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ABSTRACT. A general approach to dissecting the complex photophysics of tryptophan is presented and
used to elucidate the effects of amino acid functional groups on tryptophan fluorescence. We have
definitively identified the amino acid side chains that quench tryptophan fluorescence and delineated the
respective qguenching mechanisms in a simple model system. Steady-state and time-resolved fluorescence
techniques, photochemicaHD exchange experiments, and transient absorption techniques were used to
measure individual contributions to the total nonradiative rate for deactivation of the excited state, including
intersystem crossing, solvent quenching, and excited-state proton and electron transfer rates. Eight amino
acid side chains representing six functional groups quench 3-methylindole fluorescence with a 100-fold
range in quenching rate constant. Lysine and tyrosine side chains quench by excited-state proton transfer;
glutamine, asparagine, glutamic and aspartic acid, cysteine, and histidine side chains quench by excited-
state electron transfer. These studies provide a framework for deriving detailed structural and dynamical
information from tryptophan fluorescence intensity and lifetime data in peptides and proteins.

Fluorescence spectroscopy is widely used to study peptides O =k/(k + k) =kt (1a)
and proteins. The aromatic amino acids, tryptophan, tyro-
sine, and phenylalanine, offer intrinsic fluorescent probes of 1= k + kK (1b)

protein conformation, dynamics, and intermolecular interac-

tions. Of the three, tryptophan is the most popular probe. wherek, andk., are the radiative and nonradiative rates. For

Tryptophan occurs in one or a few residues in most proteins tryptophan, k,, may include contributions from several
and biologically active peptides. The fluorescence of the nonradiative processes

indole chromophore is highly sensitive to environment,

making it an ideal choice for reporting protein conformation Kar = Kise T Kgi 1 Kot 1 ke (2)
changes and interactions with other molecules. The emission

spectrum of tryptophan in proteins varies from a structured including intersystem crossingsc (10, 12, 13, solvent
band to a broad, diffuse band with wavelength maximum quenchindks; (4, 14, 15, excited-state proton transfiey (8,
spanning a 40-nm rang@)( The fluorescence quantum yield 16—18), and excited-state electron transkar(19, 20 rates.
ranges from near zero to 0.35. In principle, if the protein In proteins, the relative rates of these nonradiative processes
structure is known, then changes in tryptophan fluorescencedepend on the nature and disposition of protein functional
could be interpreted in structural terms at atomic resolution. groups and water molecules around the tryptophan.
Unfortunately, the complex photophysics of the indole Intersystem crossing as well as photoionization are two
chromophore have stymied detailed interpretation of protein nonradiative processes monitored directly by flash photolysis
fluorescence for three decades. However, recent work with experiments. The intersystem crossing rate of indole is
constrained tryptophan derivatives(7) and indole model  temperature-independerit3) but enhanced by heavy atoms.
systems §—11) promises to make tryptophan fluorescence Triplet yields @1 are measured with Kl, and intersystem
a more useful structural probe. The environmental sensitivity crossing rates of (28) x 10’ st are calculated from1(Q)

of the wavelength of the emission maximum is now well

understoodi1). Prospects are excellent for using tryptophan kisc = P+/T 3)
emission spectra to model changes in the local electric field i
around the indole ring. The ksc values are not affected by the peptide bond.

The environmental sensitivity of the fluorescence intensity Photoionization to radical and s.oIvated electron is temper-
and quantum yield is due to nonradiative processes thatdture-dependentlf). However, it occurs from a prefluo-
compete with emission for deactivation of the excited state. '€Scent state(l), so it will affect the fluorescence quantum
The decay kinetics of the excited singlet state are key to Yi€ld but not the lifetime. _ -
using fluorescence intensity as a structural tool. The Solvent quenching is an isotopically sensitive temperature-

fluorescence quantum yielbs and lifetimer are defined dependent nonradiative process that occurs in all indoles.
as The temperature dependence of the fluorescence lifetime is

expressed by Arrhenius factors
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where k; is the temperature-independent rate,is the peptide bond quenchind Q). Using a similar strategy here,
frequency factor, ande* is the activation energy. The we determine the effects of amino acid side chains on the
temperature-independent rate comprises the radiative rateindividual rates in eq 2 by the methods outlined above. In
intersystem crossing rate, and other temperature-independeraddition, the relative propensity of amino acid functional

nonradiative ratekgr groups to accept an electron is gauged from transient
absorption experiments monitoring solvated electron. Excited-
ko =k + ke + K, 5) state electron transfer is inferred from correlations of

fluorescence quenching and electron capture rate constants.
The solvent quenching rat& is calculated from the
Arrhenius parameters MATERIALS AND METHODS

k= A exp(—E*/RT) (6) Tryptophan (Sigma) was recrystallized four times from
' 70% ethanol. N-Acetyltyrosine (Sigma) was recrystallized

The water quenching rate has about a 2.5-fold deuteriumfrom water. Other chemicals (highest grade) from Sigma
isotope effect and strong temperature dependence withor Aldrich were used as received Ky of N-acetyl amino
frequency factors of 610" s'* and activation energies ~acids were determined by fitration with a pH meter.

of 11-13 kcal/mol @, 5. The large frequency factor Fluorescence.Steady-state and time-resolved fluorescence

suggests electronic motion, though the detailed mechanismmeasurements are described elsewh&rg@. Fluorescence
is not known. Organic solvent and other solutes as well as Was measured at 288-nm excitation wavelength on solutions

a proximal ammonium group decrease the water quenchingOf absorbance< 0.1. Absorbance was measured on a Cary
rate 6, 10, 14. 3E UV-vis spectrophotometer. Fluorescence quantum
Excited-state proton transfer is the best characterizedYields ®r were measured relative to that of tryptophan in

nonradiative process. Three excited-state proton transferwater with a value of 0.14 at 25C (31). Fluorescence
reactions occur, depending on the availability of strong duenching rate constantg, are calculated from relative
proton donors or acceptors. Below pH 4 the fluorescence quantum yield or lifetime data in the absence and presence
is quenched by acid-catalyzed protonation of the indole ring ©f quencherQ by using the SteraVolmer equation

with pK;* about 2-3 (22). Above pH 11 the fluorescence

is quenched by base-catalyzed deprotonation of indole NH O/ P = 7o/t = 1 + ky7o[Q] (8)

with pKg* about 12-13 (22). At intermediate pH the )

fluorescence is quenched by proton exchange at indole Cz,whefre .the subscript 0 denotes absence of quencher. .Longer
C4,and C78, 9, 16, 1J. (Exchange also occurs at C3 in excitation _Wavelengths were used to r_educe absorption by
indole compounds with a hydrogen at this position.) Proton the following quenchers:N-acetylcysteine (304 nmj-
exchange at aromatic carbons on the excited indole ring is2cetyltyrosine and phenol in® (305 nm), andN-acetyl-
catalyzed by good proton donors, such as the ammonjum®0siné in DO (312 nm). Fluorescence decays were

group or trifluoroethanol. The proton transfer yialgr is measured at 370- or 390-nm emission wavelength (8-nm
measured directly by photochemicaHB isotope exchange ~ Pand-pass) and deconvolved as described elsewtiéje (
experiments anély is calculated fromg, 17, 19 N-Acetylcysteine solutions were prepared and used within
Y 1 day. After 2 days, the pH of solutions containing
Kot = Ppy/T (7 N-acetylcysteine decreased and tke value increased,
presumably due to formation &-acetylcystine.
The proton transfer rate has about a4fold solvent Transient Absorbancelaser flash photolysis measure-

deuterium isotope effect and modest temperature dependenceents are described elsewhel®)( Transient absorbance
with frequency factors of #0s™* and activation energies of  was measured on deoxygenated solutioné\gf = 0.6—
about 4 kcal/mol §, 17). 0.8 [(1-2) x 104 M 3-methylindole] in 1 cm cells at-25
Excited-state electron transfer from the indole ring to an °C. Triplet quantum yieldsbr were measured relative to
electrophilic acceptor is the most elusive nonradiative processthat of 3-methylindole in water with a value of 0.180).
but probably the most common quenching mechanism in Intersystem crossing ratég. are calculated from eq 3 by
proteins. The evidence for electron transfer is entirely using fluorescence lifetimes for deoxygenated solutions.
circumstantial, based on correlations between bimolecular The solvated electron was generated from photoionization
guenching rate constant and reduction potential of solute of 3-methylindole and monitored at 680 nm. The transient
quenchers43, 24, substitutent effects3( 5-7, 18, 20, and absorbance was fit to a single-exponential decay. Bimo-

intramolecular quenching in peptides and addu2%-@9). lecular rate constantg for capture of solvated electron are
The peptide bond appears to quench tryptophan fluorescencealculated from the lifetime of solvated electron in the
by electron transferl0). The electron transfer rate; is absencere and presence. of fluorescent quenche€

independent of solvent isotope and weakly temperature according to
dependent with Arrhenius parameters that vary with electron
acceptor 10). TodTe = 1+ k. JQl 9)

This paper identifies the protein functional groups that
quench tryptophan fluorescence and delineates their respecThe quencher concentration wa®.1 M.
tive quenching mechanisms. Quenching rate constants of H—D Exchange. Photochemical isotope exchange mea-
free amino acids have been reportd®,(30Q. However, surements are described elsewhe8e9). Samples were
earlier studies failed to account for quenching bydkemino irradiated with a Spectral Energy LH150 xenon lamp—M]
group. Previously we obtained definitive evidence for exchange was monitored by mass spectrometry on a Hewlett-
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Table 1: Quenching of 3-Methylindole Fluorescence

kg x 100M~1s

Ksi x 107s1b
quencher solvent D /D2 Tt Kisc x 10" st at 25°C
N-acetyl-Lys HO, pH 5.4 10 10 4.3 (4.7)
pKa10.5 DO, pD 5.6 34
glycine HO, pH 6.5 26 2.0
DO, pD 6.5 6.0
N-acetyl-Tyf H,0, pH 5.3 98+ 6
D,O, pD 5.3 48
phenol HO, pH 5.4 89 89
pKa9.89 DO, pD 5.6 42 42
N-acetyl-GIn HO, pH 7.0 2.2+ 0.2
D,O, pH 7.4 2.0
NAGA H.O, pH5.1 6.6+ 0.3 6.4 2.0 3.8 (3.8¥
DO, pD 5.3 6.5 1.6 (1.8¥%
N-acetyl-Asn HO, pH 7.0 8.8 0.2
CH;COOH H,0, pH 4.7 43+ 2 43 1.8+ 04
pKa4.7 D0, pD 4.7 42
N-acetyl-Cys HO, pH 7.6 140+ 10 140 4.9
pKa.3.2,9.3 DO, pD 7.6 97
H,0, pH 10.4 190t 10 180
DO, pD 10.4 140
Cys—Cys HO, pH 10.0 >1000
N-acetyl-His HO, pH 5.3 240+ 20 230 5.4
pK.3.4,7.2 DO, pD 5.6 210
H.0, pH 9.7 3.7+ 05
DO, pD 9.7 31
acrylamide HO, pH 7.0 720

a | ifetime of 3-methylindole is 8.2 ns in #0 and 12.0 ns in BD at 25°C, oxygenated solutiort.In the absence of quenchédg; = 5.9 x 10’
st at 25°C. Number in parentheses ks in the presence of an equal concentration of control compound that does not quench 3-methylindole
fluorescence$ Data from ref8. ¢ RecrystallizedN-acetyl-Tyr contained a fluorescent impurity with emission maximum at 400 nm, probably a
dityrosine derivative. Background fluorescence was subtracted. Background fluorescence was 3% in 3-methylindole solutions containing 0.05 M
N-acetyl-Tyr. Phenol was used to confirm tkevalues of the tyrosine side chaiData from refl0. f Values were corrected for partial dissociation.

Packard 5970 GC-MS. The fraction ofHD exchangepex
was determined from the increase in the peakvat133

Bex = (133~ k2r|233)/(|232 - |233) (10)

guantum yieldP+ and fluorescence lifetimewere measured
on deoxygenated solutions of 3-methylindole in the presence
of N-acetyl amino acids and used to calculate the intersystem
crossing rateékis.. In many cases, thBl-acetyl amino acid
guenched the triplet too, making it difficult or impossible to
wherel?;, and 9., are the total intensities atVz 132 and measure initial absorbance accurately. In the few instances
133 in freshly prepared unirradiated samples kgglis the where we were able to measubg, we saw no changes in
total intensity atn'z 133 in an irradiated sample. Irradiation kg value. Quenching due to acceleration of solvent quench-
conditions were chosen so that a secorelHexchange per  ing was checked by measuring the temperature dependence
molecule was negligible. The proton transfer yidlgrwas  of the fluorescence lifetime in the presencéNeficetyl amino
determined by photoactinometry and the proton transfer rateacids. A second Arrhenius factor was included in eq 4 to
kot Was calculated from eq 7. account for a second temperature-dependent nonradiative
process, such as proton or electron transfer.
RESULTS Excited-state proton transfer was diagnosed by measuring
Previously we showed that the ammonium but not car- quenching rate constants in both®and BO. A large
boxylate of free amino acids quenches the fluorescence ofdeuterium isotope effect ok, indicates a proton transfer
3-methylindole 8). We also showed that a single amide reaction. Photochemical isotope exchange experiments
group as inN-acetylglycine quenches too weakly to be confirmed proton transfer and measured the rate constant
detected in a bimolecular quenching experime6).( ko Excited-state electron transfer was inferred by default
Therefore, simple SterAVolmer quenching experiments for quenching rate constarkg that were not accounted for
with N-acetyl amino acids and 3-methylindole should by the other mechanisms. In addition, the rate of electron
unambiguously identify which amino acid side chains quench capture byN-acetyl amino acids was measured. Figure 1
tryptophan fluorescence (Table 1). Additional experiments shows the transient absorbance of solvated electron in the
delineate the quenching mechanisms. Besides nonradiativeabsence and presence of #&hacetyl amino acid that
processes, ground-state interactions could cause quenchingjuenches 3-methylindole fluorescence. The bimolecular rate
This would increase the fluorescence quenching rate constantonstant for quenching of solvated electkemvas calculated
kq determined from quantum yield data compared tokhe from eq 9 (Table 2).
value from lifetime data. Ground-state complexes between Nonquenching Side Chain§uenching of 3-methylindole
the indole ring and amino acid side chains affect the fluorescence byN-acetyl derivatives of glycine, alanine,
absorption spectrum of indol@6). valine, leucine, phenylalanine, proline, hydroxyproline,
Quenching due to enhancement of intersystem crossingserine, threonine, methionine, and arginine at neutral pH is
was checked in transient absorption experiments. The tripletnot detectable. The lower limit for detection in intermo-
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0.04 Transient absorption experiments in the presence of
N-acetyllysine show that the intersystem crossing rate is
unchanged (Table 1) and that the lysine side chain is a poor
electron acceptor (Table 2). The strong UV absorption of
0.02 - N-acetyltyrosine and phenol also precludes transient absorp-
tion experiments in the presence of these quenchers.
Electron Transfer QuenchingBoth N-acetylglutamine
andN-acetylasparagine quench 3-methylindole fluorescence
0.01 1 a weakly with a negligible deuterium isotope effect. The
b guenching properties of the amide group were characterized
previously (0). Two amide groups are needed for detectable
-y intermolecular quenching. The quenching rate constant
0.00 : : increases with decreasing distance between the two groups.
-2.0 4.7 11 18 The quenching mechanism was proposed to be excited-state
Time (i s) electron transfer.
Ficure 1: Transient absorption spectra of solvated electron in (a) Quenching by the side chains of glutamic and aspartic
H,0; (b) 2.7 mM N-acetylhistidine, pH 9.4; and (c) 0.17 mM  acids was not assessed wilracetyl derivatives. The
N-acetylhistidine, pH 5.3. presence of two carboxyl groups wittKpvalues in the
region pH 2-4 makes it harder to define the protonation
state around pH 4. Instead, acetic acid wiky = 4.7 was

oD

Table 2: Bimolecular Rate Constants

ke x 107 ket x 107 used as a model for quenching by carboxylic acid side chains.
quencher pH ~ M7s™e M™sat25°C Only the protonated carboxyl quenched 3-methylindole
(NB-Iacetyl-Met 77-00 006252 0 fluorescence and there was no deuterium isotope effect on
N-ZlcetyI-Lys c4 0.69 0 kq (Table 1), in agreement with previous findings for indole
N-acetyl-GIn 7.0 3.9 2.2 (24). o _
NAGA 7.0 8.3 6.6 N-Acetylcysteine is a strong quencher of 3-methylindole
gﬁcce(t)ygﬁsn 47.70 6214 438.‘8 fluorescence, though not as strong as acrylamide, which
N_aSCetyI_Cys - 410 05 ﬁluenches at t'he Q|ffu3|on limit (Table 1_). Tk@vglue of
105 220 -acetylcysteine increased about 35% in the thiolate com-
N-acetyl-His 5.3 220 pared to the thiol with a 1.4-fold deuterium isotope effect
9.4 5.0 for both ionization states. The quenching rate constants were
225 °C, deoxygenated solutioh Data from ref10. ¢ Values were measured over a concentration range of 0:003 M
corrected for partial dissociation. N-acetylcysteine. Slight changes in the absorption spectra
of 3-methylindole in the presence &D.1 M N-acetylcysteine
lecular quenching experimentskig~ 1 x 10’ M~ s, All reveal a weak ground-state interaction between 3-methyl-

of the parent amino acids except leucine and phenylalanineindole and the cysteine side chain. The difference spectra
were previously reported to quench tryptophan fluorescenceshowed two small peaks at 283 and 292 nm. The depen-
at pH 5-6, purportedly by excited-state electron transfe, ( dence of absorption spectral changesNsacetylcysteine

32, 33. We subsequently showed that glycine quenches concentration suggests a stronger ground-state interaction for
indole fluorescence by excited-state proton trans3erBy the thiol than the thiolate. Fluorescence decays of 3-methyl-
analogy with glycine, the quenching observed for the free indole in the presence of thiol gave somewhat better fits to
amino acids is due to excited-state proton transfer catalyzedbiexponential than to monoexponential functions. The minor
by the protonatedi-amino group. It is not due to the side second lifetime component has a 0-Z54-ps lifetime and
chains or carboxylate. Finally, we measured the electron <10% amplitude at 0.1 MN-acetylcysteine. The biexpo-
capture rate for one nonquenchiNgacetyl derivative and  nential decay with a short lifetime component may be due

obtained a very low value (Table 2). to the transient term iy (34) as well as the ground-state
Proton Transfer Quenching Side ChainQuenching of complex. Fluorescence decays of 3-methylindole in the
3-methylindole fluorescence bBy-acetyllysine andN-acetyl- presence of thiolate were monoexponential. For both thiol

tyrosine is isotopically sensitive. The-3-fold deuterium and thiolate, thé, values calculated from average lifetime
isotope effect orky indicates quenching by excited-state and quantum yield data are identical, indicating that the
proton transfer. Quenching by thkeeamino group of glycine  dominant quenching process occurs in the excited state.
was also isotopically sensitive with a 4-fold deuterium Cystine appears to be a very strong quencher, but low
isotope effect orky (8). Excited-state proton transfer was solubility in water makes it difficult to measukg accurately.
confirmed for N-acetyllysine by photochemical +D ex- N-Acetylhistidine is also a strong quencher of 3-methyl-
change. The photochemical yield for isotope exchange of indole fluorescence, but only when the imidazole ring is
3-methylindole in RO, pD 7, with 0.5 MN-acetyllysine was protonated. Thék, value drops about a factor of 65 upon
¢ex = 0.13. The bimolecular rate constant for proton transfer deprotonation with a scant -1.2-fold deuterium isotope

is estimated to bk, = (3.8+ 0.8) x 10’ M~ts7%, which is effect in both ionization states. As in the case N
close to the SternVolmer rate constark, for fluorescence  acetylcysteine, quenching rate constants were measured over
quenching (Table 1). The strong UV absorption Mé¢f a concentration range of 0.008.1 M N-acetylhistidine.
acetyltyrosine and phenol precludes-B exchange experi-  Slight changes were observed in the absorption spectra of
ments in the presence of these quenchers. 3-methylindole in the presence af0.2 M N-acetylhistidine
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electron transfer rate constakt when electron transfer is
the rate-limiting step in the quenching process. The electron
transfer rates are listed in Table 2 for compounds With
values well below the diffusion limit of & 10® Mt s,

- ®

DISCUSSION

Eight side chains of naturally occurring amino acids
guench 3-methylindole fluorescence strongly enough to
detect in bimolecular quenching experiments: the amide
groups of glutamine and asparagine, the carboxyl groups of
glutamic and aspartic acids, lysiseamino group, tyrosine

log k, phenol, cysteine sulfhydryl, and histidine imidazole. The
Ficure 2: Correlation of rate constants for fluorescence quenching que_nchlng report_ed previously for other amino aclif @2,
ks and electron capturk. (1) N-Acetyl-GIn; (2) N-acetyl-His, pH 33) is due to excited-state proton transfer catalyzed by the
9.4; (3) NAGA,; (4) N-acetyl-Asn; (5) CHCOOH; (6) N-acetyl- o-amino group of the free amino acids. Quenching by the
His, pH 5.3; (7)N-acetyl-Cys, pH 7.6; (8N-acetyl-Lys; (9) Gly. a-amino group of glutamine, asparagine, and lysine also
with two small peaks in the difference spectra at 283 and contributes significantly to the quenching rate const&gts

292 nm. The dependence of absorption spectral changes offmd cha_mge; the orpler of effectiveness of the more weakly
N-acetylhistidine concentration suggests a stronger ground-quenChIng side chains.

state interaction for protonated than deprotonated imidazole. The eight side chains each have essentially a single
The fluorescence decay of 3-methylindole in the presenceduenching mechanism as detected in bimolecular quenching
of N-acetylhistidine is biexponential. Like-acetylcysteine, ~ €xperiments. Ground-state complexes were apparent for only
the minor Component for protonated imidazole has a©.25 two amino acid side chains: CySteine and histidine. How-

0.5

0.4-ns lifetime and<10% amplitude at 0.1 MN-acetylhis- ever, the parallel drops in fluorescence quantum yield and
tidine. The average lifetime drop also para||e|s the guantum lifetime indicate that these weak grOUnd'State interactions
yield drop. have almost no effect ok, values. The red shift in the

The N-acetyl derivatives of glutamine, asparagine, cys- absorption spectra of 3-methylindole suggests an indole to
teine, and histidine as well as acetic acid quench solvatedside chain charge transfer in the ground-state complex. None
electron with rate constants that range from about 407 of the quenching side chains appears to alter the water
M~! s for N-acetylglutamine to 4x 10° M~! st for guenching ratés much beyond a small solute effect at high
N-acetylcysteine (Table 2). Braam85 measured rate solute concentrations. Also, amino acid functional groups
constants for the reaction between solvated electron and freedo not enhance the intersystem crossing rate in the few cases
amino acids in pulse radiolysis experiments. His values for where we measured it. The side chains of lysine and
cysteine and histidine with protonated side chains are roughly Probably also tyrosine quench by excited-state proton
2-fold higher than ours. The electron capture rate constanttransfer. The remaining side chains presumably quench by
for glycine is<10’ M~ s L. The positively charged-amino excited-state electron transfer. The small solvent isotope
group in the free amino acid may enhance the ability of the effects on thek,; values for both ionization states of the
Su|fhydry| and imidazolium groups to Capture the electron Cysteine and histidine side chains may reflect iSOtOpe effects
compared to thd&-acetyl derivative. on the electron transfer rate, which approaches the diffusion

The ||ke|y quenching mechanism for the side chains of limit in the case of these side chains. The arguments for
glutamine, asparagine, glutamic and aspartic acids, cysteineglectron transfer quenching of tryptophan fluorescence are
cystine, and histidine is excited-state electron transfer. three. First, we excluded all other known nonradiative
Intuitively, the ability of a compound to capture an electron Processes that quench indole fluorescence, leaving electron
should be related to its ability to act as an electron acceptor,transfer as a plausible mechanism. Second, we showed
even though reacting with solvated electron and accepting excellent correlation between the relative abilities to quench
an electron from excited indole are distinct processes. Thus,indole fluorescence and to capture solvated electrons for
the quenching rate constatshould be proportional to the ~ amino acid functional groups that do not quench by excited-
electron Capture rate Consta@tfor Compounds that quench State proton transfer. And th|rd, fluorescence quenChlng by
3-methylindole fluorescence by an electron transfer mech- Putative electron acceptors shows the predicted dependence
anism. Figure 2 plots lod, vs log ke and shows good of ky on redox potentiaE® (_)f guencher. Th_e_electron transfer
correlation betweerk, and k. in all cases excepiN- rate depends exponentially on the driving force for the
acetyllysine and the free amino acid glycine, both of which reaction, which in turn depends on the difference in redox
quench indole fluorescence by excited-state proton transfer.Potential between acceptor and don@)( The quenching
Particular Compounds may have more than one quenchingrate becomes diffusion-limited for Stl’ong OXidiZing agents,
mechanism; for exampl®-acetylcysteine antll-acetylhis- where electron transfer is much faster than diffusion. Figure
tidine form ground-state complexes. However, contributions 3 illustrates this behavior for indole and a variety of
from such minor quenching processes do not mask the trenddquenchers with known values of the redox potential in
Large deviations as in the caseMacetyllysine and glycine ~ aqueous solution.
point to other quenching mechanisms. The lifetime of tryptophan in proteins varies from a few

Assuming an electron transfer mechanism, the quenchinghundred picoseconds to 9 ns. Two common quenchers of
rate constarity gives a reasonable estimate of the bimolecular tryptophan fluorescence are water molecules and peptide
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1.

log kq

2.5
E%,, (V) 6.

Ficure 3: Dependence of fluorescence quenching rate conlgjant
of indole on redox potentiaE°® of quencher. Quenchers in
decreasing order of reduction potential: trichloroacetama®, (
dichloroacetamide 37), dichloroacetic acid 24), trifluoroacetyl
ethyl ester, acrylamidel1@), difluoroacetyl ethyl ester, chloro-
acetamide37), chloroacetic acid24), 3-chloropropionic acidd4),

formic acid @4), Yb®" (23; no heavy atom effect), fluoroacetyl 9.
ethyl ester, G#" (kq value corrected for heavy atom effedf)).
Redox potentials are from re28 and38. Line drawn is polynomial 10.

fit of order 2 predicted by electron transfer theoBg), 1

bonds, which we have discussed previoudlylQ. On the 12.
basis of the bimolecular quenching studies in aqueous
solution presented here, the side chains of lysine, glutamine, 13
asparagine, and neutral histidine should be relatively weak 14
quenchers; neutral glutamic and aspartic acids should be
moderate quenchers; and tyrosine, cysteine, positively charged 15.
histidine, and cystine should be the best quenchers in
proteins. The proximity of the indole ring to these quenching
side chains would affect the fluorescence lifetime. A
cautionary word is necessary for glutamic and aspartic acids =~
and histidine. The ionization state of these side chains has
a profound effect on quenching ability, and these residues 18.
often have anomalousKp values in proteins.

In proteins, proximity, specific geometry, or local polarity 19.
might enhance the quenching ability of additional amino acid 5

16.
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