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ABsSTRACT  The radiative quantum yield, &3, of the triplet state of human a-lactalbumin (HLA) has been measured in the temperature
range between 6 K and the softening point of the aqueous glass (~150 K). €3 has little temperature dependence below ~30 K, but
above this it decreases sharply with increasing temperature. The unusual temperature dependence is fitted by a phenomenological
two-state model in which the phosphorescence originates primarily from a donor, tryptophan (Trp) 104, and an acceptor, Trp 60, the
populations of which are coupled by a thermally activated triplet-triplet energy transfer process. The model assumes that the acceptor
(Trp 60) triplet state undergoes radiationless deactivation by a proximal disulfide residue, while the donor (Trp 104) has no such extrinsic
quencher. The decrease of &g with increasing temperature is accounted for by the thermally activated triplet-triplet energy transfer
process. The disulfide quenching rate constant itself is assumed to be temperature independent, in accord with recent measurements of
simple disulfide quenching in long chain snake venom neurotoxins (Schlyer, B. D., E. Lau, and A. H. Maki. 1992. Biochemistry.
31:4375-4383; Li, Z., A. Bruce, and W. C. Galley. 1992. Biophys. J. 61:1364-1371). We find that the phosphorescence quenching in
HLA occurs with an activation energy of 97 cm™', which we associate with a barrier to the energy transfer process. The data are fit well
by the model if we assume a value for the temperature-independent disulfide quenching constant of ko > 3 s~ that is consistent with
recent measurements on indole-disulfide model systems (Li, Z., A. Bruce, and W. C. Galley. 1992. Biophys. J. 61:1364-1371). Similar
results are reported for bovine a-lactalbumin (BLA) and for hen egg-white lysozyme (HEWL ) that contains the structural equivalents of
Trp 104 and Trp 60 of HLA. HLA provides the best agreement with calculations since it is the simplest, lacking Trp 26, a residue not
considered in the model, that probably contributes significantly to the phosphorescence of BLA, guinea pig a-lactalbumin (GPLA), and
HEWL.. GPLA, which contains Trp 104 but lacks Trp 60, shows qualitatively less thermally induced phosphorescence guenching than

HLA, BLA, and HEWL, thus supporting the postulated quenching model.

INTRODUCTION

The phosphorescence emission from proteins is known
to be dominated by the amino acid tryptophan (Trp)
when it is present. This is due to its larger extinction
coeflicient and lower excited singlet state energy relative
to tyrosine ( Tyr) and phenylalanine (Phe), providing an
efficient quenching mechanism for the latter via energy
transfer. In fluid media, many factors can be responsible
for the quenching of triplet emission, resulting in a low
phosphorescence quantum yield and a shortened life-
time. However, in rigid solution at temperatures below
the glassing point (~160-200 K), where diffusional
quenching and radiationless deactivation of the triplet
state become negligible; the only intrinsic local perturber
known to cause a decrease in phosphorescence quantum
yield of both Trp and Tyr is the disulfide bond. A short-
lived component in the Trp phosphorescence decay of
hen egg-white lysozyme (HEWL ) was observed by Chur-
chich in 1966 (1). In 1967, Cowgill (2) studied fluores-
cence quenching of Trp and Tyr, both in model disulfide
compounds and in the 3-thiopropionic acid derivative of
ribonuclease-A. A later review by Longworth (3) cata-
logued many proteins exhibiting shortened phosphores-
cence lifetimes. Among those containing Trp were
HEWL, a number of Bence-Jones proteins (immuno-
globulins), and bovine a-lactalbumin (BLA). Each of
these proteins is known to contain disulfide bonds in the
proximity of tryptophan residues.

Work conducted by von Schiitz et al. (4) showed that
HEWL phosphorescence has a single exponential decay

with a lifetime of 6.3 s at 4.2 K, while at 77 K, the decay
was observed to be nonexponential, with lifetime compo-
nents of 1.36 and 4.07 s. Such temperature-dependent
phenomena are rare in proteins, and simple disulfide
quenching of tryptophan phosphorescence at cryogenic
temperatures is known to be temperature independent.
The long-chain snake venom neurotoxins, a-bungaro-
toxin and a-cobratoxin, display phosphorescence com-
ponents with reduced lifetimes that arise from the single
tryptophan, Trp 29. These decay kinetics are indepen-
dent of temperature between 4.2 and 150 K. Further-
more, the short-lived components are eliminated when
the neighboring disulfide, Cys 30-Cys 34, is reduced,
thus establishing the identity of the triplet state quencher
(5). The lack of temperature dependence of the phos-
phorescence kinetics of a-bungarotoxin also has been
reported recently by Li et al. (6). Although the anomo-
lous phosphorescence lifetime behavior of HEWL has
been investigated extensively, no convincing model has
been forthcoming to explain its temperature depen-
dence.

The majority of previous work on the spectroscopy of
a-lactalbumins has focused on properties determined
through the techniques of fluorescence and nuclear mag-
netic resonance (NMR). A comprehensive review ap-
peared in 1988, in which Berliner and Johnson (7) dis-
cuss calcium binding in a-lactalbumin and calmodulin.
In this review, the structural differences of apo- and
holo-a-lactalbumin are presented. The holoenzyme
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structure is known to be similar to HEWL (see discus-
sion below ). The dissociation constant for Ca* in a-lact-
albumin is extremely small (~1-10 nM ) (7), so that the
spectral contribution from Trps in the apoenzyme struc-
ture can be disregarded when the enzyme is calcium
loaded (1:1 mol/mol ratio). In 1980 Sommers and
Kronman (8) compared the fluorescence of a-lactalbu-
min from bovine, goat, human (HLA), and guinea pig
(GPLA) sources in fluid solution. In this work, the au-
thors conclude that “the energy of excitation is chan-
neled from Trp 26 and 104 to Trp 60 (if present), where
it is quenched as a result of the close proximity of the
latter residue to the disulfide bridges 73-91 and 61-77.”

The direct quenching of Tyr (9) and Trp (10) fluores-
cence by oxidized dithiothreitol (DTT) in fluid solution
has been attributed primarily to a static process, rather
than to dynamic collisional quenching. In these studies,
the formation of a ground state complex between Tyr or
Trp and the disulfide bond of the oxidized DTT was
suggested. The strength of this interaction is proposed to
be modified by the immediate environment of the chro-
mophore (10). Such a complexation would be expected
to be short range in nature, and may account for the
singlet level quenching of Trp 60 in a-lactalbumin, due
to its proximity to the disulfide bridges 73-91 and 61-77
as suggested by Sommers and Kronman (8).

Triplet state quenching of Trp by disulfide was shown
to occur via an electron transfer process by Bent and
Hayon in 1974 (11). In their study, L-Trp monomer in
aqueous buffer was photoionized with a 265-nm laser
pulse in the presence of alkyl disulfide (RSSR)-type com-
pounds. The authors found the occurrence of a reaction
of the following type:

3Trp + RSSR — Trp-* + RSSR -~

The quenching mechanism was found to occur, at least
in part, by transfer of an electron with the formation of
the RSSR - ~ radical anion. In work to be reported below,
we find a large decrease in the tryptophan phosphore-
scence-to-fluorescence quantum yield ratio (®,/®;) of
HLA, BLA, and HEWL with increasing temperature,
indicating thermally activated quenching of Trp lumines-
cence at the triplet level. One would expect ®,/ ¥ to
remain constant if all of the luminescence reduction (en-
ergy transfer + disulfide quenching) occurred at the sing-
let level. We will present results suggesting that the rate-
determining step in the phosphorescence quenching pro-
cess of Trp 104 in the a-lactalbumins and Trp 108 in
HEWL is thermally activated triplet-triplet energy
transfer between Trp residues in these proteins.

The crystal structure of HEWL has been known for
many years. The original structure of the tetragonal form
was solved by Blake et al. (12) in 1965, at a resolution of
2 A. A 1.97-A resolution structure of the triclinic form
was solved in 1976 by Kurachi et al. (13). The Kurachi
structure was used for calculations in the present study,

since these coordinates have been deposited in the
Brookhaven Protein Data Bank. HEWL contains six
Trps and four disulfide bonds. Lactalbumin, on the
other hand, contains either three or four Trps, depend-
ing on the species. The same set of four structurally
equivalent disulfide bonds found in HEWL is present in
all lactalbumins. The structural similarity between
HEWL and the lactalbumins has long been recognized,
but it was not until 1989 that the crystal structure of
baboon a-lactalbumin was solved (14), and the atomic
coordinates of the two proteins, a-lactalbumin and
HEWL, could be compared directly. It should be noted
here that baboon a-lactalbumin is highly homologous to
HLA, with all Trps and disulfide bonds strictly con-
served. Therefore, for the purposes of this study, these
two structures will be considered identical, even though
a HLA structure has yet to be solved. The origin of Trp
fluorescence in HEWL was investigated in 1971 by
Imoto et al. (15) through the use of oxindole-62 and
oxindole-108 derivatives. They concluded that Trps 108
and 62 are the source of >80% of the emission from
HEWL. Later, phosphorescence and optically detected
magnetic resonance (ODMR ) studies of these same ox-
indole derivatives showed that Trp 108 dominates the
phosphorescence of HEWL at pumped liquid helium
temperatures (16).

The distance dependence of disulfide quenching of
Trp phosphorescence was demonstrated in 1989 by Li
and Galley (17), who monitored the effect of substrate
binding on the phosphorescence lifetime of HEWL at 77
K. The lengthening of the phosphorescence lifetime
upon binding of N’, N”, N"-triacetyl chitotriose was at-
tributed to a conformational change in the protein, in
which emitting Trps were shifted farther away from a
disulfide bond. The distance dependence for the triplet
state quenching of an indole derivative by disulfide was
studied further by Li et al. (18) using the model com-
pound 2-(3-indolyl)ethyl phenyl ketone (IEPK), in a
random distribution with sec-dibutyl disulfide. IEPK
was first introduced by Tamaki (19) in 1981, and was
chosen as a model compound because excitation energy
is channeled very rapidly from the directly excited triplet
state of the ketone sensitizer to the indole triplet state,
thereby eliminating quenching at the singlet level. Li et
al. (18) found that the quenching followed a Dexter-type
distance dependence, and calculated quenching con-
stants of 110 and 7.4 s~! for a separation between
quencher and chromophore of 2 and 3 A beyond van der
Waals contact, respectively, at 77 K. They found a limit-
ing quenching rate constant of ~2 X 10*s~! at 77 K for
the indole triplet state in IEPK with increasing sec-dibu-
tyl disulfide concentration. This quenching constant was
interpreted as an upper limit of the triplet decay constant
for the indole chromophore in van der Waals contact
with disulfide. In a recent study, Li et al. (6) have mea-
sured the temperature dependence of the disulfide
quenching of IEPK. It was found that the limiting
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quenching rate constant (its value at van der Waals con-
tact, according to the quenching model used) increases
with temperature >30 K, changing from a constant
value of 5005~ <30 Kto ~2.3 X 10*s~'at T~ 90 K.
This rate constant is many orders of magnitude smaller
than the 10'°-10'2 s~ that would be expected for simple
barrier-free electron transfer (20). The temperature de-
pendence in this range appears to correspond to Arrhe-
nius behavior with an activation energy of 190 cm™!,
which was attributed to an activation barrier to the disul-
fide quenching process itself. This interpretation, which
does not take into consideration the possibility of trip-
let-triplet energy transfer among the IEPK donor popu-
lation, is at variance with the lack of temperature depen-
dence observed (5, 6) in the intramolecular disulfide
quenching of a-bungarotoxin and a-cobratoxin where
triplet-triplet energy transfer is not possible. The temper-
ature dependence of the disulfide quenching of HEWL
phosphorescence was found (6) to be qualitatively simi-
lar to that observed in the random IEPK -disulfide model
system.

In this work we characterize the phosphorescence
quantum yield of a-lactalbumins from several species
and of HEWL at temperatures in the range 6-200 K. We
will present evidence to show that the phosphorescence
quenching of the most luminescent Trp in HLA and
BLA (Trp 104) and in HEWL (Trp 108) proceeds via a
thermally activated triplet—triplet energy transfer to Trp
60 (Trp 63 in HEWL), the emission of which is
quenched with high efficiency by nearby disulfide resi-
dues.

MATERIALS AND METHODS

Sample preparation

HEWL was purchased from Schwarz/Mann (Spring Valley, NY) and
was used without further purification. BLA and HLA were purchased
from Sigma Chemical Co. (St. Louis, MO). GPLA was a generous gift
from Dr. Marvin Thompson. All a-lactalbumins were calcium loaded
(1:1). The conformation of calcium-bound a-lactalbumin is known to
be different from that of the apoprotein (7, 21). Since the apoprotein
structure is known not to be isostructural with HEWL, the apo-lactal-
bumins were not investigated in this study. Each protein was ex-
changed into a 10-mM potassium phosphate buffer, pH 7.0. A cryosol-
vent was added before freezing, in order to reduce the possibility of
distortion of the protein structure and/ or aggregation upon ice forma-
tion. Either ethylene glycol (puriss; Fluka AG, Buchs, Switzerland)
30% (vol/vol) or glucose 1% (wt/wt), was added. Reduction in phos-
phorescence quantum yield has been observed in purely aqueous ices
of benzo(a)pyrene tetraol (22). It was postulated that molecular aggre-
gation could be occurring among the monomers, creating favorable
conditions for triplet-triplet energy migration. However, in this study,
the quantity or type of cryosolvent did not have a significant effect on
the phosphorescence quantum yield of any of the proteins studied.
Even when the protein was frozen as a purely aqueous ice, there was no
indication, either in the location or shape of the spectral peaks, or in the
calculated quantum yield, that a distortion of the protein structure
occurred. Typical protein concentrations were 1-3 mM.

Experimental

The protein solutions were loaded into small Suprasil (Heraeus Amer-
sil, Inc., Buford, GA ) quartz tubes of 2 mm L.D., with a volume of ~40

ul. The samples were then mounted in a copper block holder that serves
as a heat sink, and lowered into the optical tail of a dewar (Super-Vari-
temp; Janis Research Co. Inc., Stoneham, MA). This system, working
in conjunction with a temperature controller (model 805; Lake Shore
Cryotonics, Inc., Westerville, OH), has the capability of very accurate
temperature control (+0.01 K) in the range 3.4-300 K. A calibrated
Ge diode sensor was attached directly to the Cu heat sink containing
the sample tube. Optical excitation was accomplished via a 450-W
high-pressure Xe arc lamp, the output of which passed through a dou-
ble prism monochromator (model 50-650-000; Cary Instruments, Palo
Alto, CA). Excitation of all samples was at 290 nm with 5-nm band-
pass. Emission was detected at right angles through a 2/3 m monochro-
mator (model 207; McPherson, Inc., Acton, MA) fitted with a cooled
(—20°C) photomultiplier. The emission was typically scanned through
the range 295-550 nm using 2.5-nm bandpass. Output from the photo-
multiplier was digitized by a signal averager (model TN-1550; Tracor
Northern, Middleton, WI) and then loaded into a computer (model
Step 386/20; Everex Systems, Inc., Fremont, CA) for analysis.

Total luminescence spectra were typically collected with increasing
temperature, as temperature equilibration within the cryostat occurred
more rapidly. However, studies on each of the four samples revealed
identical temperature dependence of the integrated areas of the spectra
when collected with decreasing temperature. That is, no hysteresis in
the temperature dependence of the quantum yield was observed.

In all cases, the ratio of the phosphorescence-to fluorescence quan-

tum yields was obtained by numerical integration of the total lumines-
cence spectrum, via the software Sigma-Plot (Jandel, Inc., San Rafael,
CA). Absolute ratios were obtained by comparison with a 1-mg/ml
solution of L-Trp ( Fluka microselect) in 1:1 (vol/vol) ethylene glycol/
water at 77 K, for which &,/® is taken to be 0.28 (3, 23). In some
cases, there was a small amount of Trp fluorescence underlying the
phosphorescence. The magnitude of this underlying fluorescence was
estimated by extrapolating the tail of the fluorescence. This correction,
when made, never changed the calculated quantum yield ratio by more
than a few percent.
The experimental data as a function of temperature were fit to a mathe-
matical expression arising from a quenching model described below.
The least-squares best-fit of the data to this expression was performed
within Sigma-Plot, which uses a Marquardt-Levenberg algorithm. Re-
quired input to this program includes the function, the data file to be
fit, and initial guesses for the parameters in the function. Qutput of this
program Yyields the best-fit parameters and the norm of the fit, defined
as the square root of the sum of the squares of the residuals.

THEORETICAL MODEL

The quantity measured in this study is the phosphores-
cence-to-fluorescence quantum yield ratio, calculated
from total luminescence spectra. This ratio, which com-
pensates for temperature-dependent quenching at the
singlet level, can be related to a triplet state radiative
quantum yield, and may be expressed in the following
way. Let ¢, and &, represent the phosphorescence and
fluorescence quantum yields, respectively. Then we may
write:

B, = [Kiso/ (k& + kige + k¢)]- @3 (1)
= ke/(k + ki + ko). (2)

Here, k; is the rate constant for $; = T, intersystem
crossing, k. is the rate constant for fluorescence, and k§
represents the rate constant for external quenching at the
singlet level. In Eq. 1, &3 represents the radiative quan-
tum yield of the triplet states that are produced. We may
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avoid possible effects of a temperature-dependent k& by
writing the following expression for the temperature-de-
pendent quantum yield ratio:

Bp(T)/ R (T) = [hise/ (k§ + Kige + k5)]
[k + ke + k¢)/ ke [25(T)]
= lkie{ T/ ke(T)] - [25(T)]. (3)

We may write a similar expression for the quantum yield
ratio at low temperature, 7 ~ 0, when temperature-de-
pendent external quenching at both the singlet and trip-
let levels is negligible:

©,(0)/2:(0) = [Kiic(0)/k(0)]-[25(0)] 4)
Taking the ratio of Egs. 3 and 4 above, we may write:

[2,(T)/24(T)]1/[2,(0)/ 2(0)]
= [kisc(T)/ k()] [k (0)/ kisc(0)] - [23(T)/ 23(0)]
= [®5(T)/25(0)]. (3)

The final expression above results from the reasonable
approximation that the intrinsic fluorescence decay and
S, = T, intersystem crossing rates are relatively tempera-
ture independent in the range of our measurements.

The temperature dependence of the phosphorescence
quantum yield ratio given in Eq. 5 can be modeled using
a two-level system. Assume the protein contains two ac-
tive tryptophan residues connected by triplet-triplet en-
ergy transfer. The donor triplet state is assumed to ex-
hibit only intrinsic tryptophan decay kinetics, while the
acceptor triplet state additionally undergoes extrinsic
quenching by a nearby disulfide. We then define the fol-
lowing quantities for the donor and acceptor triplet
states:

(T = ky/ (kg + kg') = ka/kq (6)
BT = ka/(hky + k3" + ko) = ki/k,. (7

Let N3(T') and N2(T) be the fractions of the total pho-
tostationary state triplet population in the donor and ac-
ceptor triplet states, respectively. The observed tempera-
ture-dependent triplet radiative quantum yield of this
model protein is given by

@5(T) = Ny(T)2(T) + N(T)@T). (8)

We assume that energy transfer can occur at the triplet
level between the donor and acceptor. Following the ex-
ample of Hall and El-Sayed (24), the kinetics of this
system may be expressed as

DN(T) =P+ AN(T), (9)

where A is the rate matrix, N(7T') is the temperature-de-
pendent state population column vector with elements
N4(T)and N,(T), P is the populating rate vector with
elements P, and P,, and D is the time-differential opera-
tor. The rate matrix is

A=(_(kd+kfet) kret ), (10)

kfet - ( ka + kret)
where ky,, and k., are the rate constants for forward and

reverse triplet-triplet energy transfer, respectively.
Under steady-state excitation, we may write

DN(T)=P + AN*(T) =0, (1)

where N°(T) is the population vector of the photosta-
tionary state, with elements N3(7) and N3(T). This
yields
AN°(T)= —-P, and (12)
ATTANS(T) =N°(T)=—-A"'P. (13)
The proposed acceptor, Trp 60 in HLA and Trp 63 in
HEWL, is known to lie close to two disulfide bridges (13,
14). When in close proximity, disulfide quenching of
Trp is known to be efficient at the singlet level (2, 9, 10).
Therefore, we assume that the acceptor singlet state is
quenched, yielding values of 1 and 0 for the normalized
populating rates of the donor and acceptor triplets, re-
spectively. Thus, from Eq. 13 we obtain
N(T) = (ko + ke )/ (koky + Kok + koky), and  (14)
N:(T) = kfet/(kakd+ kakfct+ kdkm) (15)
Upon substitution from Eqgs. 14 and 15 into Eq. 8, the
triplet radiative quantum yield becomes
PUT) = [(ky + koet) 23(T) + ke @2(T)H1/
(kka + kokey + kgkpey).  (16)
At low temperature, when the temperature-dependent
energy transfer process is negligible, we may write the
following rate expressions for the donor and acceptor:
dNy(0)/de = Py — kaNg(0) (17)
dN,(0)/dt = P, — k,N,(0). (18)
Following the example above, we obtain, in the photosta-
tionary state,
N3(0) = 1/ky, and (19)
N32(0) =0. (20)
The assumption that P, = 0 implies N2(0) = 0, since the
acceptor in our model has no populating pathway avail-
able in the absence of thermally activated energy
transfer. From Eqgs. 8, 19, and 20, we obtain
22(0) = 23(0)/ k4. (21)
Taking the ratio of Egs. 16 and 21 as given in Eq. 5, we
get
Qo(T)/23(0) = ky®p(T)/25(0), (22)

where ®5(T) is given by Eq. 16. Assuming that the in-
trinsic triplet rate constants of the donor and acceptor
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TABLE 1 Positions of Trp residues in HEWL and a-lactalbumin

HEWL BLA HLA GPLA
w28 W26 (L26) W26
W62 (159) (L59) (D59)
W63 W60 W60 (F60)
w108 w104 w104 w104
Wil1 (H107) (H107) (H107)
w123 WI118 WI18 w118

The one-letter standard designations for amino acids are used. HEWL
contains 129 amino acids, compared with 123 for the a-lactalbumins.
Hence, the numbering schemes presented are different for the two pro-
teins. However, each row in the table represents a structurally equiva-
lent site (12). The four disulfide bonds in HEWL and the «-lactalbu-
mins are structurally conserved. HEWL, hen egg-white lysozyme;
BLA, HLA, and GPLA, a-lactalbumins from bovine, human, and
guinea pig sources, respectively.

Trp residues are equal, we obtain k4 = k, and k, = k, +
kq. Here, kq is an extrinsic quenching rate constant. We
assume further that kf and k2" are the same for the donor
and acceptor and are temperature independent below
the glassing temperature. This allows us to write ®3(7")
=®3(0),and ®3(T) = ®3(0)k,/(k, + ko). Then Eq. 22
simplifies to

[23(T)/®3(0)] = {kq + ko + ket + [Koke/ (ko + ko)1}/
{kQ + ko + krel + [(ko + kQ)kfcl/ko]}' (23)

We now adopt a model in which the donor and acceptor

states communicate via a reversible thermally activated

mechanism. The forward and reverse energy transfer
rates then may be expressed as

Kiew = k% - exp(—AEg/kT) (24)
ket = ki - exp(~ AE /KT), (25)

where AE; and AE, are activation energies associated
with the forward and reverse energy transfer processes,
respectively, and k is the Boltzmann constant. The
preexponentials for the forward and reverse transfer are
expressed as k%, and k%, respectively. These preexpon-
ential terms are interpreted as the limiting high-tempera-
ture energy transfer rate constants. It is reasonable to
assume that the forward and reverse rate constants are
equal in the limit of high temperature, so we now intro-
duce k. = kg, = kZ,. Substituting into Eq. 23, we obtain

[25(T)/®p(0)] = [4/(1 — B) + exp(—AE,/kT)
+ Bexp(—AE/kT)]/
[4/(1 — B) + exp(— AE,/kT)

+ (1/B) exp(— AE(/kT)], (26)

where A = kqy/ k. and B=k,/(k, + kq). Henceforth, the
left side of Eq. 26 as well as the left side of Eq. 5 will be
referred to simply as f( 7), and will appear as the label of
the ordinate in all subsequent plots that refer to this
model.
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FIGURE 1 The total luminescence spectra of the four proteins studied.
Symbols are as follows: HEWL, —; BLA, - - - - - s HLA, — —;
GPLA, - - - -. Excitation was at 290 nm, 5-nm bandpass, via a 450-W

high-pressure Xe arc lamp and a double-prism monochromator. Emis-
sion was detected through a 2/3-m monochromator with a 2.5-nm
bandpass. Sample temperature was 6 K. Conditions were identical for
all samples.

RESULTS

The number and positions of all Trps in HEWL and the
a-lactalbumins are given in Table 1. It can be seen that
HEWL and BLA contain the highest number of Trps
other than the d = a pair assumed to be involved in
energy transfer. Fig. 1 shows the total luminescence
spectra of each of the four proteins at 6 K. One may
notice visually that ¢,/ ®at 6 K is smallest for HEWL
compared with the lactalbumins, suggesting that more of
the phosphorescence in this protein may be quenched in
a temperature-independent process. This is also true of
BLA compared with HLA. The proximity of disulfide
bonds to the Trps not involved in energy transfer might
lead one to expect the direct disulfide quenching of Trp
phosphorescence to be greatest for those proteins. Table
2 lists the phosphorescence 0-0 band wavelengths and
energies for each of the four proteins shown in Fig. 1.
Although no spectra are shown for the higher tempera-
tures, no significant temperature-dependent spectral

TABLE 2 0-0 Band wavelengths and energies

Species Moo Voo
nm cm™!
HEWL 414.1 24,140
BLA 414.6 24,110
HLA 4119 24,270
GPLA 411.7 24,280

* The 0-0 band is assumed to arise primarily from Trp 108 phosphore-
scence emission in HEWL and Trp 104 emission in the a-lactalbu-
mins. Abbreviations, see Table 1.
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FIGURE 2 A plot of the experimental quantity {[®,(T)/®(T)1/
[$,(0)/®+(0)]} as a function of temperature, showing data in the
range 6 K to the approximate glassing point ( ~160-200 K) for each of
the four proteins. The following symbols are used: A, HEWL; O, BLA;
V, HLA; and ¢, GPLA. Each data point represents a calculated phos-
phorescence-to-fluorescence quantum yield ratio (%,/ %) from spec-
tra similar to Fig. 3, and corrected for instrumental factors as described
in the text.

shifts of the phosphorescence 0-0 bands were observed
for any of the four proteins studied.

Fig. 2 shows the temperature dependence of { [®,(T')/
®(T)]/[2,(0)/®:(0)]} = f(T) for each of the four
proteins studied. Data were taken at 5-K intervals from
10 through 100 K, and at 10-K intervals from 100 K to
the approximate glassing temperature. An additional
data point was taken at 6 K, the lowest temperature rea-
sonably attainable without immersing the sample in lig-
uid helium. The glassing temperature varied slightly
with the sample, but was estimated to be in the range
160-200 K, as evidenced by a sudden sharp decrease
ind,/®;.

We attempted, initially, to fit our data from HLA to
Eq. 26 in order to determine the four parameters. It
should be mentioned at the outset that none of the pro-
teins investigated in this work can be considered an ideal
example of the adopted model in that Trp residues are
present in addition to the postulated donor-acceptor
pair. Thus, to the extent that these Trps contribute to the
phosphorescence, it would be unreasonable to expect
quantitative agreement with the model. HLA was cho-
sen for initial analysis since it contains only one Trp
residue (Trp 118) in addition to the proposed energy
transfer pair, Trps 104 and 60. Trp 118 is quite close to
the disulfide Cys 28-Cys 111, and may be largely
quenched at the singlet level (2, 9, 10). Therefore, we
anticipate that HLA should represent the most faithful
protein representative of the triplet-triplet energy
transfer model adopted in this paper. It became apparent
that the parameters AE,, AE,, k,, and kg are heavily
linked and cannot be determined uniquely. The intrinsic
decay constant, k,, is not considered to be an indepen-

dent variable; it is obtained from the measured phos-
phorescence decay kinetics at 7 = 6 K, which yield k, =
0.16 s~'. Since all parameters cannot be obtained
uniquely from the data analysis, we sought reasonable
limits for some of them. Since kg has been found to be
temperature independent (5, 6), we assume that kg is
constant with a value in the range 1-100 s~! for HLA.
Values of kq below this range fit the data poorly while for
kq > 10 s~ the agreement becomes insensitive to its
magnitude. See discussion below. AE, and AE, are re-
lated by the difference in the triplet state electronic en-
ergy of the donor and acceptor residues. The energy of
the donor triplet state can be obtained from Ay, ob-
served at low temperature. The A4, are given in Table 2
for each protein that was studied. The low-temeprature
Ag_o for HLA, which is found at 411.9 nm, is characteris-
tic of a moderately polarizable local environment (25).
The Ay, of the trap site, Trp 60, cannot be determined
directly, since emission from this residue is largely
quenched. However, the environment of Trp 60 should
be quite polarizable because of the nearby disulfide resi-
dues. Phosphorescence has been observed from a Trp
residue in glyceraldehyde-3-phosphate dehydrogenase
with Ay 5 = 420 nm (26). Recently (27, 28), the binding
of an arsenic atom in the neighborhood of a Trp site in
EcoRI methylase has been found to induce a red shift of
Ao from 412.3 to 420.5 nm. Such red shifts probably
are extreme, but they provide a reasonable estimate for
the maximum trap depth in HLA, leading to AE/
k(max) = 660 K. AE; is determined quite well by the
low-temperature data points, and is relatively insensitive
to the values of the other parameters for fits that produce
low norms (see below). Good fits invariably produced
AE/k ~ 140 K. We have made a series of least-squares
fits of our HLA data to Eq. 26, using a range of fixed
values for kg and AE,. k, was varied between 0.3 and
100 s™!, while AE,/k was fixed at either 140 K (corre-
sponding to an acceptor residue at roughly the same en-
ergy as the donor) or 800 K (corresponding to a trap that
probably has the maximum reasonable depth, and is
consistent with Ay, = 420 nm). The results are pre-
sented in Table 3. Certain features emerge from examin-
ing the results. Small values of k, fit the data poorly, as
judged from the norms. k, 2 3 s 7! is required to produce
a reasonable fit for either value of AE,. For larger values
of kq, the best values of AE; and k,, become relatively
insensitive to either kq or AE,, as does the norm for the
fit. To illustrate the inadequacy of a small value of k, for
fitting the data, we show in Fig. 3 the best fit of the HLA
data to Eq. 26 for ko = 0.3 s™' and AE,/k = 800 K. The
data are fitted quite poorly, particularly in the high-tem-
perature region, and the norm is relatively large. A shal-
lower trap produces an even poorer fit of the data for this
assumed value of kg (Table 3). If kg is increased to 10
s™!, the fit is considerably improved, as can be seen in
Fig. 4. If kq is increased further above 10 s™', equally
good fits are obtained. Also, the goodness of the fit be-
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TABLE 3 Trial fits of £(T) to HLA for various values
of kg and AE /k

ko* AE [k* AE i} kt Norm®
! K K s

0.3 140 128.9 4.603 0.7524

0.3 800 182.3 5.505 0.1681

1 140 191.6 9.074 0.2039

1 800 145.2 2.190 0.1072

3 140 154.7 2.722 0.1159

3 800 140.7 1.942 0.1040

10 140 143.8 2.087 0.1060

10 800 140.0 1.907 0.1037

30 140 141.2 1.960 0.1043

30 800 139.9 1.902 0.1037

100 140 140.2 1.897 0.1039

100 800 139.9 1.880 0.1037

HLA, human a-lactalbumin. *The parameters kq and AE,/k were
fixed at these values. *The parameters AE/k and k,, were fit by a non-
linear least-squares algorithm. ¥The norm of the fit is defined as the
square root of the sum of the squares of the residuals.

comes insensitive to AE,. Thus, it is apparent that kg and
AE, are determined very poorly above certain lower lim-
its, and therefore we will adopt certain reasonable values
in the analysis of the data. For kg, we adopt 10 s™" (see
discussion below ), based on the work of Li et al. (6, 18),
and for AE,/k we have used 800 K, although, as men-
tioned above, for this value of k, the results are insensi-
tive to the trap depth.

Using these assumed values, the least-squares best fits
of our data for HLA, BLA, and HEWL are given in Figs.
4, 5, and 6, respectively. The qualitatively different data
for GPLA are shown in Fig. 7 for comparison, but no
attempt to fit these data was made since this protein
lacks Trp 60, and should not be fit by this quenching
model. The least-squares best-fit parameters, AE; and

1.2 T T T T

1.0

0.8

0.6

£(T)

0.4

0.2

0‘0 1 1 L 1
0 50 100 150 200

temperature, K

FIGURE 3 A best-fit plot of f( T') to the experimental data from HLA,
with the following parameters fixed: kg = 0.3 s™" and AE,/k = 800 K.
This figure illustrates the inability of the model to fit the data when kg
approaches k, = 0.16 s™', especially in the high-temperature region.

1.2 T T —T T

f(T)

O.o 1 1 1 1

] 50 100 150 200
temperature, K

FIGURE 4 A nonlinear least-squares fit of the experimental data from
HLA to the function f(T). The data were plotted as {[$,(T)/
®(T)]/[2,(0)/®(0)]} vs. T, as described in Fig. 3. The analysis
yielded AE;=97.2cm™' and k,. = 1.91 s™'. For this and all subsequent
fits of other samples, we assumed the values AE,/k = 800 K and kg =
10 s~ (see text).

k., for HLA, BLA, and HEWL are given in Table 4. The
poorer fits of BLA and HEWL to our model are apparent
from the norms produced by the fit, as well as from com-
parison of Figs. 4-6. The reason for the expected poorer
fit of the BLA and HEWL data probably arises from the
contribution of Trp phosphorescence emission that is
not accounted for by the proposed minimalistic two-
level system model. This is suggested, also, by differences
in Ay between HLA and the two other proteins, HEWL
and BLA (Table 2).

DISCUSSION

The work of Li et al. (6, 17, 18) on the disulfide quench-
ing of the tryptophan triplet state represents the most

1.2 T T T

1.0

0.8

0.6

f(T)

0.4

0.2 | ) E
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O‘o 1 1 1
0 50 100 150 200

temperature, K

FIGURES A least-squares fit of the data from BLA to f( 7). The analy-
sis yielded AE; = 143 cm™ and k,. = 2.66 s~". The values AE,/k = 800
K and kg = 10 5™ were assumed.

Smith and Maki

Temperature Dependence of Quantum Yield 1891



1-2 T L] ¥ T 1 T L

1.0 |

0.8 -

0.6 |

f(T)

0.4

0.2

AAaA
o-o 1 i 1 1 1 L L
O 20 40 60 80 100 120 140 160

temperature, K

FIGURE 6 A least-squares fit of the data from HEWL to f(T). The
analysis yielded AE; = 130 cm™ and k, = 4.95 s™'. The values
AE,/k = 800 K and kq = 10 s™' were assumed.

thorough investigation to date of this phenomenon. Re-
cent studies (6) of the temperature dependence of the
disulfide quenching rate constant of the IEPK—disulfide
model system, however, are at variance with the earlier
suggestion (18) that the quenching occurs by an endo-
thermic triplet-triplet energy transfer to disulfide. The
observed activation energy of 190 cm™' (6) is too small
to be consistent with this idea, and quenching by the
electron transfer mechanism (11) is suggested. The tem-
perature dependence of the observed quenching con-
stant in the IEPK-disulfide system cannot be attributed
to the quenching step, itself, in our view, since the Trp
phosphorescence quenching by cystine in a-bungaro-

1.2 T T T T T T T

' Rt ]
<

0.8 | 0 .

0.6 | E

f(T)

0.4 | 4

0.2 | R

O‘o 1 i i | 1 L 1 1
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temperature, K

FIGURE 7 The data from GPLA, plotted on the same scale as in Figs.
4-6 for comparison. No least-squares fit was performed on this sample.
GPLA was not expected to fit the physical model presented (see text),
since it lacks the acceptor Trp 60 of the proposed d = a energy transfer
pair. The small temperature dependence of [®,(T)/ $(T)]/[$,(0)/
$(0)] relative to the three other proteins should be noted.

TABLE 4 Output from nonlinear least-squares fit

Species AE; ky Norm
cm™! s~

HLA 97.3 1.91 0.104

BLA 143 2.66 0.217

HEWL 130 495 0.256

The parameters kg and AE, /k were fixed at the values 105" and 800 K,
respectively, for all fits. This model is not expected to fit GPLA, since it
lacks the acceptor Trp at position 60. Therefore, data for this sample
were not subjected to a least-squares fit. Abbreviations, see Table 1.

toxin (5, 6) and a-cobratoxin (5) is known to be indepen-
dent of temperature. These toxins are simpler systems,
containing only one Trp residue located in the vicinity of
a single disulfide quencher. Although the source of the
temperature dependence of quenchingin the IEPK -disul-
fide system has not been clearly defined, one distinct
possibility that should be considered is that thermally
activated triplet-triplet energy transfer among the ran-
domly dispersed indole residues is a factor in the
quenching mechanism. It is significant, we think, that
the activation energy of 190 cm™! obtained in the work
of Li et al. (6) is similar to the values of AE ;that we find
in our protein measurements (Table 4). If energy
transfer does contribute to the quenching mechanism in
Li et al.’s model system (6, 18), the data at elevated
temperatures, 7" > 30 K, require reinterpretation. For
T < 30 K, however, Li et al. find a limiting quenching
constant of 500 s~!. This value may be unambiguously
associated with kg of Trp in van der Waals contact with
disulfide, since thermally activated triplet-triplet energy
transfer or other thermally activated processes would be
insignificant at these temperatures. The value of kg,
should fall off exponentially with the distance, x, beyond
van der Waals contact,

ko(x) = ko(0) exp(—2x/L).

In Eq. 27, L is the effective Bohr radius. For HEWL, x ~
2 A for the separation between Trp 63 and Cys 76-Cys
94. Assuming L ~ 1 A, kq is predicted to be 9 s~!. The
presence of a second local disulfide, Cys 64-Cys 80, with
a somewhat larger x should increase kg to >10 s, the
value that we used in fitting the data for HLA, BLA, and
HEWL. Of course, any value of kg > 3 s™' produces
equally good agreement. The small magnitude of k4(0)
perhaps is surprising for an electron transfer process that
occurs near the barrier-free limit (20). Li et al. (6) sug-
gested that spin dynamics may play a significant role in
the electron transfer quenching mechanism, since trip-
let-to-singlet state interconversion of a newly formed an-
ion-cation pair would be required in order to prevent
the system from recombining to form the triplet state. In
this case, the quenching rate should be enhanced by the
application of an external magnetic field to accelerate
triplet-to-singlet interconversion of the radical pair (29).

(27)
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Triplet-triplet energy transfer is known to proceed via
an exchange mechanism, following the same Dexter-
type distance dependence that Li et al. suggest for the
disulfide quenching event. Triplet-triplet energy transfer
has been discussed by Turro (30), and seems applicable
in this case: (a) triplet-triplet energy transfer is forbid-
den by a dipole—dipole (Forster) mechanism, because of
very small extinction coefficients; (b) energy transfer
would be detectable with separation distances up to 10-
15 A; (¢) long lifetimes for the triplet states involved
would mean higher probability that electronic excitation
energy could be transferred. The Dexter-type exchange
mechanism may be expressed by the following:

k. (exchange) = KJ-exp(—2R,,/L), (28)
where K is a parameter related to specific orbital interac-
tions, Jis a spectral overlap integral, R,, is the donor-ac-
ceptor separation distance beyond van der Waals con-
tact, and L is the average van der Waals radius for the
donor and acceptor. The preexponential KJ appearing in
Eq. 28 above represents an exchange integral between
the donor and acceptor at van der Waals contact. A pre-
vious study of intramolecular triplet-triplet energy
transfer between a ketone donor and naphthalene accep-
tor found KJ ~ 2 X 105s™'and L ~ 0.9 A (31). This
value of KJ may be some orders of magnitude smaller for
Trp-Trp energy transfer because of a smaller J. An elec-
tron spin resonance study of a single mixed crystal of
naphthalene-#; in a matrix of naphthalene-d; found the
exchange energy between two adjacent naphthalene mol-
ecules in van der Waals contact to be ~1.5 X 10! 57!
(32).Ifwetake L = 1 A and Ry, ~ 5 A for the donor-ac-
ceptor pair (see below), it follows that exp(—2 R, /L) ~
107¢, Then, if KJ is in the range 10''-10'2 57!, as sug-
gested above, it is clear that the rate constant for barrier-
free triplet-triplet energy transfer would fall into the
range 10°-106s7!,

This model requires that the temperature-dependent
energy transfer step takes place before the disulfide
quenching. The observed energy barrier to forward
transfer may be related to a reorganization of the solvent
structure within the rigid protein matrix supporting the
donor and acceptor. This reorganization appears to be
quite slow in each of the proteins, as evidenced by the
values of ~2-5 s~! for the k, parameter obtained from
fitting the data (Table 4). Once this reorganization has
proceeded, we believe the ensuing energy transfer to be
rapid as outlined above. If our estimate of k, ~ 10s™'is
compared with k., these results suggest that reverse
transfer before quenching has little probability at the tem-
peratures used in this study.

As discussed above, Figs. 4-6 and the data in Table 4
show that the model fits the data from HLA better than
those from BLA or HEWL, as evidenced by the smaller
norm of the fit. This is not unexpected, since HLA, con-
taining three Trps, is the simplest system studied that

contains the d = a pair. BLA and HEWL both show
similar temperature dependence and poorer goodness of
fit. This suggests that Trp 26 in BLA (or Trp 28 in
HEWL), which is absent in HLA, may contribute to the
total temperature-dependent luminescence quenching
observed in these two systems. Fig. 7 reveals only a small
temperature dependence of the quantum yield ratio for
GPLA, which is missing the acceptor Trp 60 in the pro-
posed d = a pair. GPLA contains Trp 26, however, fur-
ther suggesting that this Trp may be involved in some
minor temperature-dependent triplet quenching mecha-
nism. The smaller temperature dependence also may be
the result of less efficient energy transfer from Trp 104 to
another acceptor, Trp 118, for instance, that should be
quenched efficiently by the nearby disulfide, Cys 28-Cys
111. The small degree of thermally activated phosphores-
cence quenching exhibited by GPLA, in contrast to the
other proteins studied, provides critical supporting evi-
dence for the essential correctness of the quenching
model used. We conclude, therefore, that the GPLA data
further confirm the assignment of Trp 104 = Trp 60 as
the major d = a pair in the a-lactalbumins and Trp
108 = Trp 63 as the corresponding d = a pair in
HEWL.

Fig. 8, a and b, shows a comparison of the crystal
structures of HEWL and baboon a-lactalbumin, the co-
ordinates for both having been taken from the Brookha-
ven Protein Data Bank (13, 14) and displayed via the
molecular modeling program InsightIl version 2.1.0
(Biosym Technologies, Inc., San Diego, CA). The
HEWL structure (Fig. 8 a) reveals that the donor, Trp
108, is very nearly parallel planar and separated by ~8.5
A from the acceptor, Trp 63. Similarly, the baboon
a-lactalbumin structure (Fig. 8 b) shows a donor-accep-
tor separation of ~9.1 A. As stated earlier, the relative
orientation observed in the structure of baboon a-lactal-
bumin is assumed to occur also in HLA, and should be
very similar among all a-lactalbumins. Such a parallel
planar arrangement would be considered very favorable
for triplet-triplet energy transfer, as the overlap of the
two indole w-systems would be greatest along an out-of-
plane axis.

Conclusions

In this work, we have presented results showing tempera-
ture-dependent phosphorescence emission originating
primarily from Trp 108 in HEWL, and its structural
equivalent, Trp 104, in the a-lactalbumins from bovine,
human, and guinea pig. A thermally activated triplet-
triplet energy transfer process was proposed to occur in
HLA and BLA from the Trp 104 donor (and from Trp
108 in HEWL) to the Trp 60 acceptor (Trp 63 in
HEWL), where the excitation energy is quenched di-
rectly by a nearby disulfide. A physical model was pre-
sented, based on a two-level system, that accounts for the
observed temperature dependence, with the best agree-
ment found for the simplest system, HLA. We found
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FIGURE 8 A depiction of the Trps and disulfide bonds present in ba-
boon a-lactalbumin (a) and in HEWL (b). These coordinates were
taken from Brookhaven Protein Data Bank entries referenced in the
text and displayed via InsightlI software. The Trp 104-Trp 60 separa-
tion in @ is 9.1 A, and the Trp 108-Trp 63 separation in b is 8.5 A.

that the energy barrier for forward transfer ranges be-
tween ~100 and ~150 cm™, while the barrier for re-
verse transfer probably occurs in the range ~ 100-600
cm™!. This barrier creates a trap for the transferred en-
ergy at the quenching site. The rate constant for forward
and reverse energy transfer has a high-temperature limit
of ~2-5 s!, which we believe is controlled by a very
slow reorganizational motion of the rigid matrix in the
vicinity of the d = a pair. The extrinsic quenching con-
stant kg was assumed to have a value of ~10s™', and
other measurements on long-chain snake neurotoxins
(5, 6) suggest that it has little temperature dependence.
This value is comparable with that derived from low-
temperature measurements of Li et al. on model sys-
tems (6).
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