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On the Prevalence of Room-Temperature Protein

Phosphorescence

JANE M. VANDERKOOI, DOROTHY B. CALHOUN,

S. WALTER ENGLANDER

A large number of proteins were tested for the property of intrinsic phosphorescence in
deoxygenated aqueous solution at room temperature. The majority of proteins exhibit
phosphorescence under normal solution conditions. Phosphorescence lifetimes from
0.5 millisecond to 2 seconds were observed in three-fourths of the proteins tested. The
lifetime appears to correlate with relative isolation of the tryptophan indole side chain
from solvent. With few exceptions, proteins in general can be expected to display a
phosphorescence lifetime greater than 30 microseconds. This widespread characteristic
of proteins has been largely overlooked because long-lived phosphorescence is highly
sensitive to quenching by low levels of dissolved oxygen in solution. Protein phospho-
rescence offers a new time domain and a far wider dynamic range than has been used
before for photoluminescence experimentation.

XPERIMENTAL APPROACHES BASED
on the measurement of intrinsic pro-
tein fluorescence have proven im-
mensely useful for a broad range of prob-
lems in macromolecular science. However,
tryptophan fluorescence, in which photon
emission occurs on the nanosecond time
scale, is only one of the possible conse-

Fig. 1. Excitation and emission spectra of cod
parvalbumin. The samples contained 2 mg of cod
parvalbumin per milliliter in 0.0144 sodium phos-
phate and 0.1M sodium chloride at pH 7.0. For
phosphorescence measurements the deoxygenat-
ing system described in Table 1 was included. The
ordinate for each spectrum is separately scaled for
case of visualization. Fluorescence spectra were
taken with protein-bound calcium (- - -) and after
addition of 3 mAM EDTA to remove calcium
(...). A detection wavelength of 330 nm was
used with the excitation spectrum and an excita-
tion wavelength of 280 nm was used with the
emission spectrum. The phosphorescence emis-

568

quences of photoexcitation. Intersystem
crossing to the triplet state is another, and
this can result in long-lived phosphores-
cence emission. The ability to measure pro-
tein phosphorescence in liquid solutions
would greatly expand the potential for pho-
toluminescence studies of protein interac-
tions and dynamics on a longer and often

«Excitation—|
+Emission—

Luminescence intensity

260 340 420 500

Wavelength (nm)

sion spectrum ( ) was taken with an excita-
tion wavelength of 280 nm.

more pertinent time scale. However, this
possibility has received little attention from
the biochemists, since phosphorescence is
thought to be largely a property of the solid
state. The results reported here demonstrate
that this is not the case.

Debye and Edwards (1) reported in 1952
that phosphorescence can be observed from
proteins at cryogenic temperatures. Under
these conditions phosphorescence lifetimes
for a variety of proteins attain a fairly stan-
dard value of 5.5 seconds. Twenty years
later, Saviotti and Galley (2) found that two
proteins, alcohol dehydrogenase from horse
liver and alkaline phosphatase from Esche-
vichia coli, phosphoresce in aqueous solution
at room temperature with lifetimes on the
order of 1 second. Kai and Imakubo (3)
found three additional proteins with life-
times between 1 and 20 msec.

In studies of protein photoluminescence
we showed that oxygen quenches the phos-
phorescence of even the extraordinarily well-
protected tryptophans of alcohol dehydro-
genase and alkaline phosphatase with a rate
constant of 10°M~ ! sec™! (4). Thus when
oxygen is present at normal solution concen-
tration (250 pAM in air-exposed water),
phosphorescence emission with an intrinsic
lifetime as long as 5 seconds will be reduced
in intensity by a factor of 10® and exhibit a
lifetime of only 4 psec. This explains why
the phosphorescence of proteins in solution
has escaped detection. The original discov-
ery of long-lived protein phosphorescence
by Saviotti and Galley (2) was connected
with a fortunate accident in this regard.
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Molecular oxygen in the protein samples
was photolytically removed by the intense
xenon-arc beam and the long irradiation
times used in that work (4, 5).

To obtain the results listed in Table 1, we
reduced oxygen concentrations to subnano-

Table 1. Phosphorescence from proteins at 20°C.
Data from other studies are also shown parenthet-
ically; discrepancies between some of our lifetime
values and those previously measured by others
are largely due to the better removal of oxygen in
our work. The following proteins had detectable
phosphorescence but lifetimes less than 0.5 msec:
collagenase, monellin, mellitin, and lipoamide
dehydrogenase. No phosphorescence was detect-
ed from carboxypeptidase A, carboxypeptidase B-
DPF, cytochrome ¢ (horse and tuna), elastase,
lactalbumin, glucose-6-phosphate, parvalbumin
without calcium, thermolysin, lysozyme, and chy-
motrypsin. The samples in this work contained
approximately 2 mg of protein per milliliter in
0.01M sodium phosphate and 0.1M sodium chlo-
ride at pH 7.0. The deoxygenating system includ-
ed glucose oxidase (80 nAM), catalase (16 nM),
and 0.3% glucose. After incubation at room
temperature for 10 minutes, 5 pl of a 17 mM
sodium dithionite solution was added to produce
a final concentration of 80 wM; the sample was
then overlaid with mineral oil and argon, and the
cuvette was closed with a glass stopper; see also
(6). Azurin was prepared by a modification of the
preparation of Ambler and Brown (8). Parvalbu-
min was prepared from cod with the procedure of
Calhoun et al. (9). All other proteins were ob-
tained from Sigma Chemical Company, St. Louis,
Missouri.

Protein Lifetime
(msec)
Actin, rabbit muscle (10) (15)
Albumin, bovine serum 0.9
Albumin, human serum (11) 0.9 (0.5)
Albumin, chicken egg 15
Alcohol dehydrogenase,
horse liver (2, 4) (300, 134)
Alcohol dehydrogenase* 550
Aldolase, rabbit muscle (3) 45 (20)
Alkaline phosphatase, 1500 (800)
Escherichin coli (2)
Asparaginase, Escherichin coli 50
Azurin, Pseudomonas aeruginosa 400
Cellulase, Aspergillus niger 200
Edestin, hemp seed 500
Glucose oxidase, 120
Aspergillus niger
Keratin, sheep wool (12)1 (1400)
Lactic dehydrogenase, 25
rabbit muscle
Beta-lactoglobulin 15
Myosin, rabbit muscle 100
Nuclease, micrococcal 400
Parvalbumin (with calcium), 5
cod
Protease (acid), 100
Aspergillus saitoi
Protease Streptomyces griseus 600
Protease (subtilisin Carlsberg), 10
Bacillus subtilis
Ribonuclease T1, 14 (4)
Aspergillus oryzae (3)
Streptokinase, streptococcus 50
Trypsin, bovine pancrease (3) (1.4)

*D,0 solvent. 1No solvent.
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molar levels by using the methods described
in (4) and (6). Phosphorescence was mea-
sured in the time-resolved mode, and the
more intense fluorescence emission, which
occurs on a faster time scale, was removed
by gating the data acquisition to start at 1
msec after the excitation flash. For single
tryptophan proteins, phosphorescence de-
cay is accurately exponential (unlike fluores-
cence), but the multitryptophan proteins
produce multiexponential decay curves. Ta-
ble 1 lists the slowest emissive decay ob-
served for each protein. Most of the proteins
exhibited measurable phosphorescence
emission with lifetimes greater than 0.5
msec. Cytochrome ¢ did not; the excited
singlet state is internally quenched by reso-
nance energy transfer to the nearby heme, so
that the triplet state is minimally populated.
For the 38 non-heme proteins tested (Table
1), 25 exhibited phosphorescence lifetimes
of 0.5 msec or more. Four more proteins
(Table 1) showed detectable phosphores-
cence but with lifetimes somewhat less than
0.5 msec, which was too short to be resolved
by our instrumentation. Only 9 of the 38
non-heme proteins tested failed to show
phosphorescence that extended into the mil-
lisecond range. It is possible to measure the
excited triplet state even for free tryptophan
in solution. Pepmiller et al. (7) used triplet
state absorption methods to measure a life-
time of 29 psec for 1-methylindole in aque-
ous solution. It can thus be expected that
almost all protein tryptophans will be found
to exhibit measurable phosphorescence with
lifetimes that span the range from 30 psec to
5 seconds.

The bases of this great spread in rates, that
is, the specific factors that promote, protect,
and destroy the tryptophan triplet state
within proteins, are not known. For the
single tryptophan proteins studied here, a
correlation exists between phosphorescence
lifetime and the relative blue shift of the
fluorescence emission (Table 2), which is
related to the degree of isolation of the
indole ring system from solvent water. This
suggests that the longer lived phosphors are
more fully buried. Phosphorescence emis-
sion showed no such correlation but peaked
consistently at 440 nm, at least for the fairly
long-lived cases we have measured.

Figure 1 shows typical fluorescence and
phosphorescence excitation and emission
spectra for calcium-containing parvalbumin.
When calcium was removed, the fluores-
cence emission maximum shifted from 320
to 350 nm, which indicates increased expo-
sure to solvent. The phosphorescence life-
time, which was initially 5 msec, decreased
to less than 1 msec.

Some of the phosphorescence lifetimes
could be significantly increased in D,O (Ta-

Table 2. Correlation of fluorescence emission
maximum and phosphorescence lifetime in single
tryptophan proteins.

Fluo-
rescence I:. 2:: <§1hc(¢):-
Protein ur?xflxm lifetime
(nm) (msec)
Azurin 305 400
Protease (subtilin 310 10
Carlsberg)
Parvalbumin 320 5
(calcium)
Ribonuclease T1 325 14
Mellitin 340 <0.5
Monellin 345 <0.5
Parvalbumin 350 <0.5
(no calcium)

ble 1), perhaps because of an effect of the
indole NH to ND exchange on the indole
vibronic manifold and its coupling to the
lattice. Unlike tryptophan fuorescence,
phosphorescence emission spectra showed
some partially resolved vibrational structure
[see also (2) and (4) for other examples].

Protein phosphorescence is more difficult
to measure than fluorescence. The problem
of collisional quenching by dissolved oxygen
can be easily solved. Englander ez al. (6)
have described methods that allow the prep-
aration and handling of essentially oxygen-
free samples in the open air. The relatively
low quantum yield for protein phosphores-
cence puts some demands on instrumenta-
tion, but this problem can also be overcome.
The widespread occurrence of protein phos-
phorescence provides many opportunities
for extending photoluminescence studies of
intra- and intermolecular dynamics into the
wide phosphorescence time domain.
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