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ABSTRACT The existence of circular polarization in
room-temperature protein phosphorescence is demonstrated,
and time-resolved circularly polarized phosphorescence (TR-
CPP) is used to characterize unique tryptophan environments
in multitryptophan proteins. Circularly polarized lumines-
cence studies provide information regarding the excited state
chirality of a lumiphore which can be used to extract sensitive
structural information. It is shown by time resolving the
circular polarization that it is possible to correlate the excited
state chirality with unique decay components in a multiexpo-
nential phosphorescence decay profile. The present study pre-
sents a concurrent analysis of room-temperature time-resolved
phosphorescence and TR-CPP of bacterial glucose-6-
phosphate dehydrogenase as well as those of horse liver alcohol
dehydrogenase. Only one of the two tryptophan residues per
subunit of dimeric alcohol dehydrogenase is believed to phos-
phoresce, while the dimeric glucose-6-phosphate dehydroge-
nase has eight tryptophan residues per subunit and shows a
corresponding complexity in Its phosphorescence decay profile.
The anisotropy factor [gm. = AI/(Itw/2); Al = 'let crcu -

,riot chVWWr for alcohol dehydrogenase is time independent,
suggesting a unique excited state chirality. The phosphores-
cence decay of glucose-6-phosphate dehydrogenase can be well
fitted with four exponential terms of 4, 23 76, and 142 msec,
and the TR-CPP of this enzyme shows a strong time depen-
dence that can be resolved into four individual time-
independent anisotropy factors of -4.0, -2.1, +6.5, and +6.9
(x10-3), each respectively associated with one of the four
lifetime components. These results demonstrate how the use of
TR-CPP can facilitate the study of proteins with multiple
lumiphores.

The widespread occurrence of room-temperature protein
phosphorescence (1-3) has generated a great deal of recent
interest due to the possibility of extracting new information
regarding protein structure and dynamics. Phosphorescence
studies yield information on the environment of the triplet
state of a chromophore, in contrast to the environment of the
singlet state in fluorescence studies. The conformational and
dynamic properties of protein structure are reflected in the
lifetime of the singlet and triplet states of a chromophore,
which provide complementary information regarding the
environment ofthe chromophore. The great sensitivity of the
long-lived triplet state to slight changes in its environment
gives studies based on measurements of phosphorescence
lifetime the potential to detect conformational changes and
other dynamic processes which occur on the time scale of
milliseconds to seconds.

Circularly polarized luminescence (CPL) is a reflection of
the chirality of the excited chromophore and has been used
extensively to obtain structural information which is com-
plementary to that derived from circular dichroism spectros-

copy for the ground state (for reviews see refs. 4-8). CPL
reflects the differential emission of left and right circularly
polarized light by a sample and is conventionally expressed
by the anisotropy factor gem [gem = AI/(It0W/2); AI =
leRft circular - Irit circular]* For absorption and emission, the
respective g values may be related to the corresponding
magnetic and electric dipole matrix elements of the transition
(4) by the following equations:

AE El-Er 4v Rki
gab =- = =-.

and [1]

Ai (I - Id 4" Rjk
gem =_- =-

1/21 1/2(Il + Ir) Vjk I(kIILIJ)j1'
where Rki = Im{(jpLjk) (klmlf)}, 1A = eXi ri, and m = (e/2mc)'
Xi rpi.

In the present work we demonstrate the existence of a
circularly polarized component in the room-temperature
phosphorescence of proteins in solution and use the time
dependence of the polarization to provide information about
the nature ofthe phosphorescent tryptophans. Time-resolved
circularly polarized phosphorescence (TR-CPP) is used in the
analysis of the room-temperature tryptophan phosphores-
cence of glucose-6-phosphate dehydrogenase (G6PDH) from
Leuconostoc mesenteroides, liver alcohol dehydrogenase
(LADH) from horses, and alkaline phosphatase (AP) from
Escherichia coli.
G6PDH is a dimeric enzyme of 55 kDa per subunit con-

taining eight tryptophan residues per subunit (9). Room-
temperature phosphorescence has not previously been re-
ported in this protein to our knowledge; however, our data
show that the decay is characterized by multiexponential
behavior. LADH is a dimeric enzyme of 40 kDa per subunit
which contains two tryptophan residues per subunit (10);
however, only one tryptophan in each subunit phosphoresces
at room temperature (1). AP is a dimeric enzyme with a total
molecular mass of 86 kDa and three tryptophan residues per
subunit (11). However, earlier work showed that only Trp-
109, which is not accessible to solvent (12), is phosphorescent
(13, 14).
While TR-CPP has several potential applications as dis-

cussed below, this manuscript focuses on the use of this
technique to provide additional information which we show
facilitates the interpretation of complex multi-exponential
luminescence decay data. The difficulty in interpreting such
data resides in the uncertainty in assigning terms extracted
from a nonlinear least-squares fit of a multi-exponential

Abbreviations: CPL, circularly polarized luminescence; CPP, circu-
larly polarized phosphorescence; TR-CPP, time-resolved CPP;
G6PDH, glucose-6-phosphate dehydrogenase; LADH, liver alcohol
dehydrogenase; AP, alkaline phosphatase; MCS, multichannel
scaler.
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decay to unique tryptophans or conformations (15). How-
ever, we demonstrate here that the additional information
obtained from TR-CPP allows us to assign unique circular
polarization factors to the individual decay components in a
phosphorescence decay in a manner analogous to the use of
decay-associated spectra (DAS) (16) for the identification of
individual tryptophans in fluorescence studies. The addi-
tional information pertaining to the excited state chirality
derived from TR-CPP enables a more precise interpretation
of structural perturbations.

It is interesting to note that a time-resolved CPL approach
has recently also been used to determine the optical activity
of enantiomers in a racemic mixture by differential quenching
of these enantiomers in the presence of chiral quenching
agents (17-21). In these studies it was determined that
quenching occurred by dynamic means and that the inter-
conversion process can be followed.
For the detailed study of protein TR-CPP, we have devel-

oped instrumentation capable of determining gem values as
small as 10-4, associated with lifetimes ranging from micro-
seconds to seconds. This time range is of particular signifi-
cance for the study of protein structure and dynamics be-
cause conformational transitions, as occur, for example,
during binding or folding, take place on this time scale. It is
therefore anticipated that TR-CPP will prove useful in studies
of changes in the chiral environment due to protein interac-
tions and will serve in studies of protein folding and assembly
as well as ligand-protein association.

MATERIALS AND METHODS
All reagents and proteins were purchased from Sigma except
horse LADH, which was purchased from Boehringer Mann-
heim. Samples were dialyzed against the appropriate buffer
for 24 hr and then centrifuged to remove any precipitate.
Enzyme activities were assayed according to established
procedures (22-24) and protein purity was determined by
sodium dodecyl sulfate/polyacrylamide gel electrophoresis
(SDS/PAGE). Deoxygenation of samples was performed
according to Englander et al. (25) by purging the sample with
purified argon. One-centimeter cuvettes were used for data
acquisition, and protein absorbances were approximately 0.1
to 0.2.
A block diagram of the instrumentation used to measure

TR-CPP is presented in Fig. 1A. The instrument employs
gated photon counting and a photoelastic modulator (Hinds
International; model PEM-80) operating at 42 kHz which, in
conjunction with a linear polarizer, modulates the circularly
polarized component of the phosphorescence at the same
frequency (Fig. 1B). A delay gate generator (Stanford Re-
search; model 535) is timed to the reference output of the
photoelastic modulator and establishes a gate of 6 Asec after
a zero crossing trigger from the modulator. There are two
gate pulses per period and each gate is centered about either
the positive or the negative amplitude of the sine wave. The
gates are used by a fast ECL (emitter-collector logic) "AND"
logic unit (Paulus Engineering; Model AG1 Trigger Box) to
switch the photomultiplier/discriminator output between
two MCS cards (Ortec ACE-MCS).
A triggering pulse from the Q switch of the neodymium:-

yttrium-aluminum-garnet (Nd:YAG) laser used in sample
excitation initiates a scan by the MCS cards with the mod-
ulator/gate generator/AND gate combination sequentially
dividing each decay into the two MCS cards. An example of
data obtained from a single laser shot is shown in Fig. 1B.
Since the phase of the modulation of the photoelastic mod-
ulator determines whether right or left circularly polarized
photons are transmitted preferentially, one of the MCS cards
will have higher counts if the sample's emission contains a
circularly polarized component. Since no correlation exists
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FIG. 1. (A) Block diagram of the instrumentation for TR-CPP.
SHG, second harmonic generator; MCS, multichannel scaler; PMT,
photomultiplier tube. The laser Q switch simultaneously triggers the
multichannel scalers in the computer, and the gates generated from
the modulator/delay gate generator enable the photomultiplier signal
to be directed into either one of two MCS cards, depending upon the
phase of the modulator, and to modulate right/left circularly polar-
ized radiation. (B) Time-resolved gates associated with the modula-
tion voltage of a photoelastic modulator allow for a discrimination
between the transmission efficiency of right and left circularly
polarized luminescence. Exaggerated schematic ofdata generated by
gating a single decay profile into two separate MCS cards at the
frequency ofthe photoelastic modulator. Since there is no correlation
between excitation pulse and modulation phase, decay profiles
accumulated over a large number ofexcitation pulses (>500) become
smoothed. The maximum time resolution is 2 ,usec, based on
minimum dwell time of the MCSs.

between the timing of the laser shots and the modulation,
numerous uncorrelated laser excitations will eventually pro-
vide a smooth decay curve in each MCS card, as shown in our
experimental data.
Sample excitation for TR-CPP was by a Quanta-Ray

DCR-11 Nd:YAG (135 mJ per pulse) pumping a Spectra-
Physics PDL-3 dye laser using rhodamine 6G to obtain output
at 560 nm. This output was frequency doubled (INRAD,
Northvale, NJ; R6G potassium dihydrogen phosphate crys-
tal) and filtered to excite the sample at 280 nm. The laser
system was externally triggered with a repetition rate
adjusted to allow the longest-lived decay component to decay
at least 100-fold between pulses. A monochromator (Instru-
ments-SA model HR-320) was used to select the emission
wavelength. Residual excitation light from the emission beam
was eliminated with 3 M potassium nitrite. The instrument
was calibrated by introducing known amounts of circular
polarization (26) into the steady-state luminescence of ThC13
excited by an argon laser (Spectra-Physics) at 488 nm.

Steady-state phosphorescence spectra are measured by
integrating the total phosphorescence decay at a selected
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emission wavelength, ignoring the counts in the first channel
which are associated with the fluorescence, and repeating
this procedure across the emission spectra. This approach
differs from earlier steady-state measurements of CPL from
fluorescence described by Steinberg and Gafni (26), using
phase-sensitive detection, and later by Schippers et al. (27),
using photon counting techniques.
The highest photon counting rates attainable by using a

MCS are limited by the pulse-pair resolution of the electron-
ics. With laser excitation, emission counting rates can be
large enough to saturate the system and yield a nonlinear
response (28). Peak counting rates were therefore limited by
introducing neutral density filters in the excitation beam,
reducing the extent of nonlinearity to less than 1%.

Since typical anisotropy factors in the emission are smaller
than 10-3, it is necessary to accumulate on the order of 109
total counts per MCS card, which in turn requires the use of
over 104 laser shots. Special consideration must be given to
the effect ofextensive UV excitation on the phosphorescence
decay characteristics of a protein even under deoxygenated
conditions as used here. In general, several samples were
exchanged to limit the total number of excitation pulses any
sample receives.
The phosphorescence and TR-CPP were analyzed assum-

ing that each phosphorescence decay component has a
unique time-independent gem. The analysis was done by using
a Marquardt nonlinear least-squares procedure in which the
data were fit to the following equation:

E a igemsie'lr
gem(t) EaieX i [2]

where X a, = 1. The values used for a and Tare those derived
from the total phosphorescence decay data. The total exper-
imental decay profile was fit according to the appropriate
photon counting statistics. The data were weighted by the
variance a,2 = n, where n is the number of counts in each
channel. This assumption is valid for a large number of
excitation pulses. The function germ(t) can be shown to have
a variance o.2 = 2/n, and therefore the theoretical fit was
weighted accordingly.

RESULTS AND DISCUSSION
The demonstration that room-temperature phosphorescence
is observable from extensively deoxygenated solutions ofthe
majority of proteins (1-3) has spurred strong interest in this
phenomenon, since the information obtained complements
that derived from fluorescence. Tryptophan residues with
long-lived (>1-msec) triplet states are believed to reside only
in the hydrophobic interior of proteins, and their lifetimes
reflect the rigidity (viscosity) of the residue's immediate
environment. Hence, the wide range ofdecay times typical of
protein phosphorescence reflects differences in local viscos-
ity of the emitting tryptophans. In the case of singlet states,
additional structural information is obtained by studies of the
associated optical activity through circular dichroism and
circularly polarized luminescence (4-8), which report on the
chirality of the residue in either the ground state or the
excited singlet state. CPP provides complementary informa-
tion regarding the chirality of the triplet state. While CPP
from several biological systems has been reported before
(29), intrinsic protein CPP has proven to be more difficult to
measure because the strong tryptophan fluorescence largely
masks the relatively weak room-temperature phosphores-
cence. TR-CPP, on the other hand, enables one to reject the
short-lived fluorescence signal and to extract the information
on the triplet state chirality. Moreover, since as a rule
different tryptophan residues in a protein have markedly

different phosphorescence decay constants (though similar
spectra), it should be possible to resolve their CPP spectra in
a manner analogous to the resolution of protein fluorescence
into the spectra of individual tryptophan residues by gener-
ating decay-associated spectra (16).

In this communication we describe the development and
application of a sensitive instrument for the measurement of
intrinsic TR-CPP of proteins in fluid solutions at room
temperature on the millisecond time scale. Of the three
proteins studied, the long-lived (>l-msec) phosphorescence
decays of two (AP and LADH) have been previously shown
to originate in single tryptophan residues [Trp-109 in AP (13)
and Trp-314 in LADH (1)]. In accordance with this determi-
nation, we found the phosphorescence decay ofAP to be well
fit with a single exponential with a lifetime of 2.0 sec (see
Table 1). Moreover, the TR-CPP of AP was time indepen-
dent, with a gem of -4.5 x 10-3 (data not shown). The
exceptionally long decay time for AP phosphorescence is
believed to reflect the great rigidity of the immediate envi-
ronment of Trp-109. The time-invariant gem supports the
assertion that the tryptophan residue remains largely immo-
bile during its excited triplet state lifetime. While this sim-
plifying assumption is used in the analysis of the data
presented below, it is clear that more experimental evidence
is needed to decide whether this observation is generally true.
More specifically, a time-invariant gem may also be the result
of fluctuations in structure on a time scale short compared
with the triplet state lifetime, circumstances that would
produce an averaged gem. However, this seems unlikely,
since the rigid environment surrounding a phosphorescing
residue, believed to be a prerequisite for long-lived phospho-
rescence, would be expected to preclude substantial confor-
mational changes in these domains during the triplet state
lifetime needed to produce a time-averaged gem value.
The phosphorescence decay kinetics ofLADH have been

previously reported to be monoexponential, provided oxygen
is thoroughly removed from the solution (30). However,
while the exceptionally long-lived phosphorescence obtained
for LADH in the present study does attest to very efficient
deoxygenation, we consistently observed multiexponential
decay characteristics which could be well fit to three expo-
nentials (see Fig. 2). Protein heterogeneity is not considered
a likely explanation for the highly multiexponential decay,
since the LADH samples used showed no impurity detectable
within the 2% error in SDS/PAGE. Also, LADH enzyme
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FIG. 2. Time-resolved gem of LADH in 100 mM 3-(N-
morpholino)propanesulfonic acid (Mops), pH 7.2. The sample was
excited at 280 nm and phosphorescence was observed at 436nm. The
dwell time is 10.0 msec per channel. Results of least-squares fit are
tabulated in Table 1, with ax2 of 1.4. (Inset) Phosphorescence decay
profile of LADH.
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activity was within experimental error ofthat reported by the
supplier. The decay parameters, summarized in Table 1,
show that the short decay component accounts for less than
4% of the phosphorescence, while the two long-lived com-
ponents are responsible for over96% ofthe emitted light. The
fact that the lifetimes of the latter components differ by less
than 30%6 may explain why the multiexponential decay be-
havior of LADH phosphorescence has escaped detection in
previous studies, which lacked the extensive data acquisition
employed here. The multiexponential decay characteristics
are not the result oflaser-induced degradation of the protein,
as the pre-exponentials and lifetimes ofthe 550- and 790-msec
components were uncorrelated with the amount of laser
irradiation.
The TR-CPP profile ofLADH (Fig. 2) shows a lack oftime

dependence for gem, which supports the view that the phos-
phorescence originates in one tryptophan residue. When the
coenzyme fragment adenosine diphosphoribose (ADPR) was
bound to LADH, a monoexponential decay of 1.3 sec was
observed with a time-independent gem that was statistically
indistinguishable from that of apo-LADH. It appears, there-
fore, that while the conformational changes in LADH in-
volved in ADPR binding affect the rigidity of the Trp-314
environment and hence its phosphorescence decay rate, they
leave the chirality of this residue unmodified. On the basis of
this comparison with LADH/ADPR we assign the multiex-
ponential decay of apo-LADH phosphorescence to confor-
mational heterogeneity of this enzyme. The time-invariant
gem strongly suggests that the heterogeneity of LADH con-
formations alters the lifetime of the tryptophan through
different local viscosities of the conformers but that the
chirality of the environment of this residue's excited state is
not affected.

Multiexponential phosphorescence decay kinetics were
also revealed by the multitryptophan protein G6PDH from L.
mesenteroides. The experimental data, displayed in Fig. 3A,
show that the decay curve beyond 1 msec is well fit by four
exponential components (pre-exponential terms and lifetimes
listed in Table 1), with the third component contributing
about 70%6 of the steady-state phosphorescence intensity,
while less than 1% originates in the first component. It is
important to note, however, that this is due to the short
lifetime of this component and not to its presence in a small
amount: the pre-exponential factor of 0.18 reflects the fact
that this component does not represent a trace impurity. The
multiexponential phosphorescence decay of G6PDH is not
surprising, since this protein has eight tryptophan residues
per subunit.

Fig. 3B shows the TR-CPP ofG6PDH and reveals a strong
time dependence for gem. The emission anisotropy data were
analyzed, assuming four decay components with lifetimes
and amplitudes as derived from the phosphorescence decay
curve (Fig. 3A). Each component is associated with a time-
independent gem to be determined by the analysis. While data
analysis reveals an excellent fit of this model to the experi-
mental data, this should not be taken as proof for the model
used-i.e., the possibility cannot be dismissed that a smaller
number of time-dependent gem values could be used to
generate the observed curve. It is important to note that even
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FIG. 3. (A) Phosphorescence decay profile ofG6PDH in 100mM
Tris, pH 8.2, at 190C. The sample was excited at 280 nm and the
emission was detected at 436 nm with a dispersion of 9.6 nm. The
dwell time is 1.0 msec per channel. Results of least-squares fit are
tabulated in Table 1. Channels 2-450 are used for the analysis,
yielding aX2 of 2.3. (B) Time-resolved gem ofG6PDH under the same
conditions. Solid line represents theoretical fit according to Eq. 2
with time-invariant gem (see Table 1) associated with each decay
component. The residuals between theoretical fit and data are shown
below gem, with ax2 of 1.0 for the fit.

the assignment of individual phosphorescence decay com-
ponents to specific tryptophan residues requires further
consideration. This assumption is based on the bulk of
experimental evidence obtained so far, which shows that
tryptophan phosphorescence, unlike fluorescence, decays
nearly monoexponentially. The data, however, are based on
a small number of proteins with long phosphorescence life-
times-i.e., proteins characterized by high rigidity in the
vicinity of the residue, resulting in reduction of mobility.
We should note that we assumed that each gem is uniquely

associated with a single decay time and by implication a
unique residue. It is possible, however, to imagine the
presence of interresidue interactions such as energy transfer.
Such coupling could result in the loss of correlation between
the different gem values and lifetimes. Also, the third and
fourth gem components of G6PDH have very similar values,

Table 1. Decay parameters obtained for phosphorescence and TR-CPP from AP, LADH, and G6PDH
Protein al r1, msec a2 2', msec a3 73, msec a4 T4, msec
AP 0.97 ± 0.00 1989.0 ± 1.0 0.03 ± 0.002 136.0 ± 14.0

gem X 103 -4.5 ± 0.2
LADH 0.11 ± 0.014 178.0 ± 2.4 0.58 ± 0.015 539.0 ± 3.3 0.31 ± 0.033 792.0 ± 3.7

gem X 103 3.9 ± 0.1 (time-independent)
G6PDH 0.18 ± 0.01 3.7 ± 0.05 0.23 ± 0.01 23.4 + 0.2 0.52 ± 0.01 76.4 ± 0.4 0.07 ± 0.02 142.0 ± 2.0

gem X 103 -4.0 ± 2.5 -2.1 ± 1.0 6.5 ± 0.2 6.9 ± 0.7
All fits ignore phosphorescence below 1 msec.
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as shown in Table 1. While this may be a coincidence, this
similarity may reflect the fact that the two longest lifetimes
are associated with the same tryptophan residue in two
different conformations of the enzyme, as in the case of
LADH.
The main conclusion from the above discussion is that the

long-lived phosphorescence ofG6PDH originates from three
(possibly four) tryptophan residues, each associated with a
distinct decay constant and a time-independent gem. The
decay constants are mostly affected by the rigidity of the
environment of the residue, while the anisotropy factor
reflects subtle structural details of the tryptophan domain.
The information derived from these two parameters is there-
fore complementary and not redundant, and the two mea-
surements can be used in conjunction to gain information on
the number of emitting residues and to correlate distinct
decay constants with individual residues.
The utility of TR-CPP in protein studies may be further

enhanced by differentiating the response of individual tryp-
tophan residues to external perturbing agents. For example,
studies of dynamic quenching of G6PDH phosphorescence
using triplet quenchers have shown that some of the chiral
tryptophan residues are more susceptible to quenching (un-
published results).
The study of protein structure is obviously not limited to

intrinsic tryptophan CPP. Several calcium-binding proteins
have been shown to bind Tb3+ and emit circularly polarized
luminescence after energy transfer from excited tyrosine
residues (31-35). It is possible to show that subtle differences
in metal ion binding site structures, which produce only
minor differences in lifetimes of Tb3+, can be resolved when
the metal ions are in environments that exhibit different g.m
values. Other phosphorescent probes such as benzophenone
and anthracene that bind to proteins may prove beneficial in
studies investigating unique chiral binding sites. Conversely,
studies in which dynamic processes are reflected in alter-
ations in the chirality during the excited state lifetime may
provide additional new perspectives.

It is interesting to note that the gem values observed for
tryptophan phosphorescence in all three proteins studied
here are approximately an order of magnitude larger than the
values previously reported for the circular polarization of
tryptophan fluorescence in a number of proteins (36). While
the optical activity associated with weak electronic transi-
tions is known' to be enhanced, it should be noted that the
triplet-singlet transition involved in phosphorescence is for-
bidden by the spin selection rule and is not, in general,
associated with a weak oscillator strength. Hence if univer-
sal, this enhancement is presently not understood and would
warrant investigation. From the experimental point of view
the large gem values obviously enhance the accuracy of the
measurement, thus aiding in the identification of contribu-
tions from individual tryptophan residues to the spectrum.

In conclusion, this study demonstrates the existence of
time-resolved circularly polarized intrinsic phosphorescence
in the emission of proteins in solution at room temperature.
The data were used to determine the uniqueness of the
different phosphorescence decay times. However, the sen-
sitivity of this technique to molecular conformation com-
bined with the time range typical of protein phosphorescence
(milliseconds to seconds) makes TR-CPP a powerful spec-
troscopic tool for the study of numerous reactions involving
proteins.
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