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Abstract: The interpretation of room temperature phosphorescence studies of proteins requires an
understanding of the mechanisms governing the tryptophan triplet-state lifetimes of residues fully exposed
to solvent and those deeply buried in the hydrophobic core of proteins. Since solvents exposed tryptophans
are expected to behave similarly to indole free in solution, it is important to have an accurate measure of
the triplet state lifetime of indole in aqueous solution. Using photon counting techniques and low optical
fluence (J/cm?), we observed the triplet-state lifetime of aqueous, deoxygenated indole and several indole
derivatives to be approximately 40 us, closely matching the previous reports by Bent and Hayon based on
flash photolysis (12 us; Bent, D. V.; Hayon, E. J. Am. Chem. Soc. 1975, 97, 2612—2619) but much shorter
than the 1.2 ms lifetime observed more recently (Strambini, G. B.; Gonnelli, M. J. Am. Chem. Soc. 1995,
117, 7646—7651). However, we have now been able to reproduce the long lifetime reported by the latter
workers for aqueous indole solutions and show that it likely arises from geminate recombination of the
indole radical cation and solvated electron, a conclusion based on studies of the indole radical cation in
water (Bent and Hayon, 1975). The evidence for this comes from a fast rise in the phosphorescence emission
and measurements of a corresponding enhanced quantum yield in unbuffered solutions. This species can
be readily quenched, and the corresponding fast rise disappears, leaving a monoexponential 40 us decay,
which we argue is the true indole triplet lifetime. The work is put in the context of room temperature
phosphorescence studies of proteins.

Introduction The triplet-state lifetime of an aromatic chromophore is
ho- commonly believed to depend upon several processes that are

Since the original discovery that room temperature phospho distinguishable by their vi i d d he triol
rescence (RTP) can be observed from proteins in aqueous istinguishable by their viscosity dependence. The triplet state

solution? this technique has been increasingly used in protein
studies. RTP has been used to monitor many aspects of protein
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is extremely susceptible to trace impurity quenching, and absorption following flashlamp excitation. Other indole deriva-
therefore in low-viscosity solvents the triplet-state lifetime is tives yielded similar results (indole, 12s?° N-acetylt-
greatly shortened by residual impurities or trace amounts of tryptophanamide (NATA), 3@s° 22 us3! 1-methylindole (1-
oxygent4~16 The triplet-state characteristics of aromatic chro- MI), 29 us32 NATA, 40 us®3). However, in more recent work
mophores in high-viscosity media (such as frozen media or rigid using a time-resolved analogue technigtian aqueous indole
glasses at higher temperature) have been studied for severalriplet-state lifetime of 1.2 ms was reported, approximately 40
decaded’~2 Under these conditions the behavior is often times longer than in the previous measurements. It was
described by the excess-energy model which assumes that thguggested that low concentrations of unidentified quencher(s)
lifetime is predominantly determined by a temperature-depend- in the aqueous solution were responsible for the short lifetimes
ent nonradiative process enabled by the thermal population of previously reported, and that only with a more stringent control
higher vibrational states that have more efficient singteplet of the purity of the solvent can the true aqueous triplet-state
mixing24~28 The temperature dependence of this process is jifetime of indole be attained. Since tryptophan residues in
associated with the activation energy necessary to populate thesgumerous proteins show sub-millisecond lifetims,became
vibrational modes. unclear whether these lifetimes result from quenching, or reflect
Because both quenching and thermal activation to higher the fact that the limiting lifetime of free tryptophan in solution
vibrational states can modulate the triplet-state lifetime, these js a1so sub-millisecond as originally reported. Clearly, resolution
measured lifetimes may reflect numerous complex processesof this apparent difference is of fundamental importance to the

in the immediate environment of tryptophan residues in proteins. ynderstanding of indole photophysics and for the interpretation
Tryptophan residues which are deeply buried within the f time-resolved RTP from proteins.

hydrophobic core of proteins are associated with lifetimes that
can exceed 42 s while solvent-exposed tryptophan residues
are expected to have much shorter triplet-state lifetimes similar
to that of free tryptophan in solution. Knowledge of the latter
lifetime is thus of great importance for the interpretation of the
results of time-resolved protein RTP, and any ambiguity
regarding the lifetime of free indole in solution confounds the
interpretation of the observed lifetime of surface-exposed
tryptophan residues.

The pioneering work on the triplet-state lifetime of indole
by Bent and Hayon in 197% reported a value of 12s in
aqueous solution at room temperature based upon tripiptet

In this work we use high-speed photon counting with fast
temporal resolution and careful solvent preparation techniques
to measure the phosphorescence lifetime of indole and several
indole derivatives in aqueous solution. On the basis of previous
work characterizing the photoexcitation products of in-
dole?°323540 we conclude that the long lifetimes recently
reported* are most likely a consequence of the photogeneration
of the longer-lived indole radical cation and solvated electron
from the excited singlet state rather than a reflection of the
intrinsic indole triplet-state lifetime. A likely hypothesis is that
geminate recombination of the indole radical cation and the
solvated electron, a first-order process, creates an additional
(14) Tsai, S. C.; Robinson, G. W. Phosphorescence and the true lifetime of Slower pathway for the generation of the indole triplet state,
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anthracene in fluid and viscous mediaChem. Physl961, 35 (6), 2182~ cat!on (severlall hundred mlcrpseconds to m||||se(:.é?ﬂ§§'
2186. , _ their susceptibility to quenching, and our determination of a
(17) Lower, S. K.; El-Sayed, M. A. The triplet state and molecular electronic . ial TR f .
processes in organic molecul&hem. Re. 1966 66, 199-241. negative preexponential term indicative of an excited-state
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in the glass transition range: spifattice, environment, and orientation (31) Volkert, W. A.; et al. Flash photolysis of tryptophan and n-acetyl-L-

relaxation of molecules in the metastable triplet stht®hys. Chenml991, tryptophanamide; the effect of bromide on transient yieRisotochem.
95, 2027-2036. Photobiol. 1977, 26, 3—9.

(23) Winnik, M. A.; Pekcan, O.; Croucher, M. D. Phosphorescence of (32) Pepmiller, C.; etal. A flash photolysis study of 1methylind&keotochem.
naphthalene-labelled colloidal polymer particles. The alpha-methyl relax- Photobiol. 1983 38 (3), 273-280.
ation of one microphase in a multicomponent mate@aln. J. Chem1985 (33) Lapidus, L. J.; Eaton, W. A.; Hofrichter, J. Measuring the rate of
63, 129-133. intramolecular contact formation in polypeptidégoc. Natl. Acad. Sci.

(24) Kono, H.; Lin, S. H.; Schlag, E. W. On the role of low-frequency modes U.S.A.200Q 97 (13), 7220-7225.
in the energy or temperature dependence of intersystem croem. (34) Strambini, G. B.; Gonnelli, M. Tryptophan phosphorescence in fluid
Phys. Lett.1988 145 (4), 280-285. solution.J. Am. Chem. Sod.995 117, 7646-7651.

(25) Lim, E. C.;Yu, J. M. H. Vibronic Spin-Orbit Interactions in Heteroaromatic  (35) Hopkins, T. R.; Lumry, R. Exciplex Studies-V. Electron Ejection from
Molecules. Il. Phosphorescence of Quinoxaline and Other Diazanaphtha- Indole and Methyl-Indole Derivative$hotochem. Photobioll972 15,
lenes.J. Chem. Phys1968 49 (9), 3878-3884. 555-566.

(26) Lin, S. H. Effect of temperature on radiationless transitidan€hem. Phys. (36) Bryant, F. D.; Santus, R.; Grossweiner, L. |. Laser Flash Photolysis of
1972 56 (6), 2648-2653. Tryptophan.J. Phys. Cheml1975 79 (25), 2711-2716.

(27) Hornburger, H.; Kono, H.; Lin, S. H. Excess energy dependence in (37) Pailthorpe, M. T.; Bonjour, J. P.; Nicholls, C. H. The photolysis of
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Material and Methods

Table 1. The Triplet-State Lifetime of Free Indole, NATA, and

1-Ml in H,O and D,O at Various Concentrations at 20 °C

Phosphorescence measurements were conduced with 10 ns pulsed

UV excitation and photon-counting acquisition technigtieThe ietime (us)
frequency-doubled pulses of a Spectra-Physics model DCR-11 Nd:YAG conen (uM) H0 D0
laser with a wavelength of 532 nm and a pulse width of 8 ns (fwhm) Indole
are used to pump a Spectra-Physics model PDL-3 dye laser emitting 2 415+ 0.5 66.3+ 1.6
at 560 nm. This light is then frequency-doubled in a BBO crystal to 10 40.7+0.9 64.8+ 2.2
produce 280 nm radiation. The excess 560 nm light is removed by a 50 41.1+£0.8 66.0+ 2.4
Schott glass UG-11 filter, and the remaining 280 nm light is directed av: 41.3+0.4 65.8+ 1.1
into the sample. Cuvette luminescence was substantially masked with NATA
a spatial filter, and phosphorescence emission was passed through a 2 40.5+ 0.7 51.3+:1.6
418 cutoff filter (KV418, Shott) before being detected by a Hamamatsu 10 40.2+0.7 50.5+ 1.7
R928P photomultiplier tube (PMT). Pulses from the PMT are sent into 50 37.5+0.6 52.0+1.3
a Pacific Instruments model AD6 amplifier/discriminator whose output av: 39.2+04 51.4+0.9
is collected by an ACEMCS multichannel scaler (acquiring in photon- 1-MI
counting mode) from EG&G Ortec, capable of collecting counts at up 2 43.3+08 41.2:08
10 41.2+ 4.0 42.1+ 0.7
t0 100 MHz. _ _ _ , 50 40.9+ 0.8 44.04 4.1
The phosphorescence signal was derived by subtracting, at each time av: 42.04 0.6 4174 05

point, the intensity of total luminescence of a fully oxygenated sample
of indole from the intensity of a fully deoxygenated sample of indole.
Fluorescence from the sample and cuvette are gated out by ignoringaccording to the methods described in the literatiged all reagents

the initial 18us of emission. Typically, 5000 laser shots at 10 Hz were |;5e(d were purchased from Sigma Chemical Co. (St. Louis, MO). The
used to acquire a decay, and at least 5 decays were averaged togethg/220y mutant of alkaline phosphatase (AP) was used as an intensity
for analysis; the error bars presented in our analysis are derived from conirol and was prepared as previously descri8éie mutant W220Y

this averaging. Laser intensity between samples was normalized byas utilized to provide only a single phosphorescent tryptophan (W109).
using a phosphorescence standard (typicaigherichia colialkaline Indole (Aldrich) was triple recrystallized in purified 3-methylpentane
phosphatase due to its high stability and low susceptibility to photo- (3-methylpentane was treated with,®% (Aldrich) and refluxed with
bleaching). It should be noted that previous studie§the phospho- potassium fo3 h at 50°C). Polymethyl methacrylate (PMMA) from
rescence of free indole had used matched PMTs in a T-configuration, pmicrochem Corp (Newton, MA) was used as is. Indole in PMMA was
however, we found it experimentally problematic to balance analogue annealed under vacuum for 48 h prior to phosphorescence measure-
signals from two PMTs experiencing different low incident intensities. ments. HPLC grade water was purchased from Fisher Scientific
In order to evaluate the effect of the large fluorescence emission on (Pittsburgh, PA). Milli-Q water was purified with a Milli-Q model UF/

the PMT/detection apparatus, we provided a steady background photonyys cartridge system producing 18.2Mwater (Millipore, Bedford
input (1-2 MHz) in addition to providing 10 Hz laser pulses of &3 MA).

uM indole sample. The large fluorescence emission from the indole
sample resulted in an attenuation of the steady background photon-Results
counting rate. The delay between the laser input/fluorescence emission Utilizing sensitive photon-counting technigues, the lumines-

and the reattainment of the normal counting rate was determined to cence decay of 1M indole in deoxygenated water was

assess PMT saturation. In this study, recovery of normal counting rates d. The lumi d f th it ith th
occurred within 15s following the fluorescence pulse. Photon-counting measured. The luminescence decay from he Cuvette wi €

systems can reattain normal counting rates before complete recoverySaMPple reoxygenated was subtracted, and the resulting corrected
of the PMT from large excitation pulses with the proper choice of PMT CuUrve was then analyzed using discrete component andigis
base hardware, discriminator, and PMT voltage settings. While the gain t0 give a lifetime of 40.7s at 20°C (Table 1). In the presence
of an analogue signal is dependent upon recovery of all PMT dynode of atmospheric oxygen (24@M, in air equilibrated water), the
voltages, photon-counting systems need only to recover the gain thatemission is quenched to less thansi(the minimum observable
amplifies the signal beyond a discriminator setting. Hence photon- with our experimental apparatus) consistent with the sensitivity
counting systems can easily be adapted to evaluate low light levels of the triplet state to oxygen. Without the availability of an
even after large saturating excitation pulses. Furthermore, phomn'intensified CCD, phosphorescence emission was too weak to
counting techniques are more sensitive than analogue techniques at IowaIIOW for measurement of a detailed spectrum. However, using
light levels#? . . h . P

a series of interference filters we determined that the emission

A detailed description of our deoxygenation system appears in the . .
literatur¢® and was only slightly modified for these experiments. is restricted to between 400 and 550 nm, as expected for Trp

Specifically, the prepurified nitrogen gas was further purified by passing PhoSphorescence. o _

through an OxiClear oxygen-trapping filter (from LabClear, Oakland, ~ The indole triplet-state lifetime presented here is somewnhat

CA), and the cuvette was mechanically rocked gently during deoxy- longer than that observed by Bent and H&q12 us) using

genation to increase the mixing of the solution and the nitrogen. The an absorption technique, but much shorter than more recently

cuvette was made of high-quality quartz (purchased from Starna) andreported* (1.2 ms) under similar conditions. Furthermore, we
modified by the University of Michigan glassblower for use in our found the phosphorescence lifetime to be independent of the

deoxygenation system. All cuvettes and glassware were cleanedsqgncentration of indole in the-250 uM range (Table 1).

(41) Mersol, J. V.; Steel, D. G.; Gafni, A. Quenching of Tryptophan Phospho- .The addition of ultrapurg TRIS buffer (40 mM, pH 80) .m
rescence in Proteins by Nonradiative Energy Transfer in the Rapid Diffusion Fisher HPLC water had little effect on the indole emission
Limit. Biochemistryl991, 30, 668-675. At H H H

(42) O’'Connor, D. V.; Phillips, D.Time-correlated Single Photon Counting lifetimes compared to \,/a,lues In pure Fisher HPLC Water (F,Igure
Academic Press: London, 1984. 1). However, when Milli-Q water was used before it attained

(43) Fischer, C. J.; et al. Hydrogen Exchange at the Corescherichia coli the maximum resistance<(8.2 MQ), long lifetimes were

observed (as shown in Figure 2) that were extremely susceptible

Alkaline Phosphatase Studied by Room-Temperature Tryptophan Phos-
phorescenceBiochemistry200Q 39, 1455-1461.
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Figure 1. Phosphorescence decay of ANl indole in 40 mM TRIS, pH
8.0 in KO and RO at 20°C. Similar lifetimes of 36-40 us are observed Wavelength (nm)
for unbuffered solutions for well-purged (40 min) Milli-Q purified water,
Fisher HPLC grade water (Lot 885083), and-6 us for Aldrich D,O
(Lot 03409CU).

Figure 3. Emission spectra of indole in PMMA at 135 K, including time-
resolved emission (2@s to 500 ms after excitation) showing clearly resolved
indole triplet emission at low temperatures. Points are emission from indole
. in unbuffered HO with long lifetime and negative preexponential curve
w (from Figure 2).

moderate amounts of TRIS buffer (up to 40 mM, pH 8.0) to
guench simultaneously the long-lived components and the
negative preexponential terms to arrive at an emission decay
lifetime of 30—40 us regardless of the source of water (inset:
Figure 2). Since TRIS buffer is known not to quench the triplet
state, we conclude that the quenching behavior is associated
with the depletion of the indole radical cation and/or solvated
electron. It is known that the indole radical cation and solvated
electron remain associated following photoexcitafidand this

L1111

1

1000

Counts/channel

L1l

2 caged species has been postulated to be redétikelow-
00 L o o0y resolution emission spectrum of the long-lived species is
0 0.2 0.4 0.6 0.8 1 included in Figure 3 and confirms that the emission is indeed
Time (msec) from indole. The long-lived emission from the partially purged

Figure 2. The long-lived emission of indole in some water sources can be Milli-Q water may suggest that some indigenous impurities may

observed, but with a clearly pronounced negative preexponential component.; i ; ;
This decay was observed with incompletely purged Milli-Q purified water indeed stabilize the indole photoproducts, while others may

(15.5 MQ conductance). Inset A: an expanded view of the first 26@f quench. The identity of impurities_ such as di_S_SOh(ed gases or
the decay is fit wi a 2 discrete component analysis yielding=a+0.31, solutes released from resins used in water purification processes
t1=36us; A2= 1.0, t2= 182us. An additional component of 62 is has not been further characterized by this lab. It should be noted

needed to fit the full decay to 1 ms. Inset B: quenching plot of long-lived . : . R
component with TRIS, pH 8.0 buffer inJ2@. The long-lived lifetime and that the negative preexponential term for indole emission is

negative preexponential component in the emission decay were similarly independent of the counting rates showing the absence of any
susceptible to buffer quenching. The spectrum of the unquenched long- PMT saturation, which could complicate the analysis of the
lived emission is given in Figure 3. negative preexponential term.
to electrolytes (inset: Figure 1) and always accompanied by a As a further test of our system we compared the phospho-
fast rise. A curve fit gives a negative preexponential associatedrescence decay of aiaM sample of indole (in purged Milli-Q
with the fast rise and a positive decay component associatedwater) with a 1uM sample of W220Y mutant of dimeric
with the long lifetime (hundreds of microseconds). We also alkaline phosphatase (W109 concentration qiM, cuvette
observed some dependence of the lifetime on input laserluminescence subtracted from deoxygenated W220Y; Figure 4).
intensity, with longer lifetimes observable at higher intensities, The observed lifetime from this protein corresponded well to
but when excited with fluences below approximately 20 previously published valugd:4> Furthermore, the extrapolated
cn? the measured lifetime was constant. The long-lived emission initial phosphorescence intensity for equal concentrations of
in Figure 2 is comparable to that reported in ref 34, though, in emitters of both protein and free indole (under conditions where
that study, the displayed resolution was not adequate to observeno negative preexponential is observed) were similar, thus
the fast rise. In addition, as reported by the latter group, the showing that the 4@s indole species has a quantum efficiency
lifetimes for this species varied substantially among samples. of intersystem crossing (ISC) that is roughly comparable with
When using Milli-Q water that was extensively purgedd0min that of tryptophan-109 of alkaline phosphatase (the other Trp
of 18.2 MQ water), we found only short-lived species with no in W220Y AP is known to be quenched at the singlet level by
negative preexponential terms. a nearby disulfide). On the basis of total photon counts at equal
Interestingly, indole solutions in HPLC grade water from excitation energies, and with adjustment for the increased
Fisher produced no long-lived species, while it was possible to
observe long-lived components from solutions in HPLC water (44) Reeve, A. E.; Hopkins, T. RRhotochem. Photobioll98Q 31, 297—304.

. X . i (45) Gonnelli, M.; Strambini, G. B. Phosphorescence lifetime of tryptophan in
obtained from Aldrich. However, it was possible to add proteins.Biochemistry1995 34, 13847-13857.
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6 T T Tt Table 2. The Triplet-State Lifetime of 10 uM Indole in H2O as a
- I T T T I AP T T ] Function of Temperature and Viscosity
5 C 2 second decay ] temp (°C) lifetime (us) viscosity (cP)
Lo -
’; [ ] 5 41.0+ 0.6 1.5108
< - } 10 39.8+ 0.8 1.3039
= 4L ] 15 416+ 0.5 1.1374
2 - 1 20 40.7+ 0.9 1.0019
& - L 25 41.2+ 0.8 0.8903
L 3L . 45 439+ 1.3 0.5972
S ]
= C ]
- 2k X J Table 3. The Triplet-State Lifetime of 10 uM Indole and 8 uM
- 41 microsecond decay 1 Acrylamide in H,O as a Function of Temperature and Viscosity®
1 T R T P temp (°C) viscosity (cP) lfetime (us) ko (M7s7)
5 1.5108 34.5: 1.0 (5.97+ 0.18) x 108
0 20 40 60 80 100 120 140 160 30 0.7973 29.6t 1.5 (1.28+ 0.25) x 10°
Time (microseconds) change 47% 53%

Figure 4. Phosphorescence decay of equal concentrationMjaf indole ] ]
and the single phosphorescent tryptophan W220Y mutant of alkaline 2 The quenching constank, was calculated from eq 4 with the
phosphatase in 40 at 20°C. The contribution from background cuvette ~— honquenched lifetime of indole taken to be 443.4 us. The change in
luminescence was subtracted from the phosphorescence decay of eacffolvent viscosity correlates with the changekin

sample. The initial phosphorescence intensities from equal concentrations

of emitters in the two samples are nearly identical. T

lifetime, the long-lived emission shown in Figure 2 has an ISC
quantum efficiency 23-fold higher than the 4Qus indole
species when no negaéi preexponential is presenthis
suggests that an additional pathway distinct from the-ST;
intersystem crossing process may be implicated to populate the
triplet state from the excited singlet state.

Measurements of triplet-state lifetimes of the indole deriva-
tives NATA and 1-MI were also done in aqueous solvent; the
results are similar to those observed for indole, as indicated in
Table 1. The average phosphorescence lifetime of NATA at 20
°C was 3s, slightly longer than the value reported by Sudakar 0 - L L L e
et al3® (30us). Our average lifetime of 42s for 1-Ml is slightly 100 150 200 250 300
longer than the 28s reported by Pepmiller et # The observed Temperature (°K)
lifetimes were invariant in buffered 4@ from different sources, Figure 5. Phosphorescence lifetime of indole in PMMA glass as a function
and moreover, the lifetime of 1-MI was the same in botd©H of temperature from 196 to 293 K. Inset: Arrhenius activation energy plot
and DO (Table 1). In contrast, the phosphorescence lifetime ggg‘ﬁ Iggmir(]aise”g?d@t’;nl/e S 7). showing a break at approximately

- ] A perature limit of 1.08 kcal/me#Q0 cnt?)
of indole and NATA in DO was consistently longer than the  and 3.94 kcal/mol{1380 cnt?) at higher temperatures.
lifetime in H,O (Table 1, Figure 1). This is in line with previous
studie4®47 and with our observation of a longer RTP lifetime ~ Of indole, and, more significantly, the extent of quenching was
for D,O-equilibrated alkaline phosphat#$elt is also worth a function of the temperature (i.e., viscosity) of the solution
noting that, since the addition of TRIS buffer had no effect on (Table 3).
the lifetimes in either BO or H,0, the difference between the A more fundamental understanding of indole triplet-state
lifetimes in these two solvents is not related to their pH(D). ~ deactivation processes was gained by measuring the temperature

A primary concern in experiments described here is that short dependence of indole phosphorescence lifetime in PMMA. The

lifetimes may result from the presence of diffusional quenchers. solid matrix C_’f the PMMA polymer inhibits coII_|S|onaI triplet- .
This is easily checked, however, since the observed lifetime state quenching processes and, therefore, provides an opportunity

will then correlate with the viscosity of the solvent. The viscosity to observe .the.actlvatlon energy for the excess energy triplet-
of water changes by a factor of 2.5 between 5 anc@%® state deactivation mechanism. The temperature dependence of
which would then cause a corresponding change in the triplet _the _|ndo|e tr_|p|et .I|fet|me in the solid PMMA mgtn_x is shown
lifetime due to the change in quenching rate. The data in Table n Flgure 5 (inset: A_rrhenlus p!ot), _Wh'le the emission spectrum
2, however, shows that the phosphorescence lifetime remainsolf:;mzﬁle ',nhPMM'S‘ IS ?hQW” '? E'g,ur(;a |3 at. l?W 'Eﬁ:nplgrqt_ure
constant throughout this change in viscosity. The addition of 8 (135°K) with gate Eemission o the indole triplet. The |m|t|ng.
«M acrylamide to our solutions did quench the RTP lifetime value of the Arrhenius activation energy at low temperatures is
1.1 kcal/mol, corresponding to an approximateht00 cntt
(46) Hutchinson, C. A.; Mangum, B. W. Effect of Deuterium Substitution on act!vat!on barrier. This value is Iower_ than the tr_yptophan
the Lifetime of the Phosphorescent Triplet State of Naphthaler@hem. activation energy of 995 cmt determined by Smith and
Phys. 196 32 (4), 1261 1262. MelhuisH® from 80 to 320°K in frozen keratin. The biphasic

(47) Wright, M. R., Frosch, R. P.; Robinson, G. W. Phosphorescence Lifetime
of Benzene. An Intermolecular Heavy-Atom Effect, a Deuterium Effect,

E5=3.94 kcal/mol

In(1/t-1/6)
&

E;=1.08 kcal/mol

Triplet State Lifetime (sec)
w

L
0.003 0.004 0.005 0.006 0.007 0.008 0.009
1T

and a Termperature Effect. Chem. Phys196Q 33, 934-935. (49) Smith, G. J.; Melhuish, W. H. Relaxation and Quenching Of the Excited
(48) Dean, J. A., EdLange’s handbook of chemisfr§1th ed.; McGraw-Hill States Of Tryptophan In Keratid. Photochem. Photobiol. B.993 17,
Book Company: New York, 1985. 63—68.
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activation energy observed for indole in PMMA, Figure 5, has S k,

also been observed for other chromophores in PMMA ma- lk\’ (e.+1)
trixes350 and is generally attributed to quenching of the \“ Pl
chromophore by residual impurities within the glass that are A T1 ky

rendered more mobile by the melting of local motions within ,/kT k,

the glassing solvent. So

Figure 6. Schematic of dark reaction associated with long-livean(l-
liseconds) triplet lifetime from indole in aqueous solution. Thea8d S

. . refer to the ground and excited singlet states of indole, respectivelg, T
RTP has been used to study various structural and CIynamICthe triplet state of indole, andsg¢and ™™ are respectively the solvated

features of proteink™*3 These studies exploited the great electron and indole radical cation states that are generated from sivegt
sensitivity of RTP to the location of the emitting tryptophan in  state of indole.

the protein since sequestering of tryptophan residues from theyields may be as high as 0.84This would obviously provide

protein surface is known to increase their RTP lifetithe? : S X
. . an explanation for the enhanced quantum yield if photoejected
Indeed, as tryptophan residues which are exposed on the surface . . . .
. . : - . Species are available to recombine to produce an additional

of a protein become internalized, for example during folding, . .
. o pathway to the indole triplet state.

their RTP lifetime increases. An accurate knowledge of the RTP . . . . -
lifetime of surface-exposed tryptophans is critical for the correct A schematic for this dark-state process is outlined in Figure
P yptop 6, with the singlet-state generation of the solvated electron and

interpretation of Fryptophan RTPin protelns,. espeC|§IIy N CaSES 3 Jole radical cation shown as terms within the parentheses.
where changes in lifetime are used to monitor folding or other

. . o The § — T, intersystem crossing rate for aqueous indole is
dynamic processes. Since the RTP lifetime of surface-exposed S 1 Intersy g ra q
) . “denoted by while the rate for generating the solvated electron/
tryptophans is expected to approach that of free tryptophan in. . T .
L . . e indole radical cation is shown blg, The quenching of the
solution, it is clearly of interest to determine the lifetime of the . . . .
latter indole radical cation to the ground state is shownkgyand

A e ding the phosph lifeti ¢ the phosphorescence emission is shown bykghéerm. The
. recent repo regar ing t € phosphorescence |et|me_o geminate recombination of the solvated electrgnaad indole
indole and several indole derivatives in aqueous solution

provides a lifetime that is almost 40 times longer than other radical cation 1 occurs with the rate constatky, which
e . competes with the indole radical cation quenching prokgss
reported lifetimeg230:33 A number of factors were cited to P d g proée

. I . . T X The kinetics for this process are analogous to a reaction
explain the shorter lifetime reported in earlier studies, including scheme previously reportéfi:therefore, with the necessary

trlp(;etl—tn;()jlrilt annihilation th the exmte_d-stafte r']ndOIe ((;ead'n% modifications, the time dependence of the solvated electron and
to delayed fluorescence), the generation of photoproducts that, \ 4o radical cation is given by

cause additional quenching, and the presence of unidentified
indigenous quenchers in the water. By using high-purity water D(t) = Dy exp[-Tt]
and reducing the concentration of indole in aqueous solution to
alleviate triplet-triplet annihilation and photoproduct generation, whereD = (esq + 11"), T = kg + kg, and Dy is the initial
these authors reported the triplet-state lifetime of indole in population of (g, + I™"). The time dependence of the aqueous
solution to be 1.2 ms. indole triplet state Tis then given by

The results presented in this paper confirm the long emission
lifetimes reported in ref 34 but show in fact that the emission
follows a fast rise on a fast time scale (fast compared to the
time scale displayed in the previous report). The present data

g}df:rfslé?(at ﬁ‘;goug;':(?;'lmigléglsﬁzgsien s lfjrr?&]] ;fhe?egdenaerjggzsthe nanosecond time scale while the other processes occur on
P P phy P q the microsecond to millisecond time scale; therefore, the rates

solutions. The clear negative preexponential term in the indole o .
emission decay between 400 and 550 nm observed under theObserved in this work are dependent uggnke, andkg, with

conditions associated with long-lived emission requires a model only kr associated with the emission of photons. This scheme
. . . 9 q . accounts for the existence of the negative preexponential term
involving a long-lived nonemitting state that leads to a species

L . . Y . hat is requir fit th in Figure 2. While th hors in
with indole triplet-state-like emission characteristics. Our hy- that is required to fit the data gure € the authors

: . . N ref 29 did not ifically report geminate recombination of
pothesis of the existence of a geminate recombination betweene 9 did not specifically report geminate recombination o

the indole radical cation and a solvated electron to produce anthese species to yield triplet-state molecules, their use of
. . : . . e proc absorbance techniques to measure the lifetimes of the photo-
indole triplet state is consistent with the lifetime of the indole

. . . . chemically generated species would not be expected to be
radical catiorr>3238the increased quantum yield for the decay y 9 P P

. . : adequately sensitive to reveal this process.
(factor 2._3)‘ and the negat{ve preexpone ntial component, .Klrby Under conditions used in our experiments, low concentrations
and Steiner propose that indole S T; intersystem crossing

ffici - imatelv 0.28 while photoeiecti A of indole and low photon flux, second-order recombination of
efliciency 1S approximately ©.2¢ while photo€jection quantum e indole radical cation and solvated electron would be expected

to be very slow compared to the decay rates we observe if the

Discussion

T,(t) = Cexp[-TIt] + (A; — C) exp[—Kki]

whereC = (Dokg)/(kr — I'and Ag is the initial population of
the T, species. The decays associated Wjthandkic occur on

(50) Christoff, M.; Atvars, T. D. Z. Phosphorescent Probes in Studies of
Secondary Relaxation of Amorphous Polystyrene and RealjKyl meth-

acrylate)sMacromoleculesl999 32, 6093-6101. (53) Kirby, E. P.; Steiner, R. F. The influence of solvent and temperature on
(51) Vanderkooi, J. M.; Calhoun, D. B.; Englander, W. S. On the prevalence of the fluorescence of indole derivativels Phys. Chenil97Q 74 (26), 4480~
room-temperature protein phosphoresceSoiencel 987, 236, 568—569. 4490.
(52) Vanderkooi, J. M. Tryptophan phosphorescence from proteins at room (54) Schlyer, B. D.; Steel, D. G.; Gafni, A. Direct kinetic evidence for triplet
temperature. IiTopics In fluorescence spectroscopgkowicz, J. R., Ed.; state energy transfer from Escherichia coli alkaline phosphatase Trp109 to
Plenum Press: New York, 1992; Vol. 3, pp HB36. bound terbiumJ. Biol. Chem.1995 270 (39), 22890-22894.
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photoexcitation-generated species become freely diffusing. such as alkaline phosphatase, apoazurin, and LADH that are as
Indeed, in our data we saw no second-order recombinationlong as or longer than those previously reported in the
kinetics as evidenced by the absence of concentration or intensityliterature®! Furthermore, the indole triplet-state lifetimes mea-
dependence. Previous studies have shown that the indole radicasured here were independent of the deoxygenation method used;
cation/solvated electron remain as a caged pair and then undergdoth the high-purity nitrogen (oxygen-free nitrogen) and the
competing processes of geminate recombination and dissociatiorEnglander method (oxygen removal by vanadate oxid2®ion
into freely diffusing specie® Our observation of the attenuation  provided identical results.

of the long-lived luminescence with increasing ionic strength  To address the issue of other indigenous quenchers in
may then be attributable to ionic interaction with the caged pair solution, we measured the RTP lifetime of indole as a function
facilitating charge separation and reduced geminate recombina-of solvent viscosity in aqueous solution. The relationship
tion. between the dynamic quenching of an excited-state molecule

It is also of interest to consider why highly pure, purged, and solvent viscosity is reviewed in the Iiteratﬁ?specifically,
Milli-Q water and any buffered water produced shorter lifetimes, _
while the less “pure” unpurged Milli-Q water gave longer k=ko+ kq[Q] (1)
lifetimes. Since geminate recombination was previously ob-

served on the microsecond time sc#eur detection of 1ong- 40 i the absence of quenchers, [Q] is the concentration of

lived (hundreds of microseconds) species may be due 10 g ancher, and, is the intrinsic quenching constant, which is
impurities that stabilize the caged pair against geminate defined by

recombination. Therefore the observation of long-lived lumi-

nescence may be attributable not to a lack of triplet-state ky = £47RDN1000 (2)

qguenchers but rather to conditions that increase the likelihood

of indole radical cation/solvated electron remaining as a cagedwhereR is the gas constan, is the quenching efficiencyN is

pair. Efficient quenching of the indole radical catidq)(and/ Avogadro’s number, and the diffusion constdntis defined

or solvated electron, or dissociation of the caged pair under low by

photon fluxes, would result in the observation of the intrinsic

: o KsT

indole lifetime ofk. D=_—°>_ (3)
Shorter lifetimes could result from tripletriplet (T—T) 6rznR

annihilation. Indeed, work by Langelaar on several aromatic yherekg is Boltzmann’s constant anglis the solvent viscosity.

compound® revealed an increase in triptetriplet annihilation More succinctly:

with monomer concentration, indicating self-quenching. Triplet-

state quenching by ground-state monomers was also reported kgTN

to occur in certain casé8 We did not observe a concentration Ky = ém (4)

or temperature dependence of the RTP lifetime in Fisher HPLC

water or purged M||||_Q water using concentrations ranging from Therefore there is an inverse relationship between the overall

0.5 to 50uM. This is fully consistent with the report by Bent ~ duenching rate and solvent viscosity. Since the viscosity of water

and Hayon, who did not observe triplet-state-lifetime changes changes from 1.5108 to 0.5972 cP between 5 anti#5 one

up to a concentration of 1 mKf. Further evidence for FT would expect a change in the indole’s triplet-state lifetime with

quenching was provided by Tsai and Robiri¢avho observed ~ temperature if a dynamic quencher were present (eq 4). Indeed,

the production of photoproducts in their experiments with in the presence of a known diffusional quencher, acrylamide,

naphthalene resulting in significantly shorter lifetimes; the flash our data (Table 3) displays the expected viscosity dependence,

excitation technique they employed was particularly susceptible consistent with the above analysis. However, in the absence of

to this problem. In order to minimize similar difficulties in our ~an added quencher, there is no change in the lifetime over this

experiments (and to avoid any other intensity-related photo- temperature range demonstrating the absence of quenchers and

wherek is the measured triplet decay rakgjs the triplet decay

chemistry) we utilized an excitation pulse with energie.1 allowing us to conclude that the measured lifetime is not limited
uJlpulse corresponding to a fluensd 0'? photons/cri (recent by diffusional quenching. Our observation that the RTP lifetime
work3* reported using pulse energies»5 105 photons/cr of indole in aqueous solution is viscosity independent (over a

pulse). Therefore the lack of concentration dependence of indolerange of 2.5-fold change in viscosity) in the absence of a
triplet-state lifetimes reported in our work (with low concentra- diffusional quencher is also interesting in light of work

tion of buffer) suggests conditions not conducive to any of the Previously published©! that suggested a correlation between
second-order processes described above. solvent ViSCOSity and RTP lifetime for the indole chromophore.

Another possible source of triplet-state quenching is molecular SPecifically, we change the viscosity by a factor of 2.5 which,

oxygens® Two distinct deoxygenation systems were employed, O the basis of ref 34, would lead to a 2-fold change in the
lifetime, which is not observed in this work. A correlation

and both systems led to phosphorescence lifetimes for proteins ] " i
between viscosity and RTP lifetime has been observed for

several aromatic moleculé%6:6263ut this effect was generally

(55) Langelaar, J., 1969, University of Amsterdam.
(56) Birks, J. B. InPhotophysics of Aromatic Moleculegirks, J. B., Ed.; Wiley

Monographs in Chemical Physics; Wiley-Interscience: London, 1970. (59) Englander, S. W.; Calhoun, D. B.; Englander, J. J. Biochemistry without

(57) Parker, C. A. Phosphorescence and Delayed Fluorescenseéuvdnces in oxygen.Anal. Biochem1987, 161, 300—-306.
Photochemistry Noyes, W. A., Hammond, G. S., Pitts, J. N. J., Eds.; (60) Lakowicz, J. RPrinciples of Fluorescence Spectroscppyenum Press:
Interscience Publishers: New York, 1964; pp 3@&84. New York, 1983.

(58) Porter, G.; Wright, M. R. I. Modes of energy transfer from excited and (61) Strambini, G. B.; Gonelli, M. The indole nucleus triplet-state lifetime and
unstable ionized states. Intramolecuar and intermolecular energy conversion its dependence on solvent microviscosiGhem. Phys. Lettl985 115
involving change of multiplicityDiscuss. Faraday Sod959 27, 18—27. 196.
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attributed to the viscosity-determined diffusion of dynamic perhaps relevant example of this relationship may be indicated
quenchers in solution. Therefore the effects of viscosity in by a change in the temperature dependence of the phosphores-
determining triplet-state lifetimes are complicated by its effect cence lifetime of glutamate dehydrogerfastich occurs at the
on diffusional quenching rates in addition to potentially same temperature as a dynamical transition from harmonic to
modulating other triplet-state deactivation mechanisms. anharmonic motion as shown by dynamic neutron scattering
While the identification of the factors that determine the measurement$.’0As there is a great deal of interest and recent
triplet-state lifetime remains a complex issue, it is useful to work in the functional effects of anharmonic coupling of low-
speculate on triplet-state deactivation mechanisms establishedrequency protein modés 7 and in DNA dynamicg? develop-
for simpler systems. Indeed, it is clear that the lifetime is highly ment of the relationship between phosphorescence lifetimes and
shortened by some process since the observed temperatureprotein dynamics may be of great interest.
independent lifetime determined at cryogenic temperatures is  We also note our observation that the triplet-state lifetime of
6.0 % In considering only the temperature-dependent attenu- indole is dependent upon the hydrogen or deuterium constituent
ation of the indole triplet-state lifetime as described by the excess of the aqueous solvent. The increase in the RTP lifetime of both
energy theory;/ 28 and on the basis of our determined activation indole and NATA, but not 1-MI, upon transfer betweea
energy of ~400 cnt', one would expect that the indole and DO (Table 1, Figure 1) is consistent with the well-known
phosphorescence lifetime should be in the vicinitd @ atroom deuteration effect observed with many other mole¢dfést6.47.76
temperature. However, it is worth recalling that the excess and implies that the exchangeable enamine hydrogen is respon-
energy model is interpreted as the thermal (Arrhenius) activation sible for the deuteration sensitivity of indole’s triplet-state
of certain excited triplet-state vibrational modes of the chro- |ifetime. This observation supports the hypothesis presented in
mophore with large spin-vibronic coupling. In a condensed our previous repoft that H/D exchange of the enamine proton

phase such as a rigid glass matrix, the chromophore’s vibrationalof tryptophan-109 in alkaline phosphatase can be monitored by
modes may be expected to have very different coupling with RTP.

their environment than in media undergoing a temperature- |, summary, the data presented above reports triplet-state
dependent phase transition. Therefore, additional attenuation ofjitatimes much shorter than the one reported in ref 34 but
the triplet-state lifetime in low-viscosity solvents may reflect .qnsistent with other studi@®:33 However, our observation of
predominantly the changes in the coupling of vibrational modes po apparent triplet-state generation through geminate recom-
of the chromophore and the thermal bath. _ bination of the indole radical species and solvated electrons may
_ In considering the relevance of these speculations to the yrovide an explanation for the previous reports of indole triplet-
interpretation of tryptophan phosphorescence lifetimes in pro- gtate lifetimes. Our observation of the attenuation of the long-
teins, we may view the internal environment of a protein as a jiyed species with increasing ionic strength may then be
polymer matrix. Since it is known that viscosity of polymer  4iribytable to ionic interaction with the caged pair facilitating

systems is a complex function of frequerf€y?” it is question- charge separation and correspondingly less efficient geminate
able whether one can describe the rigidity of the tryptophan \ecompination.

residue by a single scalar viscosity parameter. Rather the
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