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ABSTRACT: Quenching of the fluorescence of buried tryptophans (Trps) is an important reporter of protein
conformation. HumanγD-crystallin (HγD-Crys) is a very stable eye lens protein that must remain soluble
and folded throughout the human lifetime. Aggregation of non-native or covalently damaged HγD-Crys
is associated with the prevalent eye disease mature-onset cataract. HγD-Crys has two homologousâ-sheet
domains, each containing a pair of highly conserved buried tryptophans. The overall fluorescence of the
Trps is quenched in the native state despite the absence of the metal ligands or cofactors. We report the
results of detailed quantitative measurements of the fluorescence emission spectra and the quantum yields
of numerous site-directed mutants of HγD-Crys. From fluorescence of triple Trp to Phe mutants, the
homologous pair Trp68 and Trp156 were found to be extremely quenched, with quantum yields close to
0.01. The homologous pair Trp42 and Trp130 were moderately fluorescent, with quantum yields of 0.13
and 0.17, respectively. In an attempt to identify quenching and/or electrostatically perturbing residues, a
set of 17 candidate amino acids around Trp68 and Trp156 were substituted with neutral or hydrophobic
residues. None of these mutants showed significant changes in the fluorescence intensity compared to
their own background. Hybrid quantum mechanical-molecular mechanical (QM-MM) simulations with
the four different excited Trps as electron donors strongly indicate that electron transfer rates to the amide
backbone of Trp68 and Trp156 are extremely fast relative to those for Trp42 and Trp130. This is in
agreement with the quantum yields measured experimentally and consistent with the absence of a quenching
side chain. Efficient electron transfer to the backbone is possible for Trp68 and Trp156 because of the net
favorable location of several charged residues and the orientation of nearby waters, which collectively
stabilize electron transfer electrostatically. The fluorescence emission spectra of single and double Trp to
Phe mutants provide strong evidence for energy transfer from Trp42 to Trp68 in the N-terminal domain
and from Trp130 to Trp156 in the C-terminal domain. The backbone conformation of tryptophans in
HγD-Crys may have evolved in part to enable the lens to become a very effective UV filter, while the
efficient quenching provides an in situ mechanism to protect the tryptophans of the crystallins from
photochemical degradation.

The ∼30-fold variation of intrinsic Trp fluorescence
intensity and lifetime in proteins is widely exploited to follow
changes in protein structure such as folding/unfolding,
substrate or ligand binding, and protein-protein interactions
(1-5). The origin of weak Trp fluorescence in some proteins
has long been believed to be due to electron transfer from
excited Trp to an amide carbonyl group (6-9). Recent ex-
periments affirm that the local backbone amides can be
efficient quenchers in peptides (10) and in proteins (11).
Other efficient amino acid electron transfer-based quenchers
of Trp fluorescence are protonated His, Cys, disulfide,
protonated Asp and Glu, and the amides of Asn and Gln
(12-17). In addition, hydronium ion, Lys, and Tyr can

quench Trp fluorescence by proton transfer (12, 18). Met
has also been implicated as a fluorescence quencher (19, 20).
An unusual NH‚‚‚π hydrogen bond involving the indole
nitrogen of the Trp and the benzene ring of a nearby Phe
residue was also suggested to cause the Trp fluorescence
quenching of FKBP59-1 (21, 22) and human interleukin-2
(23). Nanda and Brand (24) proposed that an NH‚‚‚π
hydrogen bond between Trp48 and Phe8 in a homeodomain
is responsible for the quenching of Trp48. However, the F8A
mutant (25) still maintains low Trp fluorescence intensity,
suggesting that the NH‚‚‚π hydrogen bond was not respon-
sible for Trp quenching in this homeodomain.

Despite these considerable investigations, a reliable un-
derstanding of when a particular quenching process will be
exceptionally efficient in a protein has been elusive. A
reasonable basis for the large Trp quantum yield variation
using quantum mechanics-molecular mechanics (QM-MM)1
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simulations has recently been presented (26-30). The
method keys on the average energy and fluctuations of the
lowest Trp ring-to-amide backbone charge transfer (CT)1

state relative to the fluorescing state. The energy, fluctuations,
and relaxation of normally high lying CT states are extremely
sensitive to protein environment (local electric field direction
and strength). Charged or polar environmental residues
(including water) can either stabilize or destabilize the charge
transfer and thus affect quantum yields (26, 27, 31). When
the energy gap is large and fluctuations are small, the
probability that the fluorescing and CT states will have the
same energy is low. Electron transfer (the quenching process)
is only possible when the fluorescing and CT states have
the same energy.

The R-, â-, and γ-crystallins are the main protein
components of the mammalian lens. Theâ- andγ-crystallins
are structural proteins, whileR-crystallin is a molecular
chaperone and a structural protein (32, 33). The oligomeric
â- and the monomericγ-crystallins have similar structures
that contain fourâ-sheet Greek key motifs separated into
two domains (34, 35). Because there is no protein turnover
in the lens, the crystallins have to remain soluble and stable
throughout the human lifetime (36). Cataract, the leading
cause of blindness worldwide (37, 38), may be due to
aggregation and deposition of partially unfolded crystallins
(39). Cataracts removed from the human lens are composed
of different species of aggregated crystallins, including
covalently damaged humanγD-crystallin (HγD-Crys)1 (40).
Oxidized forms of Trp156 in HγD-Crys have been identified
from aged cataractous human lens by mass spectrometry (41).

HγD-Crys is a two-domain, 173 amino acid protein that
is predominantly found in the lens nucleus (36). Mutations
in the gene encoding HγD-Crys have been found to cause
juvenile-onset cataract, supporting a role for HγD-Crys in
cataractogenesis (42, 43). The structure of the protein has
been solved at 1.25 Å resolution by Basak et al. (35). This
monomeric protein is composed of antiparallelâ-sheets
arranged in four Greek key motifs. The two domains show
high levels of structural and sequence homology. HγD-Crys
has four buried Trps at positions 42 and 68 in the N-terminal
domain and positions 130 and 156 in the C-terminal domain
(Figure 1).

HγD-Crys is considerably more fluorescent in the dena-
tured state than in the native state, despite the absence of
metal ligands or cofactors (44). Native state fluorescence
quenching has also been observed for otherâ- andγ-crys-
tallins (45, 46). To investigate which Trps are involved in
the quenching phenomenon, Kosinski-Collins et al. (47)
constructed triple Trp mutants, each with three of the four
endogenous Trps substituted with Phe. On the basis of the

fluorescence spectra of the triple Trp mutants, it was found
that Trp68 and Trp156 displayed extremely low fluorescence
intensity, whereas Trp42 and Trp130 showed much higher
fluorescence intensity (47).

Ultraviolet radiation is considered one of the risk factors
for cataract formation (48). Although the cornea filters out
almost all UV radiation of wavelengths shorter than 295 nm,
the crystallin proteins within the lens are continuously
exposed to ambient UV radiation of wavelengths longer than
295 nm throughout life (49). Photochemical reactions of Trps
in the lens crystallins correlate with cataract formation (50,
51). The photolysis reaction of UV-irradiated Trp may
originate from the excited singlet state and may compete with
fluorescence emission (50, 51). The quenching of Trp
fluorescence in HγD-Crys shortens the lifetime of the excited
state and thus may minimize the chance of photoreaction
and protect Trp residues from UV damage.

The fluorescence quantum yield (ΦF ) 0.040( 0.005)
and the fluorescence decay rate of bovineγB-crystallin have
been previously measured (51, 52). Their study measured
the total quantum yield of all four Trps of the protein, but it
did not address their individual contributions. In this paper,
we report the detailed quantitative measurement of the
individual fluorescence emission spectra and the quantum
yields of the four Trps in HγD-Crys. From characterization
of single, double, and triple Trp mutants, partial Fo¨rster
resonance energy transfer from the strongly (Trp42 and
Trp130) to the weakly (Trp68 and Trp156) emitting Trp of
the same domain was observed. A thorough search for a
quenching residue through construction of mutants in dif-
ferent Trp backgrounds failed to identify plausible electron
transfer to a neighboring residue. Similarly, substitution of
charged and polar residues around Trp68 and Trp156 did
not show a significant effect on the fluorescence intensities.
The QM-MM simulations reported here decisively support
highly efficient quenching by electron transfer from the
excited Trp ring to its backbone amide as the reason for the
weak fluorescence from Trp68 and Trp156. This is enabled
by the large collective stabilization of the CT state by several
charged residues and nearby waters.

MATERIALS AND METHODS

Mutagenesis, Expression, and Purification of Recombinant
HγD-Crys. Primers encoding the substitutions described
below (IDT-DNA) were used to amplify a pQE.1 plasmid
encoding the HγD-Crys gene with an N-terminal 6-His tag
(47). The single, double, and triple Trp to Phe substitutions
(W42-only, W68-only, W130-only, and W156-only) were
constructed by Kosinski-Collins et al. (47). Forty-one site-
directed mutants in the different Trp backgrounds were
constructed at 17 unique positions. These are summarized
below in Figures 4 and 6 and Tables 2, 3, 6, 7, and 8. The
mutants C32S, N33A, Y55F, Y62F, Y55F/Y62F, D64S,
H65Q, Q66A, Q67A, M69S, D73S, and R79S were con-
structed in the W68-only background. The mutants H121Q,
Y143F, Y150F, Y143F/Y150F, R152S, Y153Q, and D155S
were constructed in the W156-only background. The mutants
D64S, H65Q, M69S, D73S, and R79S were constructed in
the W130F/W156F background. The mutants H121Q and
Y153Q were constructed in the W42F/W68F background.
The mutants D64S, H65Q, M69S, D73S, and R79S were

FIGURE 1: Ribbon structure of wild-type HγD-Crys showing Trp42
and Trp68 in the N-terminal domain and Trp130 and Trp156 in
the C-terminal domain (PDB code 1HK0).
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constructed in the W42F background. The mutant Y153Q
was constructed in the W130F background. The mutants
D64S, H65Q, M69S, D73S, R79S, H121Q, H65Q/H121Q,
Y153Q, and R79S/Y153Q were constructed in the wild-type
background. All of the mutations were confirmed by DNA
sequencing (Massachusetts General Hospital).

The wild-type and mutant HγD-Crys proteins were
expressed byEscherichia coliM15 [pREP4] cells. All of
the mutants accumulated as native-like soluble proteins. The
proteins were purified by affinity chromatography using a
Ni-NTA resin (Qiagen) as previously described (47). The
purities of the proteins were confirmed by SDS-PAGE.

Fluorescence Spectroscopy.The emission spectra of native
proteins were recorded in S buffer (10 mM sodium phos-
phate, 5 mM DTT, 1 mM EDTA at pH 7.0). Buffer
conditions for denatured proteins were S buffer plus 5.5 M
guanidine hydrochloride (GuHCl).1 Proteins were incubated
in the denaturing buffer at 37°C for 6 h prior to measuring
fluorescence spectra. Concentrations of the wild-type and
mutant His-tagged proteins were determined by measuring
absorbance at 280 nm using extinction coefficients calculated
with ProtParam (ExPASy). Fluorescence emission spectra
were collected at 37°C using a Hitachi F-4500 fluorescence
spectrophotometer equipped with a circulating water bath.
The band-pass for both excitation and emission was 10 nm.
Intrinsic Trp fluorescence emission spectra of all the proteins
were measured in the range of 310-420 nm using an
excitation wavelength of 300 nm. A protein concentration
of 1.38 µM was used for all experiments except for the
quantum yield and energy transfer experiments. The protein
concentrations used for experiments described in the Results
section (see Resonance Energy Transfer between the Two
Trps within Each Domain) were 2.75µM. The buffer signal
was subtracted from all spectra.

To measure how much the fluorescence intensity increased
or decreased due to mutations in the different Trp back-
grounds, the fluorescence emission spectra of native and
unfolded proteins were recorded from three sets of samples
prepared in parallel. The average value of the integrated
fluorescence intensity was calculated, and signals of the
native proteins were normalized for concentration by com-
parison with intensities of the unfolded protein spectra. The
increase or decrease in quantum yields was calculated by
comparing quantum yields of the mutants with those of their
respective Trp backgrounds.

Quantum Yield Determinations.Quantum yields were
calculated according to the equation:

whereQ andQR are the quantum yield of the protein and
reference (L-Trp in water), I and IR are the integrated
fluorescence intensities of the protein and reference, OD and
ODR are the optical densities of the protein and reference at
the excitation wavelength, andn and nR are the refractive
indices of the protein and reference solutions (1, 53). The
absolute quantum yield of Trp in water was taken to be 0.14
(53). The buffer for protein and Trp was S buffer at 37°C.
Quantum yields of the four Trps in HγD-Crys were measured
using the proteins W42-only, W68-only, W130-only, and

W156-only. Because there are 14 tyrosines in HγD-Crys,
which may cause uncertainty in quantum yield measure-
ments, an excitation wavelength of 300 nm was used in order
to minimize tyrosine fluorescence. The emission spectra of
wild-type HγD-Crys and the triple Trp mutants have
maximal emission wavelengths that are close to the blue area
(Table 1). There were significant portions of the blue edge
of the emission spectra that could not be observed using a
300 nm excitation wavelength. We estimated the unobserv-
able areas of the protein spectra by matching the longer
wavelength areas of protein spectra with spectra of 3-
methylindole (3MI)1 in different solvent systems (see Sup-
porting Information). The solvent system used to match 3MI
spectra with the spectra of wild-type HγD-Crys was cyclo-
hexane-dioxane (70:30), and the spectra of 3MI in cyclo-
hexane-dioxane (83:17) were used to match the spectra of
W42-only and W130-only. The spectra of 3MI in methanol-
dioxane (25:75) were used to match the spectra of W68-
only, and the spectra of 3MI in methanol-dioxane (10:90)
were used to match the spectra of W156-only.

QM-MM Simulations.The hybrid QM-MM method used
in this work has been described in recent publications (26-
30) for applications to Trp fluorescence quenching in
proteins. The method grew from an earlier QM-MM proce-
dure used to predict the fluorescence wavelengths of Trp in
proteins (31). Briefly, the QM method is Zerner’s INDO/S-
CIS method (54), modified to include the local electric fields
and potentials at the atoms. The MM part is Charmm (version
26b) (55). Hydrogens were added to the crystal structure
(PDB code 1HK0), and the entire protein was solvated within
a 30 Å radius sphere of TIP3 explicit water. The waters were
held within the 30 Å radius with a quartic potential. The
quantum mechanical part includes the selected Trp and the
amide of the preceding residue, capped with hydrogens,
N-formyltryptophanamide. The electric potential due to all
non-QM atoms in the protein and solvent is calculated with
a dielectric constant) 1 for each QM atom and added to
the QM Hamiltonian.

RESULTS

Fluorescence Emission Spectra and Quantum Yields.
Fluorescence emission spectra of native and denatured wild-
type HγD-Crys and the important Trp to Phe mutants are
shown in Figures 2 and 3. An excitation wavelength of 300
nm was used in order to minimize tyrosine fluorescence.
Instrument settings were the same for all spectra such that
the areas under the curves are proportional to quantum yields.
Figure 2A compares fluorescence spectra of native and
denatured double and triple Trp mutants that give fluores-
cence only from Trps in the N-terminal domain (Trps 42
and/or 68). Figure 2B does the same for the C-terminal
domain (Trps 130 and/or 156). Figure 3A compares native
and denatured wild type and single mutants of the weakly
emitting Trps (W68F and W156F). Figure 3B does the same
for the strongly emitting Trps (W42F and W130F).

Figure 2 shows that the fluorescence from Trps 68 and
156 is extremely weak compared to that of Trps 42 and 130.
The maximal emission wavelength for Trps 68 and 156 is
red shifted approximately 10 nm compared to Trp42 and
Trp130, consistent with a somewhat more polar environment
for the former (Trps 68 and 156). The integrated intensities

Q ) QR ( I
IR)(ODR

OD )( n2

nR
2) (1)
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of the fluorescence emission spectra of the unfolded pro-
teins are approximately proportional to the number of
Trps (Figures 2 and 3), suggesting that the environments of
the four Trps become approximately the same in the de-
natured state.

Quantitative determinations of the quantum yields for wild
type and the triple mutants are shown in Table 1. The quan-
tum yields for Trp42 and Trp130 were found to be nearly
20 times higher than those of Trp68 and Trp156. The average
quantum yield for the triple mutants is 0.080, somewhat
higher than that of the wild type, which is 0.058.

Resonance Energy Transfer between the Two Trps within
Each Domain.The fluorescence spectra in Figures 2 and 3
for single, double, and triple Trp mutants provide convincing
evidence for intradomain Fo¨rster resonance energy transfer
(FRET),1 with the donor being the more fluorescent Trp in
each domain (Trp42 in the N-terminal domain and Trp130
in the C-terminal domain). When Trp68 or Trp156 was
individually substituted with Phe, the integrated fluorescence
intensity of W68F was 38% higher than wild type and the
integrated fluorescence intensity of W156F was 52% higher
than wild type (Figure 3A). In contrast, the integrated
fluorescence intensities of W42F and W130F decreased
50% and 29% compared to wild type, respectively (Figure

3B). These observations are consistent with Trp42 and
Trp130 acting as energy donors. A considerable fraction of
the excitation energy is not emitted because it is transferred
to the weakly emitting partner. Because Trp42 and Trp130
make the major contributions to the overall fluorescence
intensity of wild-type HγD-Crys, substituting them with Phe
caused a decrease in fluorescence intensity (Figure 3B).

Fluorescence emission spectra of double Trp mutants were
measured, and the results further support FRET. Fluorescence
intensity of the double mutant W130F/W156F revealed the
interaction of Trp42 and Trp68 in the N-terminal domain.
Fluorescence intensity of this mutant did not equal the
simple addition of W42-only and W68-only fluorescence but
was instead about 43% lower than the intensity of W42-
only and 6 times higher than the intensity of W68-only

FIGURE 2: (A) Fluorescence emission spectra of native W42-only
(9), W68-only (b), and W130F/W156F (2) and denatured W42-
only (0), W68-only (O), and W130F/W156F (4). (B) Fluorescence
emission spectra of native W130-only (9), W156-only (b), and
W42F/W68F (2) and denatured W130-only (0), W156-only (O),
and W42F/W68F (4). The solid lines represent the emission spectra
of native proteins, and the dotted lines represent the unfolded
proteins. An excitation wavelength of 300 nm was used for samples
of 2.75µM protein at 37°C. Native proteins were incubated in S
buffer, and unfolded proteins were incubated in S buffer plus 5.5
M GuHCl for 6 h at 37°C before the measurements. The buffer
signal was subtracted from all spectra.

FIGURE 3: (A) Fluorescence emission spectra of native wild type
(WT) (9), W68F (b), and W156F (2) and denatured wild type
(0), W68F (O), and W156F (4). (B) Fluorescence emission spectra
of native wild type (9), W42F (b), and W130F (2) and denatured
wild type (0), W42F (O), and W130F (4). The solid lines represent
the emission spectra of native proteins, and the dotted lines represent
the unfolded proteins. An excitation wavelength of 300 nm was
used for samples of 2.75µM protein at 37°C. Native proteins were
incubated in S buffer, and unfolded proteins were incubated in S
buffer plus 5.5 M GuHCl for 6 h at 37°C before recording emission.
The buffer signal was subtracted from all spectra.

Table 1: Maximum Fluorescence Emission Wavelengths and
Quantum Yields of Wild-Type and Triple Trp Mutants

protein
maximum Em

wavelength (nm) quantum yield

wild type 326 0.058( 0.006
W42-only 322 0.13( 0.01
W68-only 335 0.0076( 0.0008
W130-only 322 0.17( 0.02
W156-only 332 0.0099( 0.001

Trp Fluorescence Quenching Mechanism in Crystallin Biochemistry, Vol. 45, No. 38, 200611555



(Figure 2A). A similar result was found for the mutant W42F/
W68F, which revealed the interaction between Trp130 and
Trp156 in the C-terminal domain (Figure 2B). The intensity
of W42F/W68F was 59% lower than the intensity of W130-
only and 3 times higher than W156-only.

Comparison of the spectrum of the double Trp mutant
W42F/W68F (containing Trps 130 and 156) in Figure 2B
with the single Trp mutant W42F (containing Trps 130, 156,
and 68) in Figure 3B shows that there is no significant energy
transfer from the highly fluorescent Trp130 in the C-terminal
domain to the weakly fluorescent Trp68 in the N-terminal
domain. If there is interdomain energy transfer from Trp130
to Trp68, the fluorescence intensity of the double Trp mutant
W42F/W68F (containing Trps 130 and 156 but not potential
energy acceptor Trp68) should be higher than the single Trp
mutant W42F (containing Trps 130, 156, and 68). Because
the fluorescence intensities of W42F/W68F and W42F are
very similar, there is probably little or no interdomain energy
transfer from Trp130 to Trp68. Similarly, the comparison
of the double Trp mutant W130F/W156F (containing Trps
42 and 68) in Figure 2A and single Trp mutant W130F
(containing Trps 42, 68, and 156) in Figure 3B shows that
there is little or no energy transfer from Trp42 in the
N-terminal domain to Trp156 in the C-terminal domain.

InVestigation of Nearby Side Chain Contributions to Trp
Quenching.Quenching of the buried Trp68 and Trp156 in
HγD-Crys could be due to immediate interaction with the
side chains of nearby amino acids (12). In the original
γ-crystallin structure paper, Wistow et al. (56) proposed that
interaction between the aromatic residues and neighboring
cysteines or methionines may contribute to stability of the
γ-crystallin structure. The contributions of nearby residues
around Trp68 and Trp156 to fluorescence quenching were
determined by substitution with neutral or hydrophobic
residues. The residues mutated were a cysteine nearby Trp68
and the Tyr-His-Tyr triads around both Trp68 and Trp156
(Figure 4, Tables 2 and 3).

In aqueous solution, cysteine strongly quenches Trp
fluorescence by excited-state electron transfer, apparently
during collisions (12). The distance between the SH group
of Cys32 and the C6 of Trp68 is 3.9 Å, suggesting that Cys32
could be a potential quencher of Trp68 (51, 52). However,
compared to the fluorescence intensity of W68-only, the
mutant C32S/W68-only did not show a significant increase
in fluorescence intensity (Table 2).

Previous inspection suggested that the Tyr-His-Tyr aro-
matic “cage” surrounding Trp68 and Trp156 may be the
source of native state quenching (47). To test whether the
tyrosine residues quenched fluorescence by proton transfer
(12), the emission spectra of six tyrosine mutants have been
characterized. None of the mutants displayed a significant
increase or decrease in fluorescence intensity (variance

<10%) compared to the spectra of W68-only or W156-only
(Figure 4 and Table 2). On the basis of the triple Trp
background, single tyrosine mutants (Y55F/W68-only, Y62F/
W68-only, Y143F/W156-only, and Y150F/W156-only) did
not show effects on the fluorescence intensities compared
to their background. Therefore, the double tyrosine mutants
(Y55F/Y62F/W68-only and Y143F/Y150F/W156-only) were
further constructed. It is possible that, in the single tyrosine
mutants, the other unchanged tyrosine in the aromatic cage
may extensively quench Trp fluorescence and obscure the
effect of the single tyrosine substitutions. The double tyrosine
mutants did not display an increase in fluorescence, thus
ruling out this possibility.

Histidine in its protonated form is another common
fluorescence “quencher” via electron transfer (13, 16, 17,
57). Fluorescence spectra of the mutants H65Q, H65Q/W68-
only, H65Q/W130F/W156F, H121Q, H121Q/W156-only,
H121Q/W42F/W68F, and H65Q/H121Q were recorded and
compared to their respective Trp backgrounds (Tables 2 and
3). The double mutant H65Q/H121Q was studied to inves-
tigate whether there is an additive quenching effect of these
two histidines. Except for H65Q/W68-only and H121Q/
W156-only, none of the mutants displayed an increase in
native fluorescence intensity. However, the increases of
H65Q/W68-only and H121Q/W156-only represent insignifi-
cant variations in quantum yield magnitude (Table 2).
Previous equilibrium unfolding and refolding experiments
demonstrated that HγD-Crys was destabilized by the triple
Trp substitutions (47). We have found that the mutant H65Q
has a destabilized N-terminal domain and H121Q has a

FIGURE 4: Crystal structure of Cys and Tyr-His-Tyr aromatic cages
surrounding Trp68 (A) and Trp156 (B) (PDB code 1HK0).

Table 2: Quantum Yields of the Mutants of Nearby Side Chains
Surrounding Trp68 and Trp156 in the Triple Trp to Phe Substitution
Background

protein quantum yielda

W68-only 0.0076
C32S/W68-only -0.0002c

H65Q/W68-only +0.0058b

Y55F/W68-only +0.0003
Y62F/W68-only +0.0002
Y55F/Y62F/W68-only +0.0002
W156-only 0.0099
H121Q/W156-only +0.0022
Y143F/W156-only -0.0002
Y150F/W156-only -0.0005
Y143F/Y150F/ W156-only -0.0008

a Standard derivations of quantum yields for all proteins were less
than(10% of their absolute quantum yield values.b (+) represents an
increase in quantum yield of the mutants compared to their background.
c (-) represents a decrease in quantum yield of the mutants compared
to their background.

Table 3: Quantum Yields of His to Gln Mutants Surrounding Trp68
and Trp156 in the Wild-Type or Double Trp to Phe Substitution
Background

protein
quantum

yielda protein
quantum

yielda

wild type 0.058 W130F/W156F 0.034
H65Q +0.001b H65Q/W130F/W156F +0.0003
H121Q +0.001 W42F/W68F 0.024
H65Q/H121Q +0.002 H121Q/W42F/W68F +0.0008

a Standard derivations of quantum yields for all proteins were less
than(10% of their absolute quantum yield values.b (+) represents an
increase in quantum yields of the mutants compared to their background.
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destabilized C-terminal domain (data not shown). Therefore,
the fluorescence intensity increases of H65Q/W68-only and
H121Q/W156-only are probably due to slight conformational
changes or partial unfolding caused by the high number of
mutations.

QM-MM Estimates of RelatiVe Fluorescence Quantum
Yields. Using the same parameters and procedures as
described previously (26), QM-MM simulations were carried
out for HγD-Crys. The results are in accord with the
experimental observations. Table 4 shows the average CT-
1La energy gap, the standard deviation of this gap, the
computed electron transfer rate, and the predicted fluores-
cence quantum yield for each of the four Trps. The
calculations predict Trp68 and Trp156 to be very weakly
fluorescent and Trp42 and Trp130 to be moderately fluo-
rescent. The detailed differences between experiment and
theory are within the accuracy of the method.

The order of magnitude difference in the quantum yields
between the two pairs of Trps arises primarily from the much
larger energy gap and smaller fluctuation of the gap for Trp42
and Trp130. When the energy gap is large and fluctuations
are small, the probability that the fluorescing and CT states
will have the same energy is low. Electron transfer (the
quenching process) is only possible when the fluorescing
and CT states have the same energy. For Trp68 and Trp156,
the CT state is much more stabilized by the local protein
electrostatic environment, resulting in an electron transfer
(ET)1 rate much faster than the natural deactivation rate and,
therefore, a much reduced quantum yield.

For Trp68 and Trp156, the lowest CT state has an electron
transferred from the indole ring primarily to theπ* molecular
orbital of the Trp backbone amide. Most of the transferred
electron density is centered on the C, with minor amounts
on the O and N. A net positive charge is distributed on
several atoms of the indole ring. Therefore, the CT state
energy is quite sensitive to the strength and direction of the
average electric field in the direction of electron transfer.
Positive charges near the amide C and/or negative charges
near the indole ring will lower the energy (stabilize), and
the opposite case will raise the energy. Charged residues
lying on a line perpendicular to the dipole of the CT state
will have little effect. Hydrogen bonds donated to the amide
carbonyl are a powerful source of CT state stabilization, and
polar residues (including waters) near the indole ring will
stabilize, destabilize, or have little effect on the CT state
depending on the orientation of the dipole relative to the ET
direction.

Because of the reasonably long-range nature of Coulombic
interaction energies involved (inverse distance squared for

ion-dipole and inverse distance cubed for dipole-dipole),
the net stabilization is a relatively small number derived from
the sum of many large positive and negative terms. For
example, Table 5 lists Coulombic contributions to the CT-
1La energy gap from charged and uncharged protein residues,
close waters, distant waters, and totals for Trp68 and Trp42.
The difference in each category is also listed.

As shown in Table 5, the average contributions from
charged groups are large and quite different for Trp68 and
Trp42, a reflection of positioning of the groups relative to
the direction of electron transfer. The total average contribu-
tion from the protein is large and negative, with Trp68 being
stabilized overall by 1480 cm-1 more than Trp42. A much
larger effect comes from the water molecules, for which the
CT state of Trp68 is stabilized by 3820 cm-1 while that of
Trp42 is destabilizedby 2080 cm-1. Overall, the average
CT state stabilization of Trp68 is 7380 cm-1 greater than
for Trp42. The single most dominating reason for the much
greater quenching rate of Trp68 is the presence of ca. 10
waters on average within 9 Å that stabilize the CT state by
6640 cm-1. For Trp42 there are only about three waters
within 9 Å, and these only stabilize by about 1600 cm-1 on
average.

Two crystallographic waters present in the X-ray crystal
structure (35) are close to the quenched Trps and appear to
be highly stabilizing for electron transfer (Figure 5). One
water molecule donates an H-bond to the Trp backbone CO
(the electron acceptor). The proximity of the positive charge
of the H to the backbone CO group stabilizes the charge
transfer state. The other water molecule is an H-bond

Table 4: Computed Energy Differences, Electron Transfer Rates,
and Quantum Yields

residue
CT-1La gap
(kilo‚cm-1)

std dev
(kilo‚cm-1)

ET rate
constant

(×107 s-1)

predicted
quantum

yield

Trp42 5.2 1.7 86.3 0.040
Trp68 0.34 2.5 1180 0.003
Trp130 6.0 1.6 32.9 0.087
Trp156 1.0 2.6 1040 0.004
Trp42 (vacuum) 6.6 1.0 2.4 0.259
Trp68 (vacuum) 8.4 0.5 0.0000 0.308
Trp130 (vacuum) 8.5 0.6 0.0000 0.308
Trp156 (vacuum) 11.0 0.7 0.0000 0.308

Table 5: Shifts of the CT-1La Energy Gap Due to the Protein and
Water Environment for Trp42 and Trp68a

source Trp68 Trp42 difference Trp156 Trp130 difference

Lys 0.99 2.66 -1.67 -0.13 -0.45 0.31
Arg 0.96 -4.77 5.72 4.02 8.51 -4.49
Asp -6.75 -1.76 -4.98 -0.10 -0.92 0.81
Glu -1.50 -1.17 -0.33 -6.58 -8.94 2.35
Gly1 0.63 -0.49 1.12 -0.15 -1.07 0.91
Ser173 -0.12 0.93 -1.05 -0.13 0.51 -0.64
charged -5.79 -4.60 -1.19 -3.09 -2.35 -0.74
noncharged 0.74 1.09 -0.35 -2.84 0.91 -3.75
all protein -4.55 -3.07 -1.48 -6.21 -1.99 -4.22
all water -3.82 2.08 -5.91 -4.07 0.55 -4.61
wat <9 Å -6.64 -1.59 -5.06 -4.18 0.75 -4.93
wat >9 Å 2.82 3.67 -0.85 0.11 -0.20 0.32
protein +

water
-8.37 -0.99 -7.38 -10.28 -1.44 -8.83

a Energy contributions are in units of kilo‚cm-1 (1 kilo‚cm-1 ) 0.125
eV ) 2.9 kcal/mol). Negative values mean stabilization of the CT state
relative to1La.

FIGURE 5: Interaction between Trp68 (or Trp156) and the two
nearby crystallographic waters, which will stabilize the electron
transfer from the indole ring to the amide backbone (PDB code
1HK0).
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acceptor from the Trp indole NH. This H-bond places the
negative charge of the O near the Trp ring (the electron
donor) to further stabilize the charge transfer state.

In addition to the external electrostatic perturbations from
protein and water molecules, the internal electronic energy
depends somewhat on the precise local conformation of the
Trp and its associated amides. Of considerable importance
is the distance between the electron acceptor and donor
groups and the stabilization of these through proximity of
the polar atoms of the amides within the QM unit. Table 4
also shows the CT-1La average energy gap and standard
deviation for the QM fragments in a vacuum. The gap for
Trp68 is similar to that for many other proteins previously
studied, but that for Trp42 is somewhat smaller. For this
reason, the predicted quantum yield for Trp42 is not as high
as normally expected when the environment stabilization is
as small as found for this Trp.

Much the same summary picture is found for Trp130 and
Trp156, although many details are different because the two
domains are not identical. The stabilization difference
between the Trp156 and Trp130 CT states is somewhat
greater than the difference between Trp68 and Trp42. This
is brought about by much more protein stabilization, moder-
ated by less water stabilization for the Trp156-Trp130 pair
than for the Trp68-Trp42 pair.

InVestigation of the Stabilization Effect of Charged and
Polar Side Chains on the Charge Transfer State.A subset
of site-directed mutants were constructed and analyzed to
test the effect of charged or polar residues on the charge
transfer state. These were chosen on the basis of the QM-
MM results described above.

In the X-ray crystal structure of HγD-Crys, the polar or
charged residues Asn33, Asp64, His65, Gln66, Gln67,
Met69, and Asp73 are in proximity to Trp68. Arg152,
Tyr153, and Asp155 are nearby Trp156 (Figure 6). QM-
MM results predicted that Arg79 highly stabilizes and
Tyr153 destabilizes the charge transfer event of Trp156 (see
Supporting Information). To experimentally investigate their
contributions to electron transfer, neutral and polar amino
acid substitutions of these residues were constructed to test
their role in stabilizing the charge transfer state (Tables 6-8).
On the basis of the triple Trp mutant background, D64S,
H65Q, D73S, R79S, and Y153Q showed more than 30%
increase in fluorescence intensity. Q67A, M69S, and R152S
showed about 20% increase in fluorescence intensity.
Because of the extremely weak fluorescence from the
triple mutants, W68-only or W156-only, these increases are
very small on the scale of absolute quantum yield increase
(Table 6).

As explained above for H65Q, we were concerned that
these increases were due to subtle conformational changes
or partial unfolding because of the high numbers of mutations

(47). To confirm this, the substitutions of D64S, H65Q,
M69S, D73S, R79S, and Y153Q were also constructed in
the wild-type and double Trp backgrounds (Table 7), which

FIGURE 6: Charged and polar residues around Trp68 and Trp156
that were mutated (PDB code 1HK0).

Table 6: Effect of Mutations on Fluorescence Intensity by
Affecting Charge Transfer States (in the Triple Trp to Phe
Substitution Background)

protein quantum yielda

W68-only 0.0076
N33A/W68-only +0.0008b

Q66A/W68-only +0.0009
Q67A/W68-only +0.0017
D64S/W68-only +0.0024
H65Q/W68-only +0.0058
M69S/W68-only +0.0019
D73S/W68-only +0.0047
R79S/W68-only +0.0038
W156-only 0.0099
R152S/W156-only +0.0027
D155S/W156-only -0.0001c

Y153Q/W156-only +0.0039
a Standard derivations of quantum yields for all proteins were less

than(10% of their absolute quantum yield values.b(+) represents an
increase in quantum yields of the mutants compared to their background.
c (-) represents a decrease in quantum yields of the mutants compared
to their background.

Table 7: Effect of Mutations on Fluorescence Intensity by
Affecting Charge Transfer States (in the Wild-Type or Double Trp
to Phe Substitution Background)

protein quantum yielda

wild type 0.058
D64S -0.0001c

H65Q +0.001b

M69S +0.0003
D73S +0.0002
R79S +0.0001
Y153Q +0.010
W130F/W156F 0.034
D64S/W130F/W156F +0.0003
H65Q/W130F/W156F +0.0003
M69S/W130F/W156F -0.0001
D73S/W130F/W156F +0.003
R79S/W130F/W156F +0.0005
W42F/W68F 0.024
Y153Q/W42F/W68F +0.010

a Standard derivations of quantum yields for all proteins were less
than(10% of their absolute quantum yield values.b (+) represents an
increase in quantum yields of the mutants compared to their background.
c (-) represents a decrease in quantum yields of the mutants compared
to their background.

Table 8: Effect of Mutations on Fluorescence Intensity by
Affecting Charge Transfer States (in the Single Trp to Phe
Substitution Background)

protein quantum yielda

W42F 0.029
D64S/W42F +0.0003b

H65Q/W42F -0.001c

M69S/W42F +0.001
D73S/W42F +0.001
R79S/W42F -0.001
W130F 0.041
Y153Q/W130F +0.005

a Standard derivations of quantum yields for all proteins were less
than(10% of their absolute quantum yield values.b (+) represents an
increase in quantum yields of the mutants compared to their background.
c(-) represents a decrease in quantum yields of the mutants compared
to their background.
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were more thermodynamically stable than the triple Trp
mutants. The double Trp background was constructed by
maintaining two Trps in each domain. Except for Y153Q,
which showed a slight increase in fluorescence intensity,
none of other substitutions displayed an increase in fluores-
cence intensity in the wild-type or double Trp backgrounds.
There was no obvious difference in fluorescence intensities
for the mutants in these more stable backgrounds (Table 7).
The mutants D64S, H65Q, M69S, D73S, and R79S displayed
fluorescence intensity increases in the triple Trp background
that were probably due to subtle conformation change or
partial unfolding caused by the high number of substitutions.

Asp73 was predicted to be one of the strongest enhancers
for the charge transfer process (see Supporting Information).
Asp64 may also stabilize the charge transfer complex, but
less effectively than Asp73. The calculations predicted that
the R79S mutant might cause an increase in fluorescence
because Arg79 lies on the direction of electron transfer. The
electron is transferred toward Arg79, and so the charge
transfer state will be stabilized more than if a neutral residue
were in this position. Because the distance from Arg79 to
Trp68 or Trp156 is more than 10 Å, without theoretical
calculations, we did not test Arg79 in our initial survey of
neighboring charged and polar amino acids. However, by
the experimental measures, none of these substitutions
showed significant effects on the fluorescence intensity.
Possible reasons for the failure of these predictions are
presented in the Discussion (see Charge Transfer Mech-
anism).

Arg152 and Asp155 were predicted to have little effect
on the quantum yield of Trp156 because they lie in a line
perpendicular to the direction of electron transfer. Consistent
with this prediction, the fluorescence intensity of the mutants
R152S and D155S did not increase significantly.

As described above, we have observed FRET between the
two Trps of each domain. The interaction between the Trps
may obscure the effect of the substitutions of these potential
charge transfer enhancers. In other words, even if the mutants
in the wild-type or double Trp background did destabilize
the charge transfer complex and increase the fluorescence
intensity of Trp68 or Trp156, there may be more energy
transfer from Trp42 or Trp130. If this were the case, we
would not see changes in fluorescence intensity.

To rule out this possibility the single Trp substitutions
W42F and W130F were constructed to eliminate the interac-
tion between Trp42 and Trp68 in the N-terminal domain and
the interaction between Trp130 and Trp156 in the C-terminal
domain (Table 8). Trp42 and Trp130 are also sensitive to
the electrostatic mutations, and therefore their fluorescence
intensity may change and obscure the substitution effect.
None of the substitutions caused an increase in fluorescence
intensity in the W42F mutant background as compared to
the background fluorescence intensity of W42F. Y153Q/
W130F showed about 10% fluorescence intensity increase
(quantum yield increases 0.005) compared to the W130F
background.

DISCUSSION

Understanding the mechanisms of the quenching of
tryptophan fluorescence in proteins is technically important
for a variety of experiments in which the Trp’s fluorescence

serves as a reporter of protein conformation and protein-
protein and protein-ligand interactions. In the case of the
crystallins, which are subject to decades of light exposure,
the quenching may reflect evolved physiological functions
of the proteins.

Trp to Trp Energy Transfer.Resonance energy transfer
between aromatic amino acids often occurs in proteins due
to the absorption and emission spectra overlap of Phe, Tyr,
and Trp (1). We consider whether the observations attributed
to FRET in HγD-Crys are physically reasonable. The
distance between the indole rings of two Trps of the
N-terminal domain is 12.2 Å, and the distance between Trps
of the C-terminal domain is 12.4 Å. These distances are
within the range (4-16 Å) of typical Förster distances (the
distance for which the probability of transfer is 50%) for
energy transfer between Trps (1). In contrast, the distances
between the Trps in different domains are more than 20 Å,
so the possibility of the interdomain Trp energy transfer is
very low. The experimental results are consistent with this.
For significant transfer, the emission spectrum of the donor
must overlap the absorption spectrum of the acceptor.
Although we were not able to directly determine the extent
of this overlap because of light scattering by the protein
solutions, a reasonable basis for expecting favorable overlap
for energy transfer in the direction observed comes from the
excitation and fluorescence spectra of 3MI in the solvent
mixtures used to emulate the fluorescence spectra of the triple
mutants shown in Figure 2. The fluorescence spectrum of
3MI in cyclohexane-dioxane (83:17) has a maximum at 322
nm, which closely matches those of Trps 42 and 130 at
wavelengths>315 nm. The fluorescence spectra of 3MI in
methanol-dioxane (25:75 and 10:90) have maxima near 335
nm, which closely match those of Trps 68 and 156,
respectively, at wavelengths>315 nm (see Supporting
Information). The overlap of the excitation spectrum in the
more polar solvent (methanol-dioxane) with the emission
spectrum in the less polar solvent (cyclohexane-dioxane)
is found to be an order of magnitude higher than the reverse
(the overlap of the excitation spectrum in the less polar
solvent with the emission spectrum in the more polar
solvent). This behavior is much more pronounced when the
two solvents are pure cyclohexane and pure butanol. These
observations are completely consistent with the observation
that energy transfer is from the Trps with the blue-shifed
fluorescence spectra (Trps 42 and 130) to those with the red-
shifted fluorescence spectra (Trps 68 and 156).

The remaining factor for efficient transfer is the orientation
factor κ2, which is a function of the average relative
orientation of the transition dipole vectors of the donor and
acceptor during the excited state lifetime. Its value can range
from 0 to 4. It is 2 when the vectors are parallel side by
side, and 4 if parallel end-to-end, but goes through 0 when
parallel and tilted at 54 deg to the line connecting the donor
and acceptor.κ2 is 2/3 when the chromophores are tumbling
rapidly and randomly during the excited state lifetime. In
the present protein environment,κ2 is expected to be
approximately constant but could vary because of the
deformations of the protein structure. Tabulated experimental
and computed transition dipole directions for the1La f
ground state transition for indole place the direction ap-
proximately between the line connecting atoms CE3 and NE3
and the line connecting atoms CE3 and CD1 of the indole
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ring (58). Using the coordinates from 50 frames of a
molecular dynamics simulation at 300 K gaveκ2 ) 0.4 (
0.2 and 0.5( 0.2 for transfer from Trp42 and Trp130,
respectively. In summary, all three critical factors are
probably large enough to allow the extent of partial transfer
observed.

Applying Förster theory to the crystal structure of bovine
γB-crystallin, Borkman (59) predicted that the efficiency of
energy transfer from the protein’s 15 tyrosines to the 4 Trps
would be approximately 83%. This prediction agreed well
with the experimental value of 78% (59). Although there
are no previous reports of Trp-to-Trp energy transfer in the
â- or γ-crystallins, homotransfer between Trps has been
observed in other proteins. For example, in barnase there is
energy transfer from Trp71 to Trp94, and Trp94 is in turn
quenched by His18 (13, 57). On the basis of the distance
between the Trps in bovineγB-crystallin (>12 Å), Borkman
et al. (51) predicted that Trp-to-Trp energy transfer would
not be possible in this protein. However, our experimental
observations and theoretical considerations give a clear
indication of partial transfer.

Charge Transfer Mechanism.As in earlier papers (26),
the quantum yields were estimated here with electron transfer
theory that has a universal electron transfer matrix element
of V ) 10 cm-1 and a universal offset ofD ) -4000 cm-1

from the computed energy gap. Thus, all quantum yields
reflect only the adjusted average CT-1La energy gap and
the standard deviation of this gap. The gap is modulated
by the net electric potential difference between the initial
electron distribution and that in the CT state. We are working
on a more realistic model wherein the magnitude ofV is
computed.

It is interesting that the quantum yields for the pairs Trps
68/156 and Trps 42/130 are similar. While this might be
expected given the similar homology in the two domains,
especially regarding the positions of the Trps, inspection of
Tables 4 and 5 shows that the individual terms contributing
to computed energy gaps differ considerably between the
homologous Trps, even though the net result is quite similar
CT-1La energy gaps and standard deviations. Table 5 also
shows that the detailed backbone conformations differ
considerably, as judged by the average gap in a vacuum.

The method successfully captures the essence of the
quantum yield behavior, predicting extremely low values for
Trp68 and Trp156 and intermediate values for Trp42 and
Trp130. The highest fluorescence yields for single Trps in
proteins are typically around 0.3, a value that varies only
slightly with the polarity of the environment. The computa-
tions even correctly predict that Trp130 is more fluorescent
than Trp42 and Trp156 more than Trp68, although this is
likely fortuitous given that all are a factor of 2-3 too low.

One of the important outcomes of this study is the testing
of detailed predictions of the theoretical method by strategic
mutations. Using a variant of the program that computes the
average energy gap, contributions of individual residues and
waters to the CT-1La gap for each Trp were determined (see
Supporting Information). Large contributions come from five
sources: (1) charged residues that lie on the axis of electron
transfer; (2) backbone atom contributions from nearby
residues; (3) hydrogen bonding from very close waters; (4)
dipole-dipole interactions from near waters; and (5) col-
lective contributions from distant waters that are aligned by

the charged groups of the protein. Contributions for the
charged groups are predicted to be large at long range if
lying on the electron transfer direction axis. For example,
Arg79 stabilizes the CT state for Trp156 by 2000 cm-1 even
though 21 Å distant. On the basis of such calculations we
anticipated that mutations of these charged residues to neutral
residues would have an observable impact on the energy gap
and thus measurably affect the quantum yield. However, as
noted in the Results section, replacement of the candidate
charged residues with neutral residues failed to produce
significant changes in quantum yield.

A more thorough consideration provides the likely reason
for these negative results. First, every charged group has an
orienting effect on the water, creating a collective dipole that
opposes the direct effect of the charge on the CT state.
Because charged groups are almost always on the surface,
their effect on water is large. This is merely the microscopic
manifestation of the large dielectric constant of water, which
the simulations capture reasonably well. A more subtle effect
comes from the fact that the more fluorescent Trps are also
sensitive to electrostatic mutations. For example, Arg79
stabilizes the CT state of Trp130 by 1500 cm-1, i.e., almost
as much as it stabilizes Trp156. Furthermore, because the
quantum yield is a sigmoidal function of the energy gap,
Trps such as 130 and 42 that fluoresce with about half the
maximum possible efficiency are more sensitive to the
electric field than those which are at the top or bottom (flatter
regions) of the curve (29). Therefore, changes in response
to mutating away the charge of Arg79 are expected to be
dominated by increased fluorescence from Trp130, if present.
Another problem with mutating charges is that very often
they are part of ion pairs. Removal of a charge may result
in unpredictable repositioning of other charged groups,
facilitated by the large, flexible nature of Lys, Arg, and Glu.

In water, cysteine is a powerful quencher of the indole
ring by electron transfer and has been implicated as a
quencher in some proteins. The ineffectiveness of Cys32 as
a quencher of Trp68 fluorescence, despite the S being only
4 Å from some ring atoms, is probably because the
electrostatic factors are destabilizing. Electron transfer to
Cys32 would be in the opposite direction from that to the
amide (which is highly stabilized). Part of the reason for
the amide CT stabilization is the high density of negative
atoms in the vicinity of the Cys32 S.

The Potential Physiological Role for Lens UV Absorption
in Protecting the Retina.Ultraviolet radiation is often clas-
sified into three bands based on their biological effects: UVA
(400-320 nm), UVB (320-290 nm), and UVC (290-100
nm). Under normal conditions, the ozone layer filters out
all UVC and 90% of UVB light and thus prevent them from
reaching the earth’s surface (60). The cornea can absorb
almost all of the UV radiation of wavelength shorter than
295 nm. However, significant radiation of wavelengths longer
than 300 nm pass the cornea (61). The young crystallin lens
absorbs the remaining UVB and UVA light of wavelengths
below 370 nm. When the lens becomes more yellow with
age, its UV absorption spectrum expands to include wave-
lengths up to 470 nm (48, 62).

People who have had surgical removal of a cataract are
sensitive to UV radiation (61, 63-66). This sensitivity of
the retina to UV radiation in the absence of the lens has
been shown in animal models (67, 68). These observations
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indicate that one function of the lens is to protect the retina
from UV light that is transmitted by cornea. We suspect that
one function of the highly conserved tryptophans in the
crystallin proteins is to absorb UV reaching the lens, to
protect the retina. The lens also contains low molecular
weight molecules which may also act as UV filters protect-
ing the retina, such as kynurenine and 3-hydroxykynureine
(69, 70).

Does Fluorescence Quenching Protect the Crystallins from
UV Photodamage?Exposure to UV radiation not only causes
damage to the retina photoreceptors (71) but also is an
important risk factor for cataract formation (49). Though only
limited intensities of UVB and UVA light of wavelengths
between 295 and 400 nm reach the lens, the cumulative
exposure to ambient UV over decades may be significant in
cataract formation (60). UVB at 300 nm was most detri-
mental to the lens in the animal models (72, 73). Trp
absorption at 300 nm is the tail of the tryptophan UV
absorption curve but is still the most significant source of
UV absorption at this wavelength in proteins (1).

Trp radical formation and fluorescent material derived
from Trps have been identified in lens exposed to UV light
with wavelengths longer than 295 nm (74-76). The excited
singlet state Trps may then be photochemically degraded via
photoionization reactions, which result in indole ring cleav-
age (77-79). Trp residues (as well as His, Met, and Cys)
were photochemically reactive in UV-irradiated bovineγB-
crystallin (80). Such UV-induced Trp radical formation may
play an important role in senile cataract formation (74-76).

Ultraviolet irradiation of bovine crystallins resulted in
protein aggregation (81-83). HγD-Crys also aggregates upon
UV irradiation (Abigail Bushman and Jonathan King,
unpublished results). The direct covalent product of UV
photodamage to the tryptophans has the indole ring opened,
generating the Trp radical cation (78, 84, 85). This introduc-
tion of a charge into the buried hydrophobic core of the
γ-crystallins would be expected to be partially denaturing
(80). Partially unfolded species are the precursor of aggrega-
tion and fibril formation during in vitro refolding of HγD-
Crys (44). We suspect that partially unfolded species
generated by cleavage of the indole ring are also the
precursors to further protein aggregation.

Tallmadge and Borkman (86) studied Trp’s damage in
bovineγB-crystallin irradiated in vitro at 295 nm with 0.7
mW/cm2 output flux. Their results showed that the rates of
photolysis of Trp42 and Trp131 were much higher than
Trp68 and Trp157. The structures of bovineγB-crystallin
and HγD-Crys are highly homologous, and their four Trps
are conserved (39, 87). We have shown that Trp42 and
Trp130 are moderately fluorescent and Trp68 and Trp156
are extensively quenched in HγD-Crys. This suggests that
quenching of Trp68 and Trp157 may protect Trps from
photodamage.

Pitts et al. (88) have established threshold levels of
exposure throughout the near-UV region (210-440 nm) for
cataract formation in rabbits. For instance, the threshold dose
at 295 nm was 0.75 J‚cm-2 and was 0.15 J‚cm-2 at 300 nm.
These results are on the same order as the maximum tolerable
dose at 300 nm (0.365 J‚cm-2) measured in the rat (73).
Borkman (89) suggested a photon-to-Trp ratio of 20:1 to
cause Trp destruction by estimates of the Trp photolysis yield
in solution.

If the crystallins are absorbing incident UV radiation,
fluorescence quenching of Trps may be a self-protective
mechanism from damage induced by UV radiation. Photo-
chemical reaction of Trp probably originates from excited
singlet states and competes with fluorescence emission (51).
Quenching can shorten the lifetime of Trp excited singlet
states, perhaps reducing the possibility that the electron will
go into a photochemical reaction. The highly quenched Trp68
and Trp156 may function as “energy sinks”. Our findings
strongly suggest that energy from the ambient UV absorbed
by these two Trps is almost completely dissipated through
nonradiative quenching and therefore the chance of a
photodamage reaction may be reduced. It remains to be
determined whether the quenching phenomenon in HγD-
Crys is conserved though other crystallin proteins. If so, this
would suggest that the backbone conformation of Trps in
HγD-Crys may have evolved to provide efficient absorption
of UVB radiation, while at the same time providing
maximum protection from photodamage.

CONCLUSION

Trps 68 and 156 of HγD-Crys display abnormally low
fluorescence intensity in the native state without the existence
of the metal ligands or cofactors. An extensive investigation
of mutated proteins combined with hybrid quantum
mechanical-molecular mechanical (QM-MM) simulations
strongly implicates efficient electron transfer from the excited
indole ring to the backbone amide of these residues. Charged
residues and nearby waters favorably stabilize these charge
transfer events. Considerable resonance energy transfer from
Trp42 to Trp68 in the N-terminal domain and from Trp130
to Trp156 in the C-terminal domain was observed and
rationalized. The energy transfer to the weakly fluorescing
Trps (Trp68 and Trp156) serves to further reduce the overall
quantum yield (and presumably excited state lifetime) of
HγD-Crys. We speculate that this quenching may protect
Trps in γ-crystallins from UV-induced photodamage and
reflect an evolved property of the crystallin fold.

SUPPORTING INFORMATION AVAILABLE

Tables (1S-8S) showing residues that stabilize or de-
stabilize four Trps in HγD-Crys and figures (1S-10S)
showing the fluorescence emission spectra of 3MI and
the spectra of triple Trp mutants (W42-only, W68-only,
W130-only, and W156-only) for the extrapolation of the
quantum yields of four Trps in HγD-Crys on the blue side.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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