vibrational structure is very poorly
resolved, these are the only proteins in which vibrational
structure has been reasonably demonstrated. It is worth-
while to consider these fluorescence characteristics fur-
ther in light of structural data provided by the simula-
tion.

The location of a structural water (WAT-112) criti-
cally near the TRP-59 >N-—H group was predicted by
our simulation and confirmed by x-ray crystallography.
Features of its location suggest that water may have a
very long residency time at this location and that it may
hydrogen-bond with atom H,, of TRP-59. In contrast,
there are no potential hydrogen bonds involving the
TRP-48 >N—H group apparent in the x-ray structure of
azurin, and the residue appears to be fully sequestered
from any contact with solvent. Because hydrogen bonds
shift indole emission spectra to the red (Demchenko, 1986
[pp. 34-40]), these observations suggest that the 10-12
nm difference between emission maxima of RNAse-T1
and azurin chromophores may be due to hydrogen bond
formation in RNAse-T1. We note that the energy change
corresponding to a 10—12 nm shift is ~3.2 kcal/mol, a
value comparable in scale to the energy of a hydrogen
bond.

However, hydrogen bonds in ordinary aqueous solu-
tions tend to broaden spectral emission lines completely
beyond resolution (Demchenko, 1986). If an H-bond
exists between WAT-112 and TRP-59, it is apparently
altered by its protein environment because we observe
vestiges of distinct spectral lines in RNAse-T1. Further-
more, the degree of spectral broadening that is observed
in RNAse-T1 may not be related to H-bond formation
because factors other than H-bond formation must
account for the similar broadening of TRP-48 in azurin.

We do not use a directional H-bond term in our
dynamics potential function, and we would certainly
expect such a term to affect the distribution of donor-
hydrogen-acceptor geometries (Fig. 6 a). However we do
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not know, a priori, whether such a term will shift this
distribution toward or away from energetically significant
H-bonds because there may be competition for any given
donor or acceptor among potential H-bonding groups. For
example, the peptide N—H group of TYR-68 (see Fig.
5), could conceivably compete for WAT-112 at the
expense of the imino N—H group of TRP-59. Further-
more, the carbonyl group of ALA-19 is also positioned to
compete with WAT-112 directly or indirectly via induced
electrostatic effects. A simulation of RNAse-T1 with
proper H-bond terms would therefore be of interest.

Aside from ordinary H-bond formation, there exist
other bases for interaction between water and the indole
>N-—H group. Hager et al. (1987) show evidence for
various indole derivatives that the indole N—H bond is
relatively labile in the 'L, excited state. Thus, charge
transfer or exciplex formation with WAT-112 may occur
in RNAse-T1, resulting in red shifted emission relative to
TRP-48 in azurin. It is conceivable that the oxygen of
WAT-112 may be unable to form optimal or long-lived
H-bonds for geometric reasons and therefore may be
available for other roles such as electron capture. Chain-
ing of H-bonds via WAT-142 out to bulk solvent may add
to the stabilization of charges on WAT-112.

The red shift of RNAse-T1 emission compared with
azurin also correlates with a closer proximity between
TRP and bulk solvent in the case of RN Ase-T1. However,
our simulation indicates that water which is close to or
makes contact with TRP-59 is highly constrained within
H-bond networks and therefore should have an attenu-
ated dielectric screening effect. Gilson and Honig (1987)
have examined the dielectric properties of bound water,
finding quantitatively better correlation with experiment
when bound water is modeled as a low dielectric medium.
Thus, a far smaller stoke’s shift for TRP-59 compared
with TRP in water is certainly expected, and we might
further expect that most of the energetically significant
relaxation occurs between TRP-59 and nearby intrinsic
protein dipoles.

The relative importance of protein versus water dipoles
in the electrostatic environment of TRP-59 is difficult to
assess, but their separate contributions to the effective
dielectric using molecular dynamics could be estimated
by altering the distribution of charge within TRP-59,
repeating part of the simulation, and examining subse-
quent dipole reorientations. A simpler case to analyze
would be that of a spherically symmetric point charge in
the region of TRP-59. Neither approach, however, can
adequately treat atomic polarizabilities and induced
dipole shifts.

Finally, we must consider the effects of the local
electrostatic potential on the absorption spectrum of
TRP-59 because we might expect the fluorescence emis-
sion to shift in parallel to any shift in the absorption

spectrum. Ilich et al. (1988) have attempted to calculate
the effects of a single point charge on the absorption
spectrum of indole. The predicted effects differ in magni-
tude and direction depending on the location of the charge
with respect to indole, but may be sufficient to cause
shifts as large as 10 nm. Electrostatic perturbation of
absorption may be greater in azurin than in RNAse-T1
because we find a steeply graded electrostatic potential at
TRP-48 in azurin, and a relatively bland gradient at
TRP-59 in RNAse-T1 (see Fig. 10 a—d). It is entirely
plausible that steep field gradients will modify other
photophysical properties of the indole ring system, partic-
ularly as the TRP side chain moves within the gradient.
For example, movement of the side chain electric dipole
against a potential gradient requires energy and may be a
means of nonradiative excited-state deactivation.

IV. Quantum yield

Nonradiative deactivation of excited indole molecules in
gas phase occurs via intersystem crossing from the singlet
to the triplet state, as well as poorly defined means of
direct internal conversion to the ground state. In con-
densed phases, additional mechanisms of nonradiative
decay are available and quantum yield becomes a func-
tion of both temperature and excitation wavelength,
particularly if the solvent is polar. Indole and 3-methyl-
indole exhibit quantum yields of ~0.40 in cyclohexane
and 0.28 in water (Klein et al., 1981). The quantum yield
of TRP in water is half of this value (Longworth, 1971)
and diminishes a further two- to three-fold on incorpora-
tion into peptides (Werner and Forster, 1979). In this
context, the quantum yield of 0.28-0.31 for TRP-59 in
RNAse-T1 (Longworth, 1971; James et al., 1985) is
remarkably high, and approximately equal to indole in
water.

Given this high quantum yield for RNAse-T1, it is
surprising that most atoms of the TRP-59 side chain
frequently contact one or more highly polar groups of the
nearby protein matrix in our simulation. These groups
ordinarily quench fluorescence through “collisional” or
“dynamic” mechanisms with low activation energies
(Ricci and Nesta, 1976; Demchenko, 1986, [pp. 179-
182]). The simulation results therefore imply that these
mechanisms are either inoperative or very inefficient
within RNAse-T1.

It appears unlikely that collisional interactions occur
which are of an entirely different nature than those listed
in Table 2. By this we mean that gross disruption of major
secondary and tertiary structures would be necessary to
bring potential quenchers such as a carboxyl group, sulfur
atom, or ammonium group into contact with TRP-59.
The only possible interaction appears to be with the
e-amino group of LYS-25 for which the crystal structure
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shows a distance of 5.75 A to atom C,, of TRP-59 when
LYS-25 lies closely apposed to the helix (our simulation
used the GLN-25 isozyme). Although we would expect
this side chain to protrude into the solvent and away from
TRP-59 (as with GLN-25), we cannot exclude intermit-
tent proximity to within the “sphere of influence” of the
ammonium ion. If LYS-25 influences TRP-59 fluores-
cence, we would predict a lower quantum yield and/or
shorter lifetime for the LYS-25 isozyme compared with
the GLN-25 isozyme.

In addition, it may be possible for the rings of TYR-38
or TYR-68 to interact differently with the TRP-59 rings.
TYR-68 is tethered to GLY-70 via H-bond throughout
the trajectory, but both are members of an omega loop
(Leszczynski and Rose, 1986), which exhibits large-scale
motions in a vacuum simulation, and such motions could
conceivably facilitate various pi-electron interactions
between TYR-68 and TRP-59. For TRP-59 to interact
with TYR-38 would require major structural shifts in the
active site, and therefore seems less likely than TRP-59
interactions with TYR-68. A spectroscopic study of an
RNAse-T1 mutant with a hydrophobic and nonaromatic
residue in position 68 would likely help answer critical
questions about intrinsic quenching of TRP-59.

In light of this, we must consider that the quenching
efficiency of interactions listed in Table 2 may be a
function not only of the nature of the interacting chemical
species and their collisional frequency, but also of particu-
lar collisional geometries. The high quantum yield of
TRP-59 despite the apparent high frequency of interac-
tion between the indole moiety and potential quenchers
could be explained, in part, by infrequent sampling of
conformations which give rise to suitable contact geome-
tries. This inference is consistent with the results of James
et al. (1985), who demonstrated that the quantum yield
and fluorescence lifetime of TRP-59 is largely tempera-
ture insensitive. These authors found a small tempera-
ture-dependent decay component with an activation
energy of 30 + 5 kJ/mol. Although this is comparable to
the activation energy associated with photoionization in
tryptophan, James et al. (1985) concluded that the tem-
perature-dependent process is unlikely to be due to photo-
ionization, because the close approach of the solvent
required for this process is sterically prohibited.

James et al. (1985) speculate that the temperature-
dependent decay process represents a quenching mecha-
nism facilitated by protein mobility. On the strength of
our simulation, we may elaborate on this speculation in
the following way. Whereas collisional interactions with
potential quenchers may occur frequently (with respect to
the fluorescence lifetime) at all relevant temperatures,
greater protein mobility at higher temperatures will give
rise to a greater range of interaction geometries as well as
more frequent interactions. Hence, particular configura-

tions that facilitate nonradiative deactivation may arise
more frequently. We note that their data demonstrate
that the similarity between quantum yields for TRP-59 in
RNAse-T1 and indole in water is probably coincidental,
because the nonradiative deactivation of indole in water is
quite temperature sensitive (reviewed by Creed, 1984)
and is probably due to a photoionization decay mecha-
nism (cf. the relative temperature insensitivity of RNAse-
T1 fluorescence).

V. Lifetimes

RNAse-T1 exhibits monoexponential intensity decay at
pH =5, but a second and shorter decay component
appears at pH ~7 or upon binding 2'-GMP (Grinvald and
Stenberg, 1976; James et al., 1985; Eftink and Ghiron,
1987; Alcala et al., 1987b; Chen et al., 1987). In addition,
a second component has been observed at pH ~5 when the
measurements are made at 40°C (MacKerrel et al., 1987,
Gryczynski et al., 1988). This latter finding is consistent
with the data of James et al. (1985) since from their Fig.
5, a lifetime of ~3.4 ns may be derived for RNAse-T1 at
40°C which closely corresponds to the weighted average
of the lifetimes for the free enzyme at 40°C given in Table
1 of MacKerrel et al. (1987). Although it is clear from
these data that the fluorescence intensity decay of TRP-
59 is sensitive to alterations in its chemical environment
brought about by changes in temperature, pH, and ligand
binding, these same data give us virtually no insight as to
the nature of the chemical environments.

Because the fluorescence intensity of an idealized
fluorophore decays monoexponentially, it has been tradi-
tional in proteins to associate each component of a
multiexponential decay with the existence of a particular
protein conformation. An alternative approach assumes
that a large number of fluorophore environments may
exist which interconvert on the fluorescence time scale
giving rise to a distribution of unique lifetimes (Alcala et
al., 1987a). Neither experimental data nor our simulation
furnish us at present with a basis for choosing between
models of fluorescence decay which espouse discrete
versus distributed exponential decay components. Such a
conclusion is unsatisfying, and may point to our failure to
consider alternative explanations.

For example, if quenching of TRP-59 in RNAse-T1 is
mediated by electron or proton transfer (as suggested by
Chen et al., 1987), then the fluorescence lifetime may be
determined by relatively long-range effects and the rele-
vant conformation may be that of an electron or a proton
accepting moiety rather than that of the fluorophore
environs. Thus, if electron transfer to an imidazolium
group is a principal determinant of the TRP-59 lifetime,
there may be another basis for lifetime dependence on
pH. If the orientation of imidazole rings are critical in this
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capacity, it may help explain the effects of ligand binding
on the fluorescence lifetime of RN Ase-T1 in a way which
is independent of the electron or proton accepting nature
of the ligand.

Another alternative to consider is the formation of
exciplexes between TRP-59 and water or elements of the
protein matrix (Lumry and Hershberger, 1978). If a
given TRP residue can form more than one exciplex, a
plausible basis for multiple discrete lifetimes would exist
because each exciplex may have a distinct intrinsic life-
time. However, this scenario could also be the basis for
lifetime distributions because the time interval between
excitation and exciplex formation is variable and the
relative contributions of the uncomplexed fluorophore
and the exciplex to the observed lifetime would be distrib-
uted over a range equal to the difference in lifetime
between the two states. In comparison, multiple discrete
lifetimes arising from a single intrinsic lifetime seems
rather improbable because the rates of the nonradiative
deactivation processes would have to be nonidentical, yet
very similar on the fluorescence time scale purely by
coincidence.

The observation that PRO-39 undergoes a rotameric
transition at one point in the simulation is of interest. In
the crystal structure, GLY-23 greatly retards an other-
wise rapid transition from a boat to a chair configuration.
It is unlikely that nonbonded interactions between TRP-
59 and PRO-39 chain exclusively determine the appear-
ance of a new and relatively short lifetime component at
neutral pH, because the interaction is entirely nonpolar.
More likely would be displacement of TRP-59 by PRO-
39 in such a manner so as to bring about more suitable
contact between TRP-59 and an intrinsic quencher. We
might expect the pH-sensitive side chains of HIS-27 and
HIS-40 to influence TRP-59 fluorescence by such means
since both residues are spatially adjacent to PRO-39.
However, there is reason to doubt whether titration of a
histidine residue can be responsible for the observed
pH-dependent fluorescence decay phenomena since the
transition occurs at pH 6.5-7.0, and there is evidence that
the pKa of these histidine residues is higher than this
(Arata et al., 1979).

Because of their potential role in explaining the pH-
dependent appearance of a second lifetime component,
HIS-27 and HIS-40 are attractive targets for site-specific
mutagenesis and/or chemical modification, along with
residues with which they may potentially hydrogen bond,
such as TYR-24, TYR-57, and GLU-82 in the case of
HIS-27, and TYR-38 in the case of HIS-40. In addition, a
simulation with protonated histidines may be of interest.
Replacement of GLY-23 with ALA or VAL should be
attempted in an effort to stabilize one form of PRO-39. It
would be of interest to repeat the hole-burning experi-
ment of Hershberger et al. (1980) on RNAse-T1 at acid

pH and with any GLY-23 mutants that exhibited
monoexponential decay at neutral pH to see if structural
heterogeneity by this measure is present only when there
is multiexponential fluorescence decay. It will likely be
difficult to mutate the potentially critical residues PRO-
39 or PRO-60 conservatively such that overall protein
conformation and enzyme activity is preserved.

VI. Extrinsic quenching

In lieu of modeling specific quenching molecules, we have
examined water behavior as a first approximation to the
behavior of a class of hydrogen bonding quenchers which
includes acrylamide and trichloroethanol. Qur simulation
suggests that TRP-59 is rarely, if ever, completely
shielded from solvent water by protein matrix. The fre-
quency of contact between water and TRP-59 is nonethe-
less lower than we might expect, due in part to the
energetic cost associated with the breaking of hydrogen
bonds to other solvent molecules. Acrylamide and tri-
chloroethanol each have nonpolar and polar aspects
wherein we might expect the polar ends to preferentially
orient toward solvent and away from TRP-59. From this
orientation the quenching event may require the breaking
of H-bonds and reorientation of the polar end toward
TRP-59 if quenching requires contact with the polar
moiety.

These observations illustrate features of the “gated”
model of fluorescence quenching and particularly support
the transition state approach (Somogyi et al., 1986).
However, the transition state (using water-TRP contact
as a model for the quenching event) is seen to be rather
frequently sampled late in the trajectory. Given that
acrylamide is assumed to have a high quenching effi-
ciency, contacts between acrylamide and TRP of such
frequency (several per picosecond) would appear as “stat-
ic” quenching, a feature not evident from Stern-Volmer
plots of RNAse-T1 fluorescence quenching by acrylam-
ide (Eftink and Ghiron, 1976).

The limited accessibility of TRP-59 in RNAse-T1 to
contact quenchers as described above has interesting
implications when one considers the use of such quenchers
to determine limiting anisotropies. In RNAse-T1, the
limiting anisotropy of TRP-59 is nearly equivalent to that
of TRP in vitrified solvent (Lakowicz et al., 1983; Ghiron
and Longworth, 1979), indicating that TRP-59 is vir-
tually immobilized within its protein matrix. To facilitate
contact between molecular oxygen or acrylamide and a
non-edge aspect of the rings (i.e., a ring face), extensive
movements on the part of residues adjacent to TRP-59
would have to occur on a time scale which is short relative
to the fluorescence lifetime. Inspection of the RNAse-T1
crystal structure and our dynamics simulation indicates
that the molecular motions which would be needed to
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allow such events would also permit significant rotational
excursions of the TRP-59 side chain. Therefore, because
these motions are not observed, quenching must occur via
contact between the quencher and the extremely limited
solvent-accessible “edge” aspect of the fluorophore, i.e.,
atoms H,, and H,,.

We do not know exactly how close so-called “collision-
al” quenchers must be to a fluorophore to effect quench-
ing, the sphere of action concept notwithstanding (re-
viewed by Eftink and Ghiron, 1976; Lakowicz, 1983). If
quenching events may be mediated over distances that
exceed the sum of the atomic VDW radii, our conclusion
that quenching is mediated via interaction with aromatic
ring hydrogens may not be valid. On the other hand, our
simulation may be of insufficient duration or accuracy to
reveal protein motions which preclude ring librations but
yet allow quencher contact with other aspects of the TRP
rings. In any case, we have not detected slow motions of
TRP-59 or adjacent residues that would suggest that
patterns of motion relevant to the quenching process
would be substantially different at times beyond 50 ps.

If our conclusions regarding orientational specificity of
TRP-59 quenching are correct as expressed above, we can
interpret the high efficiency of TRP-59 quenching by
oxygen in terms of its symmetry. The fact that molecular
oxygen exhibits axial and reflection symmetry means that
there are relatively few possible interaction geometries
between it and a fluorophore. Hence, given any collision
between oxygen and TRP, an effective interaction has a
high probability of occurring. Furthermore, by virtue of
its hydrophobicity and molecular dimensions, oxygen
may preferentially displace water and have a prolonged
residency time in the surface pit adjacent to TRP-59 due
to “solvent cage” effects. This speculation is supported in
the case of acrylamide by our solvent-accessible surface
area calculations which indicate that TRP-59 represents
5 + 4,000 = 0.00125 of the protein surface, yet acrylam-
ide quenches with a bimolecular quenching constant that
is as much as 10% of the diffusion-limited value (Eftink
and Ghiron, 1975). Thus, “solvent cage” effects or spe-
cific interactions such as hydrogen bonding to the peptide
hydrogen of TYR-68 may be contributing factors to the
high apparent efficiency of RNAse-T1 quenching by
acrylamide.

The accuracy of these inferences are to a considerable
extent contingent on the precise mechanism by which
fluorescence quenching occurs. The Stern-Volmer for-
malism, based as it is on the Smoluchowski relationship,
implicitly assumes isotropic reaction conditions, i.e., that
quencher and fluorophore have equal probability of inter-
action in all directions. This assumption is useful as a first
approximation, but the location and apparently limited
exposure of the TRP-59 rings in RNAse-T1 effectively
precludes isotropic interaction with quenching agents.

Under such circumstances, we conclude that quenching
efficiency may be a function of interaction geometry and,
accordingly, the symmetry of both fluorophore and
quencher.

VIil. General conclusions

We have used molecular dynamics to investigate possible
correlations between protein fluorescence and structure.
Our specific conclusions will not be repeated here because
they are summarized in the abstract, but in general, the
approach is useful for generating hypotheses and suggest-
ing specific experimental approaches for testing them.
Although molecular dynamics simulations of proteins are
encumbered with severe limitations and approximations,
this approach reveals many often subtle dynamic features
of the fluorophore environment which would be difficult if
not impossible to anticipate solely from the specific
structural features revealed by x-ray crystallography.

It is important that simulations of additional single
TRP proteins be conducted. By comparatively examining
TRP residues with substantially different spectral proper-
ties it is expected that determinants of protein fluores-
cence behavior will be uncovered and the use of TRP as a
probe of protein structure and dynamics can be advanced.
Furthermore, such studies enable further testing and
refining of molecular dynamics methodology insofar as
they offer one of the few opportunities to directly compare
simulation results with experiment. Proteins such as
phospholipase A2, azurin, staphylococcal nuclease, and
proteinase A (from S. griseus) are particulary attractive
for these purposes, since they are each of tractable size
and have known crystal structures. We are encouraged by
preliminary data (not shown) from a 110-ps stochastic
boundary simulation of phospholipase A2 in which TRP-
3 lies fully exposed to solvent on the protein surface. As
with RNAse-T1, the simulated anisotropy decay and the
experimental limiting anisotropy are in excellent agree-
ment.
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