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ABSTRACT 

Measurement of the room temperature Trp triplet state 
lifetime in proteins by time-resolved phosphorescence 
can provide valuable information on the structure and 
dynamics of proteins in solution. Our time-resolved ab- 
sorption measurements on the long-lived states resulting 
from electronic excitation of the chromophore demon- 
strate the presence of more complex behavior than re- 
vealed by time-resolved phosphorescence. To provide ad- 
ditional insight into this behavior, a comparative study 
of time-resolved transient absorption and time-resolved 
phosphorescence of proteins in solution was carried out. 
The results show that the time evolution of the long-lived 
states observed through transient absorption often differs 
considerably from that observed in time-resolved phos- 
phorescence. In some proteins, the presence of competing 
reactions complicates the interpretation of the transient 
absorption measurements (which may affect the phos- 
phorescence yield). A more complete characterization of 
these processes will likely prove useful in the study of 
protein structure and dynamics in solution. 

INTRODUCTION 

Measurements of time-resolved room temperature phospho- 
rescence (RTP)$ emission from tryptophan (Trp) residues of 
proteins in solution is a relatively novel approach that has 
only recently been applied to the study of protein structure. 
The first demonstration of RTP in solution was by Saviotti 
and Galley on liver alcohol dehydrogenase and Escherichia 
coli alkaline phosphatase (AP) (1). Their work showed the 
importance of reducing the concentration of oxygen, a highly 
effective triplet state quencher, to subnanomolar levels. In 
the absence of molecular oxygen, many proteins phospho- 
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resce in solution at ambient temperature (24 ) .  Numerous 
studies have shown that the RTP lifetime, which can vary 
from microseconds to seconds, depends on the degree of 
exposure to either intrinsic or extrinsic quenchers (3-5). 
Without such quenching, the RTP lifetime has been shown 
to depend sensitively on the local rigidity, as inferred from 
a comparison of RTP lifetime and solvent viscosity (6,7). 
Thus, small changes in quenching and/or in local rigidity 
can have a measurable effect on Trp RTP lifetimes (com- 
pared, for example, to the small influence of these factors 
on the fluorescence, which occurs on the nanosecond scale). 
Due to this sensitivity, time-resolved RTP may be used to 
detect the subtle conformational changes that accompany 
various reactions. 

For example, quenching of RTP by energy transfer has 
been used to study the structure of AP (8) and has been 
suggested as an experimental approach that would enable 
high spatial resolution through accurate site-to-site dis- 
tance measurements (9). By following the RTP lifetime as 
a function of time, it has also been possible to identify 
transient intermediates during protein unfolding (10) and 
refolding (1 1). Room temperature phosphorescence has 
been used to detect conformational changes that can oc- 
cur, for example, as a function of pH (12,13). In addition 
to studies of the RTP lifetime, RTP contains circularly 
polarized emission due to the local chiral environment, 
similar to fluorescence. The circularly polarized compo- 
nent in the phosphorescence emission is an order of mag- 
nitude larger than observed in fluorescence and can be 
time resolved (14) to provide additional information (1 5). 
Use of RTP for structural studies has been further en- 
hanced by using protein engineering techniques to intro- 
duce or remove Trp residues (16-20). For a review of the 
methodology see Schauerte et al. (21). 

To further our understanding of the triplet state and its 
sensitivity to structure and to changes in the local environ- 
ment, we have performed a series of experiments to provide 
insight into the dynamics of the triplet state and the associ- 
ated photophysics. The approach is based on our develop- 
ment of a laser-based spectrometer system that allows us to 
measure time-resolved excited-state absorption associated 
with the triplet state. As the results below demonstrate, new 
information is available through this approach, although the 
interpretation is more complex. More specifically, time-re- 
solved transient absorption measurements on proteins can 
detect the Trp triplet state as well as dark photochemical 

391 



392 Anne Gershenson ef a/. 

a I b  2rd harmonic 
gemrating 

2nd harmonic 
generating 

crystal crystal 

computer 

457.9 nm samDle 

I pt+,.:;++ 
1 laser 457.9 nm stabilizer 

-/ 

Si diode 
reference deteclor 

Figure 1. Schematic representation 
of the instrumentation used to record 
time-resolved phosphorescence (a) 
and transient absorption (b). For de- 
tails see the text. 

species such as the Trp cation radical (Trp’), the Trp neutral 
radical (Tip) and the solvated electron (e,) (22-25). The 
detection of other transiently absorbing species and the de- 
termination of their lifetimes can complement RTP mea- 
surements because such data contain information about the 
environment surrounding phosphorescing Trp residues and 
provide a window into the chemistry that occurs following 
photoexcitation. 

Differentiation of the various contributions to the transient 
absorption can be partially accomplished by comparing the 
absorption of an aerated solution with that of a deoxygenated 
one. In general, triplet states are so rapidly quenched by 
collisions with oxygen that their absorption will not be de- 
tected on time scales of microseconds or longer. The eLq are 
also rapidly scavenged by molecular oxygen. The transient 
absorption of free radical species (Trp’, Tip) is not seriously 
affected by the presence of oxygen although the signal from 
these species may be decreased if a significant proportion of 
the radicals result from photochemistry of the triplet state. 
With further measurement, additional differentiation can be 
achieved by resolution of the transient absorption spectra 
into the various spectral contributions known to arise from 
each of the different species (26,27). 

In order to demonstrate the complimentaxity and efficacy 
of transient absorption measurements comparative data are 
presented of lifetimes obtained from RTP and transient ab- 
sorption for AP and Pseudomonas aeruginosa apoazurin 
(apoAz) as well as for yeast phosphoglycerate kinase 
(yPGK), which is reportedly phosphorescent at room tem- 
perature (4,28,29), and for PGK from rabbit muscle (rPGK). 

MATERIALS AND METHODS 
Sample preparation. Escherichia coli AP (type 111) was obtained as 
a suspension in 2.5 M ammonium sulfate from Sigma Chemical Co. 
(St. Louis, MO). The ApoAz (from the bacterial strain ATCC 
19429) was generously provided by Professor Graham Fleming 
(University of Chicago). Yeast PGK was purchased from Sigma in 
lyophilized form and from Boehringer Mannheim (Indianapolis, IN) 
as a suspension in 3.2 M ammonium sulfate. Rabbit PGK was ob- 
tained from Sigma in lyophilized form. Protein samples were de- 
salted and concentrated using Amicon (Beverly, MA) Centricons 
into 50 mM Tns, pH 7.5 for AP and apoAz, 20 mM triethanolamine 
HC1, pH 7.5 or 20 mM HEPES, pH 7.5 for yPGK and 20 mM 
HEPES, pH 7.5 for rPGK. Except where noted, optical densities at 
280 nm of between 0.3 and 0.4 were used for all experiments. Sam- 
ples were deoxygenated by flowing ultrapure argon through sealed 

cuvettes as first described by Englander et al. (30) and modified for 
use in RTP studies as previously described (21). 

Phosphorescence. Time-resolved RTP data were collected using 
a setup similar to that described by Mersol et a/. (8) (Fig. la). The 
second harmonic of a Spectra-Physics (Mountain View, CA) model 
DCR-11 Nd:YAG laser provided a 7-9 ns pulse at 532 nm. This 
pulse pumped a dye laser (Quanta-Ray PDL-3) containing the dye 
rhodamine 590 that was tuned to lase at 560 nm. The 560 nm light 
then passed through a second harmonic generating crystal (Inrad, 
Northvale, NJ) yielding the 280 nm pulse that excited the sample. 
The sample’s emission at 450 nm, the peak of Trp phosphorescence 
emission, was separated by an ISA (Edison, NJ) optical monochro- 
mator and detected by a Hamamatsu (Bridgewater, NJ) R3550 pho- 
tomultiplier tube (PMT) operating in photon-counting mode. The 
signal from the PMT was sent into a Pacific Instruments (Concord, 
CA) model AD6 arnplifier/discriminator, collected by an EG&G Or- 
tec (Oak Ridge, TN) ACEMCS multichannel scaler card and stored 
in a personal computer. 

Transient absorption. The transient absorption apparatus is shown 
in Fig. lb. The 280 nm pulse for exciting the sample from the 
ground state was produced as described for the phosphorescence 
setup. The probe beam was provided by a Spectra Physics (Mountain 
View, CA) model 166 line tunable argon ion laser. Typically, the 
laser was tuned to the 457.9 nm line near the peak of Trp triplet 
absorption. Additional spectral information was obtained by use of 
the other argon laser lines (as red as 514.5 nm) and the 632.8 nm 
line from a Uniphase (San Jose, CA) helium neon (He-Ne) laser. 
The low divergence of the laser probe beam allowed the collection 
of data from small (<I0 pL) samples of proteins, permitted the 
detector to be positioned far from the sample so that scattered light 
from sample emission did not interfere with the measurements (31) 
and, because of low noise, made it easy to obtain time-resolved 
kinetics. 

Prior to traversing the sample, approximately 50% of the probe 
beam was reflected to a reference silicon diode detector (Thor Labs, 
Newton, NJ) in order to provide a measure of the initial laser inten- 
sity. The excitation pulse and remaining probe beam were aligned 
co-linearly before passing through the sample. The transmission of 
the probe beam through the sample was detected by a second Si 
diode detector. 

In contrast to time-resolved luminescence where photon counts 
are accumulated as a function of time, transient absorption always 
requires recording the difference between two large signals corre- 
sponding to transmission in the absence and presence of excitation, 
respectively. Hence, common mode noise limits the ultimate sensi- 
tivity as does the dynamic range of the combined system of detector 
and electronics. To reduce noise on the probe beam when supplied 
by the argon laser, the beam was passed through a Thor Labs (New- 
ton, NJ) model CR200 laser intensity stabilizer with a bandwidth of 
1 MHz prior to probing the transient absorption. Neutral density 
filters placed after the laser intensity stabilizer insured that the argon 
beam power was 0.5 mW or less. 

The detected signals from both Si diodes were sent to an Analogic 
(Peabody, MA) Data 6000 Universal Waveform Analyzer (D6000) 
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Figure 2. Room temperature phosphorescence (a) and transient 
transmission (b) of deoxygenated apoAz in 50 mM Tris, pH 7.5. The 
phosphorescence is the sum of 100 UV laser shots and the transient 
absorption is the average of 100 shots. The insets display the data 
on a semilogarithmic scale. The semilogarithmic display for the tran- 
sient transmission data was obtained by subtracting the normalized 
data from 1. Fitting parameters for the data are given in Table 1. 

for digitization and analysis. When triggered by the Q-switch of the 
Nd:YAG, the D6000 collected transient absorption data at a sample 
interval determined by the length of the decay, where the minimum 
sample interval was 20 ks. 

Data analysis. Phosphorescence data were fit to a sum of expo- 
nentials using the Marquadt x2 method as implemented by the PTI 
(South Brunswick, NJ) program Fldec. For transient absorption, the 
transmission of the sample is given by the Beer-Lambert law: 

I, is the signal detected by the Si diode following the sample and I, is 
the signal from the reference detector. The fraction of the argon intensity 
that is incident on the sample is given by a and (1 - a) is the fraction 
of the intensity that is incident on the reference detector. e is the path 
length, 1 cm for these experiments; E, is the extinction coefficient of the 
ith-absorbing species and C, is the concentration of the ith species. For 
small optical densities, Eq. 1 may be approximated as: 

where Ai is the amplitude of the contribution from the ith-absorbing 
species and T~ is the lifetime of the ith species. The transient ab- 
sorption data were fit to Eq. 2 using the Marquadt method as im- 
plemented by the Jandel Scientific (San Rafael, CA) program 
Tablecurve. The use of Eq. 2 rather than Eq. 1 is valid because all 
of the detected transient absolption signals displayed transmission 
changes of 5% or less, which correspond to an excited-state optical 
density of 0.02 or less. 

The ability of Tablecurve to fit the transient absorption data cor- 
rectly despite the small magnitude of the signal was tested using 
data simulated by electronic modulation of the beam from a Uni- 
phase (San Jose, CA) helium neon laser. The electronic modulation 
was provided by an RC circuit that drove the CR200 laser intensity 
stabilizer. Tablecurve fits of these simulated data resulted in life- 
times within 8% of the RC time constant. 

The small magnitude of the transient absorption signal led to ob- 
vious fluctuations in the data due to digitization (for example, see 
Fig. 4). The digitization also resulted in residuals (experimental data 
minus fit) that were not randomly distributed about zero as expected 
for a good fit to the data (data not shown). To ensure that neither 
the fluctuation or nonrandom residuals adversely affected the fits, 
data sets with known lifetimes and with and without simulated dig- 
itization fluctuations were calculated using Eq. 2. The presence of 
simulated digitization did not affect the fits to the calculated data 
sets. 

Average lifetimes were calculated according to: 

7," = ~ 

C A i  . 

RESULTS 

(3) 

ApoAz 

Azurin is a monomeric, copper-containing protein with a sin- 
gle Trp residue in position 48 (32,33). Both apoAz and azur- 
in reconstituted with Zn replacing the copper atom display 
RTP (2,13,34) with multiexponential decays (1 3), reflecting 
the presence of ground-state heterogeneity. Experiments on 
apoAz were conducted using highly concentrated solutions 
with optical densities at 280 nm of 1 or greater. The phos- 
phorescence from these samples at pH 7.5 showed a biex- 
ponential decay with lifetimes of hundreds of milliseconds 
(Fig. 2a, Table 1). The transient absorption from the same 
samples was also fit to a biexponential (Fig. 2b, Table 1). 
The average lifetimes of the phosphorescence and transient 
absorption for apoAz were within 10-30% of each other. 
The phosphorescence average lifetimes measured before and 
after transient absorption data were taken varied by 5%. 
While the lifetimes measured by transient absorption and 
phosphorescence were similar for this protein, it is important 
to note that the relative contribution to the total transient 
absorption and phosphorescence of the two lifetimes differed 
significantly. The differences may reflect differences in tran- 
sition oscillator strengths associated with the excitation of 
the different decay components. 
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Table 1. Decay parameters for RTP and transient absorption data of apoAz in 50 mM Tris, pH 7.5* 

Average 
Fractional Lifetime lifetime Normalized 

% intensity Experiment type Amplitude amplitude (ms) (ms) x2 

Phosphorescence 4.61 x 104 0.92 460 96 444 1.03 

Transient absorption 0.0062 0.24 612 46 317 1.42 
3.85 x 103 0.08 25 1 4 

0.0197 0.76 225 54 

*Transient absorption fits are to Eq. 2. The data are displayed in Fig. 2. 

AP 

Alkaline phosphatase is a dimer containing three Trp resi- 
dues per subunit (35-37) whose RTP has been extensively 
studied (5,8,38,39) and has been shown to arise from Trp 
109 (8,39). The RTP decay of AP in well-deoxygenated so- 
lutions is nearly monoexponential (40,41) with a lifetime on 
the order of 2 s (Fig. 3a, Table 2), while its lifetime in 
aerated solutions is approximately 3 ms. Due to the long 
triplet state lifetime of AP, we anticipated that on time scales 
of milliseconds and longer the absorption of the 457.9 nm 
line of the argon laser would be dominated by the triplet 
state because the peak of Trp triplet-triplet absorption occurs 
around 450 nm (Fig. 3b, Table 2) (42). This assumption was 
confirmed by experiments comparing the absorption at 457.9 
nm, 514.5 nm and 632.8 nm of deoxygenated, photoexcited 

one third that of the 457.9 nm laser line while the data at 
632.8 nm showed no significant signal (data not shown). 

Experiments performed using aerated solutions of AP 
demonstrated good agreement between the lifetimes deter- 

0 1 2 3 4 5 mined by phosphorescence and those from transient absorp- 
tion (Table 2). However, for deoxygenated AP samples, the 
ratio between T,, for transient absorption and T,, for phos- 
phorescence varied from experiment to experiment, with 
some evidence that transient absorption lifetimes increased 
significantly with increasing RTP lifetimes. Assuming the 
transient absorption contains a component identical to the 
time-resolved phosphorescence, the transient absorption can 
be fit using the amplitudes and lifetimes from phosphores- 
cence plus an additional component according to the form: 

1.2 105 
a 

rc 
0 

* 
- Time (sec) AP. The absorption of the 514.5 nm light was approximately 
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where A,, and Atp are the amplitudes from the fit to the 
phosphorescence decay and T , ~  and T~~ are the phosphores- 

out the additional exponential term the transient absorption 
data could not be fit by this equation. 

0 1 2 3 4 5 The goodness of fit was comparable to that for the un- 
constrained results. The value of T in Eq. 4 ranged from 50 
to 700 ms, and this component contributed up to 50% of the 
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Figure 3. Room temperature phosphorescence (a) and transient 
transmission (b) of 6 PM deoxygenated AP in 50 mM T r k  PH 7.5. 
The phosphorescence is the sum over 300 UV laser shots and the 
transient absorption is the average of 300 shots. The insets display 
the data on a semilogarithmic scale (as in Fig. 2). Fitting parameters 
for the data are given in Table 2. 

transient absorption signal. The additional lifetime for the 
transient absorption presumably results from a dark (non- 
emitting) state such as the Tip species Or from a 
dark triplet state associated with One Of the two other T q  
residues in AP. Despite its oxygen sensitivity, this contri- 
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Table 2. Decay parameters for RTP and transient absorption data of 6 pM AP in 50 mM Tris, pH 7.5* 

Fractional Lifetime Average lifetime Normalized 
Amplitude amplitude (s) % intensity (s) X 2  

Phosphorescencet 6.62 X lo2 1 .o 0.00258 100 2.58 X 10 2.68 
Transient absorption? 1.7 X 10 1 .o 0.0029 100 2.9 X 10 1.12 
Phosphorescence$ 1.31 x 105 0.96 1.79 99 1.74 1.12 

5.52 x 103 0.04 0.47 1 
Transient absorption* 2.33 x 10-3 0.52 1.33 70 0.98 1.16 

2.16 x 10-3 0.48 0.60 30 

1.04 x 10-3 0.233 1.795 41.5 1 .oo 10.28 
5.91 x 10-5 0.013 0.475 0.6 
3.36 x 10-3 0.754 0.77 57.9 

*Transient absorption fits are to Eq. 2 except as indicated. The data for the deoxygenated sample are displayed in Fig. 3. 
?Aerated samples. 
fDeoxygenated samples 
§These lifetimes were held fixed according to Eq. 4. 

bution is not likely to arise from e, because there is no 
transient absorption signal at 632.8 nm for deoxygenated AP 
samples. 

Given the long lifetime of AP, a possible experimental 
source of discrepancy between the phosphorescence and 
transient absorption data is the diffusion of excited mole- 
cules out of the small region probed in the transient absorp- 
tion experiments. While estimates of the magnitude of this 
effect indicated it was not likely significant, the possibility 
was tested by enlarging the transverse size of the interaction 
region 3.5 times, leading to greater than an order of mag- 
nitude increase in the diffusion time across the probed region 
for an AP molecule. As expected the data show no detectable 
effect on the transient absorption decay. 

Some of the discrepancies between lifetimes determined 
from RTP and transient absorption data may arise from the 
difficulty in fitting the latter data due to the small dynamic 
range. For example, two transient absorption experiments on 
the same deoxygenated AP sample had average lifetimes of 
1.1 and 1.2 s while the long lifetime of the unconstrained 

I aerated . . . - . . . - -. 

f ' deoxygenated 

0.9992 I 
0 50 100 150 200 

Time (msec) 
Figure 4. Transient absorption of 14 pM yPGK in 20 mM HEPES, 
pH 7.5 at 1°C in aerated and deoxygenated solution. Data are the 
average of 300 UV laser pulses. 

two-component fits were 1.7 and 3.0 s, respectively. Con- 
straining the 1.7 s fit to 3.0 s changed the adequacy of the 
fit, as measured by r2, by only 0.05% indicating the difficulty 
in determining individual lifetimes and amplitudes from the 
transient absorption data. 

PGK 

Yeast PGK is a monomeric enzyme containing 2 Trp resi- 
dues (43,44), whose phosphorescence has been reported at 
1, 20 and 25°C at pH 7.5 with lifetimes on the order of 100 
ms (the actual values depend on the temperature and the 
buffer used) (4,28,29). We measured the phosphorescence 
of yPGK obtained from Sigma and from Boehringer Mann- 
heim both at 1°C and at room temperature in triethanolamine 
as well as in HEPES at pH 7.5. In these experiments, the 
long-lived emission was extremely weak, contributing only 
1% of the phosphorescence signal. Interestingly, yPGK in 
triethanolamine exhibited an oxygen-sensitive transient ab- 
sorption at 1"C, and in HEPES this protein showed an ox- 
ygen-sensitive transient absorption at both 1°C (Fig. 4) and 
room temperature. The transient absorption signal for yPGK 
even in deoxygenated HEPES solutions corresponded to a 
less than 0.1% change in transmission relative to the baseline 
making fits to these data unreliable. 

Rabbit muscle PGK is a monomeric enzyme containing 
four Trp residues (43) but shows no long-lived phosphores- 
cence, presumably because all the Trp are near the surface 
and hence in a flexible environment. As in the case of yPGK, 
the transient absorption of rPGK at 457.9 nm did reveal a 
long-lived component (Fig. 5 ,  Table 3). This transient was 
virtually indistinguishable in aerated and deoxygenated so- 
lution (Fig. 5) and the amplitude of the long-lived transient 
increased upon changing the probe wavelength from 457.9 
to 514.5 nm (Fig. 5b). These data suggest that the long-lived 
transient absorption of rabbit PGK arises from a state other 
than the Trp triplet state. 

As in the case of yPGK, the transient absorption signal 
from rPGK exhibited an oxygen-sensitive component. How- 
ever, the contribution of this component to the overall tran- 
sient absorption signal intensity was only 1-270. This small 
component was also present in the deoxygenated 514.5 nm 
absorption data though not detectable at 632.8 nm. Hence, 
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Figure 5. Room temperature transient absorption of 15 rPCK 
in 20 mM HEPES, pH 7.5. Displayed are the persistence of the long 
component in aerated solution at 457.9 nm (a) and the increase in 
signal upon changing the probe wavelength from 457.9 nm to 514.5 
for the deoxygenated sample (b). Transient absorption data are the 
average of 300 UV laser pulses. Lifetimes and amplitudes for the 
deoxygenated data are given in Table 3. 

this short component is tentatively assigned to the Trp triplet 
state. 

DISCUSSION 
Based on the rapid developments of Trp RTP spectroscopy, 
it is becoming increasingly clear that measurement of the 
Trp triplet state lifetime can provide new insight into con- 
formational changes and protein dynamics. This is a direct 
consequence of the forbidden nature of the optical transition 
to the ground state that leads to a long intrinsic lifetime and 
hence to an enhanced sensitivity to competitive quenching 
mechanisms relative to the short-lived singlet state. The long 
radiative lifetime (11.5 s )  (45), however, implies a small 
triplet state quantum yield in the presence of strong quench- 
ing. Hence, the study of alternative methods to measure the 
triplet state dynamics is important. The present study ex- 

Table 3. Decay parameters for three exponential fits to the tran- 
sient absorption of deoxygenated 15 p M  rabbit muscle PGK in 20 
mM HEPES, pH 7.5 at room temperature* 

~~ 

Probe Frac- 
wave- tional Average Normal- 
length Amplitude ampli- Lifetime % lifetime ized 
(nm) (X10-3) tude (ms) intensity (ms) x2 

70 1.59 457.9 0.834 0.15 440 96 
0.519 0.10 23 3 
4.08 0.75 0.6 1 

0.679 0.19 21 2.7 
1.50 0.42 1.3 0.3 

514.5 1.40 0.39 373 96.9 151 2.91 

~~ ~~ 

*Fits are to Eq. 2 and the data are displayed in Fig 5.  

amines the effectiveness of monitoring the transient absorp- 
tion that results following the population of the triplet state 
by intersystem crossing from the originally excited singlet 
state. While this technique is intrinsically more challenging, 
for reasons discussed below, the data clearly show that new 
information is contained in such measurements. 

Early measurements of the triplet state lifetime in solution 
were in fact based on transient absorption because of the 
low phosphorescence quantum yield. Lifetimes of the vari- 
ous indole derivatives varied between 11 and 29 ps 
(22,23,46-48) leading to the conclusion that the highly flex- 
ible environment of the free indole leads to strong quenching 
of the triplet state lifetime. However, more recent measure- 
ments based on time-resolved phosphorescence of indole in 
fluid solutions demonstrated that these earlier measurements 
may not reflect the intrinsic lifetime of free indole but rather 
a lifetime shortened by collisional quenching by ground-state 
indole molecules. While there was agreement between the 
two types of measurements at high indole concentrations, 
the phosphorescence lifetime increased to approximately 1 
ms when the indole concentration was reduced from the mil- 
limolar to the micromolar level (7). 

Such collisional quenching is expected to be reduced 
when the Trp is buried inside a protein, and hence it is not 
surprising that reasonable agreement between transient ab- 
sorption and time-resolved phosphorescence is reported in 
experiments on cod parvalbumin (24,25). Equally significant 
is that our measurements on the single Trp-containing apoAz 
show reasonable agreement between transient absorption and 
time-resolved phosphorescence, even though these lifetimes 
are much longer, leading to the possibility of competing re- 
actions and production of photoproducts that would lead to 
differences in the results. 

Indeed, our results for AP, also characterized by a long- 
lived Trp triplet state, demonstrate that such competitive pro- 
cesses can lead to differences in the measured lifetimes in 
proteins. Average decay rates calculated (using Eq. 3) from 
fits to the AP transient absorption data differ considerably 
from those extracted from phosphorescence decays. When 
the sample contains residual oxygen, a lower phosphores- 
cence average lifetime is obtained, and in these cases the 
transient absorption r,, appears to be lower than the phos- 
phorescence T,,. When the RTP r,, is long, indicating better 
deoxygenation, the transient absorption T,, is sometimes lon- 
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ger than the RTP T ~ " .  The importance of deoxygenation is 
also indicated by the good agreement between RTP and tran- 
sient absorption for aerated samples of AP. 

The longest component of the yPGK RTP had a lifetime 
on the order of 100 ms, but it contributed less than 1% of 
the RTP signal. This contrasts sharply with the AP and 
apoAz RTP data where, in both cases, over 95% of the signal 
is contributed by the long-lived component. The lack of a 
significant long-lived phosphorescence signal from yPGK is 
also unexpected in view of the published RTP data (4,28,29) 
and the oxygen-sensitive transient absorption of yPGK. 
Hence, the small long-lived yPGK RTP signal could be due 
to contaminants or to some unidentified change in the en- 
vironment of Trp 333, the phosphorescing Trp in yPGK, in 
our measurements. 

The two Trp residues in yeast PGK are evolutionarily con- 
served (49,50); therefore, we expected to see a long-lived 
oxygen-sensitive lifetime in rPGK. However, the oxygen- 
sensitive component of the rPGK transient absorption has a 
lifetime that is only on the order of 1 ms. Yeast PGK also 
shows a short oxygen-sensitive transient absorption compo- 
nent, and it is likely that this component arises from the 
same Trp residue in both proteins. 

The long-lived rPGK transient cannot arise directly from 
either the Trp triplet state or eLq because it is present with 
an apparently unmodified lifetime in both deoxygenated and 
aerated solutions. It must, therefore, arise from either the Trp 
neutral or cation radical. The peak of the neutral radical ab- 
sorption occurs at 510 nm with an E of 1750 M-' cm-I (26) 
while the cation radical peak absorption is at 570 nm with 
an E of 2600 M-' cm-1 (26). Due to the difference in ex- 
tinction coefficient, the doubling of the transient absorption 
signal between 457.9 nm and 514.5 nm is not sufficient to 
distinguish between the two species. Rabbit PGK has two 
Trp residues that are not present in yPGK, it is possible that 
the rPGK long-lived transient arises from one of these ad- 
ditional Trp. Hence, in order to definitively assign the long- 
lived rPGK transient absorption, mutation of the Trp resi- 
dues is necessary. 

While it is clear that new information is available from 
transient absorption, we note that the application of this ap- 
proach to weakly absorbing systems, while allowing mea- 
surement of the lifetimes of the individual components, is 
difficult due to the small change in transmitted optical ra- 
diation. In practice, the maximum induced absorption change 
in these systems is a few percent. Using a 14 bit digitizer 
with adequate time resolution, a single transient response 
produces three decades or less of dynamic range, compared 
to time-resolved luminescence signals that easily produce 
lifetime data extending over four decades or more (see insets 
to Figs. 2 and 3). This lack of dynamic range makes it dif- 
ficult to resolve different contributions to the decay and re- 
sults in relatively large uncertainties in the parameters ob- 
tained by curve fitting. Higher protein concentrations as well 
as stronger excitation beams can increase the transient ab- 
sorption signal but high protein concentrations are some- 
times hard to obtain and/or may lead to protein association 
and modification, while higher excitation energy may result 
in photochemical complications. 

The information obtained from protein transient absorp- 
tion experiments can complement the Trp triplet state data 

obtained from RTP. The presence of additional components 
in the transient absorption data indicates the production of 
dark states that cannot be probed by phosphorescence. Al- 
though it is difficult to obtain individual lifetimes from tran- 
sient absorption data, T,, may be calculated and compared 
to results from RTP. 

The presence of additional decays in the transient absorp- 
tion data may provide insight into mechanisms of triplet- 
state quenching. Definitive species identification requires 
comparison of aerated and deoxygenated solutions as well 
as comparison of transient absorption at various wave- 
lengths. Assignment of the transiently absorbing species to 
particular Trp residues is complicated in multi-tryptophan 
proteins and may require the use of single-tryptophan mu- 
tants. The identification of specific transiently absorbing spe- 
cies in different proteins should lead to a better understand- 
ing of triplet-state photochemistry and the affects of local 
environment on Trp residues. 
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