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A Model for Multiexponential Tryptophan Fluorescence Intensity
Decay in Proteins

Zeljko Bajzer and Franklyn G. Prendergast
Department of Biochemistry and Molecular Biology, Mayo Foundation, Rochester, Minnesota 55905

ABSTRACT Tryptophan fluorescence intensity decay in proteins is modeled by multiexponential functions characterized by
lifetimes and preexponential factors. Commonly, multipie conformations of the protein are invoked to explain the recovery of
two or more lifetimes from the experimental data. However, in many proteins the structure seems to preclude the possibility of
multiple conformers sufficiently different from one another to justify such an inference. We present here another plausible
multiexponential model based on the assumption that an energetically excited donor surrounded by N acceptor molecules
decays by specific radiative and radiationless relaxation processes, and by transferring its energy to acceptors present in or
close to the protein matrix. If interactions between the acceptors themselves and back energy transfer are neglected, we show
that the intensity decay function contain 2" exponential components characterized by the unperturbed donor lifetime, by energy
transfer rates and a probability of occurrence for the corresponding process. We applied this model to the fluorescence decay
of holo- and apoazurin, ribonuclease T1, and the reduced single tryptophan mutant (W28F) of thioredoxin. Use of a multiex-
ponential model for the analysis of the fluorescence intensity decay can therefore be justified, without invoking multiple protein

conformations.

INTRODUCTION

In their review of tryptophan (Trp) fluorescence in proteins,
Beechem and Brand (1985) have described how infrequently
tryptophan fluorescence intensity decays monoexponentially
even in proteins bearing a single tryptophan residue. Simi-
larly, Trp fluorescence intensity decay in peptides having a
single Trp, and even for free tryptophan itself in aequous
solutions at neutral pH, is heterogeneous (Szabo and Rayner,
1980; Chen et al., 1991) and the popular interpretation is that
each exponential recovered by data analysis reflects a spe-
cific rotamer, (Szabo and Rayner, 1980; Chen et al., 1991).
An analogous interpretation for multiexponential Trp fluo-
rescence decay in proteins is used to infer multiple confor-
mations of the protein. By invoking such a model, one clearly
assumes explicitly that there are interactions between the
indole moiety and the protein matrix and/or solvent which are
unique to each conformational state, and which therefore
cause a specific lifetime to be evinced. In arriving at such a
conclusion, one also assumes implicitly the actual validity of
using a multiexponential model for analysis of the fluores-
cence intensity decay, irrespective of the precise analytical
tool used to extract each pair of preexponential factors and
fluorescence lifetimes.

The assumption of a multiexponential model for analysis
and interpretation of fluorescence intensity decay data has
been challenged, however, during the last decade. An alter-
native approach, employing the concept of a distribution of
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lifetimes, has been suggested (Alcala et al. 1987; James et al.,
1985a; Siemiarczuk et al., 1990). For example, Alcala et al.
(1987) have proposed that the dynamics of the Trp side chain
allows the fluorophore to continuously sample multiple en-
vironments and hence be subjected to multiple, different in-
teractions to yield a distribution of physical substates inter-
converting on the time scale of the fluorescence intensity
decay. This approach is particularly appealing because it
conveniently links the dynamics of the fluorophore-hence,
indirectly, the dynamics of the protein matrix—with the fluo-
rescence lifetimes. The width of the lifetime distribution is
considered to be linked to the number and character of con-
formational substates and the rate with which these substates
interconvert. Broad distributions would thus be indicative of
substantial conformational freedom. An increase in tempera-
ture was shown by Alcala et al. (1987) to narrow the dis-
tribution of lifetimes, in keeping with what one would predict
based on the physical model proposed.

The more traditional (multiexponential) and distribution
of lifetime models now both enjoy substantial support, al-
though the concept of distributed fluorescence lifetimes has
spawned not inconsiderable skepticism. The problem is that
there is no clear way of proving one or another model to be
“correct.” The assumption that a single fluorescence lifetime
implies a unique conformation of the protein, or configura-
tion of the Trp residue in that protein, seems reasonable, a
priori. However, the appearance of multiple lifetimes and the
inference therefrom of either unique conformations of the
Trp side chain stable on the time scale of the fluorescence
decay or of a distribution of conformational states carries
with it distinct implications, for example, regarding the
mechanism(s) of intramolecular quenching. The burden of
proof must be placed on the investigator to justify the
likelihood of multiple conformers in any particular protein
and to rationalize the particular lifetime assigned on the
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basis of identifiable molecular interactions occurring in
each conformation.

On the other hand, an assumption, again a priori, that the
fluorescence lifetimes are distributed simply because the in-
tensity decay data can be fit well with a distribution, is also
difficult to justify especially if the concept is applied un-
questioningly to the Trp fluorescence in any and all proteins.
Inevitably, there will be examples in which the amplitude of
fluorophore motion (libration) on the picosecond to nano-
second time scale is so restricted, or the fluorophore libra-
tional rate so high, that the motion of the fluorophore would
be expected to “average” the environment sufficiently rap-
idly that a single exponential decay would be expected. In
such situations, the need to invoke, or justification for using
a distribution of substates to describe the data could be vi-
tiated. (To posit that a single exponential represents simply
a distribution of zero width is not really in the spirit of the
concept of a distribution of lifetimes at least as described
above.)

The fluorescence of the single Trp residue in RNAse T1
and in azurin provides good examples of the problem in-
herent in interpretations of fluorescence lifetimes in terms of
either of these two physical models. The fluorescence decay
of Trp 59 in RNAse T1 has been thoroughly investigated in
several laboratories (James et al., 1985b; Chen et al., 1987;
Gryczynski et al., 1988), and there is broad acceptance that
at pH 5.5 the fluorescence decay is monoexponential, but at
pH =7.0 two exponential terms are recovered. Likewise,
Szabo and coworkers (Szabo et al. 1983; Hutnik and Szabo,
1989) and Fleming and coworkers (Hansen et al., 1990) have
made especially careful measurements of the fluorescence of
Trp in azurin and the general conclusion is that the fluores-
cence decay of holoazurin (of Ps. aeruginosa) is multiex-
ponential (two or three lifetimes) while that of apoazurin is
monoexponential. For both RNAse T1 and azurin, the het-
erogeneous intensity decay has been most frequently as-
cribed the existence of two or more conformers of each pro-
tein. Alcala et al. (1987) proposed instead a narrow
distribution of states for both proteins.

The problem with the above interpretations for these two
proteins is demonstrated in Fig. 1, which shows molecular
graphic depictions of the packing of the Trp residues within
the protein matrix of RNAse T1 and azurin, respectively. As
shown by Fig. 1, and further evaluated for RNAse T1 with
molecular dynamic simulations (Axelsen and Prendergast,
1989; MacKerrell et al., 1987), Trp 59 in RNAse T1 is se-
questered in a tightly packed, largely nonpolar pocket in the
protein matrix such that only high frequency of very low
amplitude librations is plausible; additionally, there is mark-
edly limited access for water, a potential quencher, to the Trp
side chain (Axelsen and Prendergast, 1989). Furthermore,
umbrella sampling calculations done in our group (C. Hay-
dock and F. G. Prendergast, manuscript in preparation) show
that the energetic barrier to rotational motion of the Trp in
RNAse T1 side chain is so high that the probability seems
small that there are many conformations of the indole side
chain sampled more quickly than or attained during the fluo-
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FIGURE 1 Computer graphic depictions of molecular packing around the
tryptophan residues of azurin (@) and ribonuclease T1 (b). Atomic coor-
dinates for these displays were obtained from the Protein Data Bank.

rescence lifetime. Finally, although we do not yet have simu-
lations done at specific pH values, judging from the equiva-
lence of the steady-state Trp fluorescence anisotropy at pH
5.5 and 7.5 (T. Felmlee and F. G. Prendergast, unpublished
data), we consider that any substantial change in Trp dy-
namics in RNAse T1 caused by changes in this pH range is
improbable. In other words, there seems to be little basis for
assuming multiple Trp conformations in RNAse T1. Rather,
it would appear that the Trp side chain librational motion
should be so rapid that a single fluorescence lifetime should
be evinced irrespective of pH providing that the tertiary
structure of the protein is not disrupted at pH >7.0. Admit-
tedly we still need to show from simulations that within the
entire set of x', x? dihedral angles defining orientations of
the Trp side chain, only one configuration is plausible.

A similar situation holds for azurin. Here too the Trp in-
dole moiety is ensconced in a densely packed hydrophobic
pocket. However, in azurin there is in addition a single cop-
per atom approximately 7 A from the indole moiety (Adman,
1991). This copper atom is clearly responsible for the low
quantum yield of holoazurin possibly because of electron
transfer from the excited Trp (James et al., 1985b) or because
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of fluorescence resonance energy transfer into a charge trans-
fer band (Sweeney et al., 1991). Judging from the graphic
depictions, even in the absence of molecular dynamics simu-
lation data, multiple conformations of the Trp side chain do
not seem tenable requiring as they would extensive disrup-
tion of a tightly packed region of the protein needed to allow
the indole ring to flip. Hansen et al. (1990) reached a similar
conclusion from their calculations regarding the limited mo-
bility of the Trp side chain in azurin.

At this point we should note that the very arguments we
mount against the possibility of multiple, unique conforma-
tions in azurin or, for that matter, any protein, hold equally
well for multiple conformational substates, at least as the
latter would need to be defined to justify the assertion of a
continuous distribution of fluorescence lifetimes (cf. Alcala
et al., 1987).

These and other examples of heterogeneous Trp fluores-
cence intensity decays have stimulated us to consider physi-
cal models other than the one just mentioned. We were par-
ticularly interested in approaches in which conformational
changes or conformation substates were not an obligatory
part of the model.

It will be apparent at the outset that irrespective of the
precise physical model favored, the key issue(s) is(are) the
intramolecular mechanism(s) influencing the excited state to
ground state transition. Accordingly, the fundamental tenet
in the model we present below is that deexcitation (quench-
ing) of the excited fluorophore (in this instance tryptophan)
can occur through a variety of mechanisms (channels), all
fundamentally involving, obviously, some form of transfer of
energy. For the conformationally determined models of
quenching, such transfer of energy is assumed to be effected
primarily through collisions with the quenching species in a
manner analogous to that implied by the Stern-Volmer for-
malism. In the model we present, the deexcitation is (pref-
erably) not at all dependent on collisions between the fluo-
rophore and quenchers. We use the term “energy transfer” in
a totally generic sense, realizing that all quenching of the
excited state perforce requires a transfer of energy. Fluo-
rescence resonance energy transfer is, in our parlance, simply
one form of energy transfer, but electron transfer is justifi-
ably another.

Although the precise form of that energy transfer is ulti-
mately important, for our immediate purposes this issue is
not of overriding importance. The primary consideration is
that any such process of deexcitation occurs, by definition,
with a specific rate and probability. We treat the fluorophore
as the energy donor and assume the existence of one or more
“acceptors” in the environment without specifying their mo-
lecular character, the precise molecular interactions or their
absolute locations relative to the fluorophore. The funda-
mental objective was met, namely to show that the model
provides a plausible interpretation for the data without the
need to invoke conformational differences as the basis for
multiexponential fluorescence intensity decay. Although the
core of the model has been considered for some time (Pren-
dergast et al., 1991), its development at this time was strongly
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influenced by the work of Blumen and Manz (1979) and
Klafter and Shlesinger (1986).

THEORETICAL MODEL

The energetically excited donor surrounded by acceptor mol-
ecules will decay either by transferring its energy to an ac-
ceptor (or set of acceptors) or by donor-specific radiative or
radiationless relaxation processes. These decay channels are
independent so that the overall decay function /() factorizes
as (Blumen and Manz, 1979)

I(t) = I0)e™""d(1), $(0) = 1. M

where e/ is the donor-specific decay function and ¢(¢)
represents a function describing the decay of the donor ex-
citation due to energy transfer to the acceptors. 1(0) is the
intensity at zero time. This formula is valid under the as-
sumption that only one donor is present and thus donor-donor
interactions are excluded. We will take into account only two
body interactions between the donor and each acceptor, ne-
glecting any interactions between acceptors. Also, any pos-
sibility of back energy transfer will be disregarded. We as-
sume that N acceptors can be randomly distributed at N sites
in configurations K,, ,, = {i1, iz, ..., i} wheren =1,...,
N is the number of acceptors that occupy the sites iy, . . . , i,
(Fig. 2). The index m = 1,...,CY (with C¥ being the
binomial coefficient) enumerates different ways of distrib-
uting the n acceptors at N sites. Kp; = {@} (empty set)
represents the configuration with no acceptors surrounding
the donor. In mathematical terms K, ,,, corresponds to com-
bination without repetition of order n from N elements. There
are C% such combinations and the total number of configu-
rations is therefore 3¥_ C¥ = 2¥

For mostly formal reasons it is useful to enumerate all
configurations K, ,, by a number

n-1
Km=2C¥+m—1, n=1,...,N, Kk, =0, )

k=0

which runs from 0 to 2V - 1. The incoherent direct decay of
the donor excitation by energy transfer to acceptors in con-
figuration X, ,, can be then expressed by (Blumen and Manz,
1979)

H(Kms ) = I e, 3
i€Knm
where w; is the decay rate for deexcitation due to energy
transfer to the acceptor at site i. The product is taken for
all i that are elements of K, ,, and reflects the joint prob-
ability of decay for uncorrelated events. For example, if N
= 3, then ¢(1,8) = e™, P(6,1) = e ™™'e ™, &7,1) =
e "¢ "¢ "' The decay rate w; could be considered as
dependent on distance R; from the donor to the acceptor at
site it w, = w(R). Specific examples of this dependence
are often encountered for multipolar interactions, w(R;) =
(1/7)(d/R;)*, and for exchange interactions, w(R;) = w(R,)
= (I/mexp[yd — R;)] (see e.g., Blumen and Manz,



2316

Biophysical Journal

Volume 65 December 1993

FIGURE 2 Schematic representation of some pos- @‘(
sible acceptor configurations K, , for three sites. The Site 1
acceptors could be of the same type or different types.

° - °

vy /

Each energy transfer process (indicated by arrow) is

strictly related to a given site i and corresponds to
the same energy transfer rate w; in any of the
configurations.

1979). In further considerations we will keep w; com-
pletely general.

The actually measured decay function in fluorescence
experiments is the ensemble average over all possible
acceptor configurations such that:

N C 2§—1 2V -1
¢(1t) = 2 X p(Kym) b3 ) = X pidlk; 1), 2 p=1.
k=0 k=0
@
Here py = p(K,m) is the probability of observing the acceptor

configuration K,, .. Equations 1, 3, and 4 yield to the decay
function of the form:

n=0 m=1

I(t) = I0)e " py + pye ™" + ... + pye ™™
+ pye M 4 4 pye e

+ p2N+1e_(w2+w3)' + ... +pN+C,.e—(WN-1+WN)t
2
®)

+ PN+C’2"+13_(Wl Tratu)t 4 PN+C§'+2e—(wl+WZ+m)'
+.o ot ppjem Tt = (h)

This decay function belongs to the family of general
multiexponential functions

E@t) =2 ae" ©)
J

usually employed to describe the fluorescence intensity de-
cay in terms of effective lifetimes 7, and the corresponding
amplitudes a;. The decay model given by Eq. 5 exhibits more
specific form than the general model given by Eq. 6. In the
general model there are as many effective lifetimes, consid-
ered as independent parameters, as there are components,
while in the model given by Eq. 5 with 2V components only

N + 1rates 1/7, wy, wy, . . ., wy are independent parameters.
Formally our model allows 1, 2, 4, . . ., 2" components, but
effectively any number of components may emerge when
some probabilities tend to be zero. Thus, in principle, if the
fluorescence intensity decay data were analyzed in terms of
the general multiexponential model, the transformation of
parameters makes possible interpretation of the decay in
terms of an unperturbed lifetime 7, “energy transfer” rates wy,
Wy, . .., and probabilities py, p1, p, . . . associated with oc-
cupancy of possible acceptor sites. This is illustrated in the
Illustrative Examples section.

ILLUSTRATIVE EXAMPLES

We can now offer an alternative and plausible interpretation
of the fluorescence decay in azurin (Hansen et al., 1990). The
fluorescence intensity decay in apoazurin purified from
P. aeruginosa is monoexponential with the lifetime 7,5, =
4.94 ns, which we interpreted as the unperturbed tryptophan
fluorescence lifetime. In the native holoazurin, two fluores-
cence intensity decay components were observed and our
decay model reveals the form:

L(¢) = I,(0)e~"(p, + pye™™"), ()

T=(42=x01)ns, w, =(9.38 *0.36)ns~,

®
Py =003 £001, p,=0.97 + 0.01.

(The errors in parameters were estimated from the errors of
original parameters quoted in Hansen et al. (1990) by the use
of error propagation rule.) Clearly, there is a high probability
of deexcitation by energy transfer to the Cu ion—the acceptor
in holoazurin. The small change in the apparent unperturbed
tryptophan lifetime, between native azurin and apoazurin
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(4.23ns versus 4.94ns) can be interpreted as being due to
small change in nonradiative relaxation consequent upon re-
moval of the copper atom. Another possible interpretation is
given below in conjunction with measurement of Hutnik and
Szabo (1989).

Hansen et al. (1990) consider the electron energy transfer
to the Cu ion as dominant quenching mechanism in fluo-
rescence intensity decay of holoazurin and calculate the rate
of transfer as 1/1; ~ 1/7,p,, where 7y is the lifetime of the fast
component of the fluorescence decay of holoazurin. The rate
they obtained was 9.41 ns™!, which is very close to the value
we obtained. The difference comes from the fact that 7 is
slightly different from T,p,.

In another measurement (Hutnik and Szabo, 1989) of the
fluorescence intensity decay of native azurin in apparently
identical experimental conditions (except for the temperature
which was 20°C compared with 22°C in Hansen et al. (1990),
and 25 thousand counts at the peak versus 10 thousand in
Hansen et al. (1990)), three exponentials were recovered.
These can be interpreted within our model assuming two
acceptors:

L) = L,(0)e [ p, + p,e™™" + p,e ™' + pye~ ™1 2)]
©)
T = 4.95ns,

w; = 9.80ns™!, w,=2.66ns",

(10
=002, p, =093, p,=005 p,=0

Such interpretation is rather consistent with the above in-
terpretation of data obtained by Hansen et al. (1990). The
unperturbed tryptophan lifetime 7 = 4.94 ns for apozaurin as
measured and analyzed by Hansen et al. (1990) agrees per-
fectly with that of holoazurin as measured and analyzed by
Hutnik and Szabo (1989) and for both sets of data there is
a high probability of deexcitation by energy transfer to the
Cu ion with approximately the same rate. Basically the only
difference is that for the data of Hutnik and Szabo interaction
with a second acceptor needs to be postulated, although that
interaction would have to proceed with a very small prob-
ability. Whether this phenomenon is a genuine result of the
slight difference in temperature between those two measure-
ments we cannot say, and is an issue to be decided by care-
fully designed measurements and data analysis. It is also
conceivable that the small change in the apparent unper-
turbed tryptophan lifetime between holoazurin and apoa-
zurin, which we observed in the data of Hansen et al. (1990),
effectively accounts for the second acceptor observed in data
of Hutnik and Szabo (1989). This shows that a thorough and
accurate analysis of fluorescence decay data is critical.
Another example to be considered is the apparently bi-
exponential decay of ribonuclease T1 Trp fluorescence
(Bajzer and Prendergast, 1992). We can assume that Eq. 7
describes the fluorescence intensity decay. Accordingly, the
excited single tryptophan in RNAse may transfer energy to
an acceptor with rate w, and with a relatively low but still
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significant probability p,, whence:
forpH = 7.5

T=(3.69 = 0.02)ns, w, = (0.33 = 0.04)ns™ "

Py =0.85=*0.02, p,=0.15=*0.02,
and for pH = 5.5

7=(3.99 = 0.01)ns, w, = (0.7 *02)ns"},

po = 0.961 = 0.004, p, = 0.039 = 0.004.

(Here we actually refitted the decay curves analyzed in
(Bajzer and Prendergast, 1992) by the one-acceptor model
(Eq. 7) and obtained errors in parameters using a variant of
Monte Carlo method (Press et al., 1986) with 100 simula-
tions). From this result we would infer that while the un-
perturbed tryptophan lifetime does not change considerably
with pH, the probability of energy transfer and its rate show
significant changes.

In a third example we consider the fluorescence of the
tryptophan residue in a reduced W28F mutant of E. coli
thioredoxin (i.e., thioredoxin bearing a single Trp moiety at
position 31). Time-correlated photon-counting measure-
ments were performed at pH 8.0 under conditions of 10 ps
channel widths and 20,000 counts at the peak. The intensity
profile comprising 1900 channels was analyzed by use of the
generalized Padé-Laplace method (GPL) (Bajzer et al.,
1990), the maximum likelihood (ML) (Bajzer et al., 1991;
Bajzer and Prendergast 1992) and the maximum entropy
methods (MEM) (Livesey and Brochon, 1987; Vincent et al.,
1988) assuming multiexponential function of the general
form (Eq. 6). Four components were recovered by the GPL
method (Table 1). The resulting lifetimes and preexponential
factors are in good agreement with the result of the ML
method (Table 1), when the estimates of errors in parameters
are considered. Similarly, the results of MEM show clearly
four overlapping peaks (Fig. 3). The corresponding values of
lifetimes and preexponential factors are in agreement with
two other methods (see Fig. 3 and Table 1) when the width
of these peaks (characterized by the standard deviations for
obtained parameters) is taken into account. Note that the
lifetime distribution of Fig. 3 may give rise to speculations
of a possible small fifth peak corresponding to a lifetime of
about 0.8 ns.

The ML fit is excellent (Fig. 4) and adequately describes
the decay data, as can be judged by statistical criteria (Table
1). Thus, the reduced Poisson deviance is D/v = 1.036, with
the standard normal variate, Z, being well within acceptable
limits of [-3,3]. The probability, Q, that the obtained devi-
ance will exceed the ideal value of D, is larger than 0.1
(Bajzer and Prendergast, 1992; Press et al., 1986), which
qualifies the four-component decay model as acceptable.
Furthermore, the residuals appear random (Fig. 4) with a
favorable run test statistic z (Bajzer and Prendergast, 1992).
Separability and detectability indexes (Bajzer et al., 1991;
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TABLE 1 Analysis of W28F mutant of thioredoxin

*

T1 23] T2 (L5 T3 Q3 T4 Qy
GPL* 43+08 0.05 = 0.02 1.5+07 0.06 = 0.04 0.33 = 0.07 0.32 = 0.06 0.14 = 0.02 0.56 * 0.07
ML 52*01 0.033 = 0.001 2.18 + 0.07 0.071 * 0.003 0.37 = 0.01 0.30 + 0.01 0.136 = 0.004 0.60 * 0.01
MEM! 4509 0.04 23*06 0.06 04 +0.2 0.34 0.16 + 0.03 0.56
DAT T Po Wi D w2 P2 W3 D3
52+01 0.032 = 0.002 0.259 + 0.007 0.071 * 0.001 2.38 = 0.07 0.26 + 0.01 54+02 0.008 = 0.033
D4 Ps Ds D7
0.001 * 0.002 0.0007 * 0.0042 0.29 + 0.04 0.34 + 0.03

*a; = a,/2) a; (see Eq. 6).

* The errors in parameters (second line) were estimated as described in (Bajzer et al., 1990).

$D = 1932, D/v = 1.036, Z = 1.12, Q = 0.135, z = 1.0. The value of D is the obtained minimum of the Poisson deviance D = 2 2;;1 [e; In(cidfy) -
¢; + fi]. Here ¢; and f; are the measured and calculated numbers of counts at channel i, respectively (see Bajzer et al., 1991; Bajzer and Prendergast,
1992), and v is the number of degrees of freedom. The corresponding standard normal variate is Z = (D - v)/(2v)"2. Q is the probability that the
obtained deviance will exceed its ideal value, Q = T'(v/2, D/2)/T'(v/2), I'(a, x) = fTe t° 'dt. z = (r - w,)/o, is the runs test statistic for residuals.
Here r is a number of runs and p, = 1 + 2nyn,/n,, n; = n, + n, where n, and n, are the numbers of positive and negative residuals, respectively. g, =
[2rpn.(2npn, — n)/(n? — n2)]". The residuals are defined (cf. Bajzer et al., 1991) r, = \/i(c,. — fle: In(ci/f) — ¢; + f1?1¢; — f1. The errors in
parameters (second line) were estimated as described previously (Bajzer and Prendergast, 1992).

¥ x?/v = 1.032. Here x2 = 2" (c; — f)*/c; where c; is the measured number of counts and f; the number of counts calculated as in (Livesey and Brochon,
1987). The values of 7;, i = 1, 2, 3, 4, were obtained by standard methods as centroids of isolated peaks considered as unimodal probability distributions
(Vincent et al., 1988) and the presented errors (second line) as SDs corresponding to these distributions. ¢, i = 1, 2, 3, 4, were obtained as the areas of
isolated peaks subsequently normalized to yield the sum of 1.

YD = 1928, D/v = 1.036, Z = 1.08, Q = 0.134, z = 1.4. Definitions as in remark §. The errors in parameters are determined as SDs obtained by Monte

Carlo method (Press et al., 1986) with 100 simulations.

Bajzer and Prendergast, 1992) are all above 17, indicating
that these components are resolvable. The ML fit (Bajzer
and Prendergast, 1992) also included the determination of
zero time shift (6 = —0.005 ns) and light scatter parameter
(€ = 0.09).

Subsequently we fitted (by the use of the ML technique)
the same data with a model that assumes three acceptors:

I,(t) = ,(0)e ""[ p, + pie ™" + p,e ™ + pe ™™

+p4e—(W1+W2)t + pse—(m+W3)l +p6e—(W3+Wx)t

(11)
+ p7e—(W1 +w2 +m)I]

Examination of the resulting parameter values (Table 1)
shows that it is very unlikely that an energy transfer process
characterized by the rate w; can occur alone (p3; =~ 0 within
estimated uncertainty). The same is concluded for possible
simultaneous processes characterized by the rates w; + w,
and w, + w3 (p; = 0, ps = 0 within uncertainties). Rather
more probable are the processes characterized by the rate w,
and the simultaneous processes characterized by the rates
ws + wy and w; + wy + ws. Interestingly the value of the
unperturbed tryptophan lifetime in thioredoxin is quite simi-
lar to the value of unperturbed tryptophan lifetime of azurin.

The quality of the fit with the model given by Eq. 11 is
the same as for the standard four-component model (Table
1). The likelihood ratio test for possible significant difference
of fits for the three-acceptor and four-component model
shows the equivalency of these models with respect to
data. The difference between respective deviances is only
4, and it should be at least 13.3 to be significant with
Pr(X > 13.3) = 0.01.

DISCUSSION
Origin of the model

The approach to modeling of decay law for fluorescence
intensity we have presented here is basically similar to that
of Blumen and Manz (1979). However, their aim was dif-
ferent. They wanted to derive a closed form expression when
a large number of acceptors are distributed on an infinite
regular lattice. As a final result, in continuum approximation
they obtained a typically nonexponential decay law model
that generalizes Forster type decay for fluorescence reso-
nance energy transfer. They assumed a specific expression
for the probability p(K,.m), i.€., P(Knm) = p"(1 — p)¥~" where
p was the probability of a site being occupied by an acceptor.
Such an expression is a result of their assumption that the
occupancy of lattice sites by acceptors is random and
uncorrelated.

We, however, retained the probability p(«,,,) completely
general and obtained the decay law model in the form of
multiexponential functions. The number of components de-
pends on the number of acceptors to which the energy can
be transferred. For a small number of acceptors we deal with
a multiexponential function specific in the form of its ex-
ponents. For a large number, N, of acceptors the multiex-
ponential function of our model contains even more (2V)
components and could actually be considered as a represen-
tation of a nonexponential decay model.

Blumen and Manz first considered the case in which all
acceptors were of the same type, and subsequently gener-
alized their formulae to a more complex situation of accep-
tors belonging to different species. We have followed the
reasoning of Blumen and Manz for a singie type of acceptor.
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FIGURE 3 The distribution of lifetimes as recovered by the maximum
entropy method and the discrete lifetimes (with amplitudes) as recovered by
the maximum likelihood and generalized Padé-Laplace methods. For the
lifetime distribution 290 logarithmically equidistantly spaced lifetimes were
used in the range of 0.04-35 ns. The ordinates are expressed in percentage
of the maximal value of the distribution function. Similarly, for discrete
lifetimes the amplitudes are expressed in percentage of the maximal am-
plitude for a given method.

However, by careful inspection of possible configurations
K, ., we found that our formula remains valid even if N
acceptors are of several types, providing that each type can
occupy its own set of sites. In other words we do not take into
account configurations in which two or more acceptors of
different types may occupy exactly the same site. This re-
striction is really not of any importance because we have not
defined the sites by a specific regular lattice, and two sites
may be formally considered different even if they are in-
finitesimally close.

Our next comment is related to the recent paper of Sienicki
et al. (1991) which leaves the impression that the multiex-
ponential decay law is very approximate as it “...neglects the
fact that the measured fluorescence decay profile is an av-
erage signal from all molecules excited by light.” In other
words, they suggested that the averaging procedure over all
configurations leads inevitably to a nonexponential decay
model. This appears true in the continuum approximation
(except for the position-independent relaxation rate, as Sien-
icki et al. noted). However, for the model considered here,
as long as the transition to the continuum is not performed,
the multiexponential character of the decay law is in fact a
consequence of configurational averaging. The same is true
for the more specific decay model given by Eq. (2.7) of
Blumen and Manz (1979) from which the continuum ap-
proximation employed by Sienicki et al. was actually de-
rived. In that respect the nonexponential formulae of “Theo-
retical Considerations” of (Sienicki et al., 1991) could be
considered equivalent to multiexponential functions with a
large number of components.

Before going on to a discussion of the particular examples
of Trp fluorescence we have presented, we wish to empha-
size that our model formally represents a reparametrization
of the traditional multiexponential model. Virtually any tra-
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FIGURE 4 Fluorescence intensity decay of reduced W28F mutant of E.
coli thioredoxin fitted to standard 4-exponential decay function by the ML
method. Visual inspection of residuals and the corresponding autocorrela-
tion function (calculated as in (O’Connor and Phillips, 1984) shows the
randomness expected for a good fit. The statistical criteria of the goodness
of the fit and the parameter values are given in Table 1.

ditional multiexponential decay function can be reparam-
etrized in terms of an unperturbed donor lifetime, “energy
transfer” rates, and corresponding probabilities (of which
some may vanish). As such, the decay function is interpret-
able in terms of a simple picture of a donor transferring its
energy to acceptor(s) by certain mechanisms whose precise
nature is not crucial for the model. To answer whether, or to
what extent, this picture describes fluorescence decay in any
protein, a detailed study would be required for each. Such a
study should involve detailed examination of wavelength de-
pendence, of the fluorescence decays, evaluation of pH and
temperature effects, and the effects of other physical per-
turbations. Only then might some definitive answers be ob-
tained and the appropriateness of this model be fully appre-
ciated. However, within the scope of the present paper, we
will briefly indicate possible interpretations in terms of the
model proposed and point out the difficulties and dilemmas.

Specific Examples of Multiexponential
Fluorescence Intensity Decays

In the case of the specific proteins considered in this paper,
we can now offer interpretations of the multiexponential in-
tensity decay that do not invoke conformational changes in
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the protein. But now, the actual mechanisms of quenching
become important in our deliberations. There are some un-
ambiguous examples of the type of donor/acceptor model we
propose, most notably Trp fluorescence in myoglobin and
hemoglobin. In both of these proteins, the energy transfer
process is clearly by Forster fluorescence resonance energy
transfer (see e.g., Hochstrasser and Negus, 1984). In other
proteins, the processes are less clear. For azurin, the role of
copper seems incontrovertible, and the proposal that it acts
as an electron acceptor has been well argued by Petrich et al.
(1987) and later by Hansen et al. (1990). However, this view
has been challenged by Sweeney et al. (1991). Using UV-
resonance Raman techniques, these authors found no evi-
dence for a radical Trp cation and concluded that quenching
occurred by resonance energy transfer from Trp to Cu-
protein charge-transfer band. Unfortunately Sweeney et al.
did not provide any other direct evidence for such energy
transfer to justify their inference. From our standpoint, ir-
respective of who is “right,” the role of a Trp excited state-
copper atom interaction is unchallengable, and in the model
presented here, the copper atom effects clearly dominate the
quenching processes in the holoprotein.

Without getting into the fray, we would also note simply
that the precise mechanism of energy transfer is not critical
to the model we describe here, but it is interesting that our
model recovers the same rate (within the experimental error)
for the quenching process as that calculated by Hansen et al.
(1990) (9.38 and 9.41 ns ™, respectively). As noted above the
heterogeneous decay of fluorescence in holoazurin, which
we propose, occurs because electron transfer is not perfect,
i.e., does not occur with a probability of 1. As our model
shows, one can then recover two exponential components
assuming one acceptor, three assuming two acceptors all
with statistically good results. The consonance of the results
recovered by this new model for the rates and lifetimes from
the data of both Hutnik and Szabo (1989) and Hansen et al.
(1990) is reassuring in spite of the unresolved issue of the
existence of the third component. Multiple protein confor-
mations, which as we have noted are difficult to justify given
the structure of azurin, need not be invoked. An important
additional observation is that of all the interpretations we
might use, only the model we propose here explains the re-
covery of the fluorescence lifetime of the apoazurin from the
fluorescence lifetime intensity decay data from holoazurin.

At this junction two additional caveats are in order. The
excellence of current experimental and analytic techniques is
such that the “conformational” purity of protein samples used
for fluorescence measurements becomes a real issue. Thus,
one has to wonder of what real significance is a component
that contributes only a small fraction (say <5%) of the fluo-
rescence evinced. Furthermore, in the case of a protein such
as azurin, how might slight displacements in the position of
the copper atom influence the efficiency of electron transfer?
Since we do not know the precise distance dependence of the
effect of the Cu ion on Trp fluorescence, it is easy to postulate
that a small change in the position of that bound ion relative
to the indole side chain may be the basis for apparently dif-
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ferent recovered lifetimes. But, as noted above, it is difficult
to rationalize the recovery of the long lifetime component
seen in holoazurin. (For example, how much would the cop-
per atom have to be moved away in a (putative) second con-
former to allow the appearance of the long lifetime compo-
nent.) In principle, the structural fluctuations in the protein
occurring on a picosecond-to-nanosecond timescale may be
deemed to represent conformational substates. However,
without a structurally credible description of how much of a
conformational change is needed to effect a change in life-
time, the claim that heterogeneous lifetimes reflect either
protein matrix dynamics or multiple protein conformations
is found wanting. To our knowledge while there have been
many allusions to, or assertions for, multiple conformers in
proteins, little evidence has been adduced. As pointed out by
a reviewer, our model does assume that the lifetimes are
invariant with excitation and emission wavelength. Hence,
Trp residues that exhibit distinguishable decay-associated
spectra are not good candidates for the model. The second
caveat, however, is relevant to the latter issue.

The popular view is that RNAse T1 exhibits a single life-
time at pH 5.5. Data from our laboratory have suggested a
very small contribution from a quenched second component,
and we can rationalize that result within the framework of our
model. On the other hand, this latter result could also be due
to no more than the presence of a very small fraction of
protein which, for example, might be denatured. (Prender-
gast et al., 1991). A similar argument could be used for the
protein at pH 7.5, even though under such conditions the
apparent second component is prominent. The difficulty for
our model is that in RNAse T1 there is no obvious candidate
in the protein structure to assign as an “acceptor” except
perhaps the carbony! group of a single closely approximated
proline residue (Axelsen and Prendergast, 1989). By the
same token, there is also no obvious way to explain the ap-
pearance of a second lifetime component in terms of either
two conformers or a distribution of substates.

Before considering the next protein, we must reiterate the
importance of the choice of methods used for the analysis of
the fluorescence intensity decay data primarily with regard
to the ability to separate the individual components (in terms
of preexponential factors and lifetimes) in a presumed mul-
tiexponential decay process. With time-correlated single
photon counting data, for a number of sampled data, a given
channel width and level of noise, and a particular algorithm
for parameter recovery, there is a critical lifetime ratio and
a critical ratio of preexponential factors beyond which the
desired parameters cannot be resolved (Bajzer et al., 1990
Bajzer et al., 1991 Bajzer and Prendergast, 1992). The im-
plications of this inescapable reality for interpretation of ei-
ther single or multiple lifetimes are clearly exemplified by
the case of azurin and ribonuclease T1. Therefore, to be able
to extract reliable information from the experimental data, it
is essential to use different methods of analysis, and several
statistical criteria (including those we advocated in Bajzer
and Prendergast (1992)). Such a thorough approach was ex-
emplified in analyzing the fluorescence intensity decay curve
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of W28F mutant of thioredoxin. It is also very useful to
perform simulations which may suggest (Bajzer et al., 1991
Bajzer and Prendergast, 1992) that a given measured fluo-
rescence intensity decay should be remeasured under dif-
ferent conditions with regard to the number of data points,
and the level of noise and the extent of the tail portion of the
decay curve included in the analysis. With these issues in
mind, the results from the reduced single Trp mutant (W28F)
of thioredoxin (TRX) are particularly interesting. Wild type
thioredoxin (WT-TRX) has two tryptophan residues W31
and W28. Traditional analysis of the fluorescence intensity
decay of WT-TRX yields four apparent lifetimes. Analysis
of the fluorescence intensity decay of the single Trp mutant
W31 (in the W28 mutant of TRX) also yields four apparent
lifetimes in the oxidized and reduced forms of the protein.
Assuming the existence of three acceptors, the data can be
fit excellently with our model. Interestingly, a detailed 13C-
NMR study of this protein labeled with Trp enriched at C8§,;
of the indole ring with 13C (see e.g., Weaver et al. 1988)
shows no evidence of multiple conformers (K. Nollet, F. G.
Prendergast and M. D. Kemple., manuscript in preparation).
Admittedly the NMR result could reflect simply the different
time scales inherent in the NMR and fluorescence experi-
ments but 13C-NMR relaxation data also showed a high or-
der parameter for W31 in thioredoxin (Kemple et al., 1993),
suggesting the restricted mobility of W31.

The disulfide bond in TRX has been proposed as the
quenching agent responsible for the low quantum yield and
short lifetimes found for the Trp fluorescence of oxidized
wild type TRX (Holmgren, 1971; Mérola et al., 1989; Elofs-
son et al., 1991) and the evidence in favor of that inference
is good. Molecular graphic depictions and molecular dy-
namic simulations (Silva, N. Haydock, C. and Prendergast
F.G., unpublished observations) show that the direct colli-
sional interactions between the indole rings of either W28 or
W31 with the disulfide bond are not likely, implying that
quenching mechanisms operating through space must exist,
for example, by electron transfer. The fluorescence of W31
in the single Trp mutant would similarly be influenced by the
disulfide bond in the oxidized protein, or by the individual
sulfhydryl groups (therefore two potential acceptors) in the
reduced protein. We do not have structural evidence for the
putative third acceptor.

Throughout this discussion we have implicitly sided with
the view that electron transfer may be a key, or possibly the
key mechanism for quenching of the Trp fluorescence. How-
ever, it is also apparent that the model holds conceptually
even if several different quenching mechanisms are operative
providing only that the rates of the processes compete with
the rate of the fluorescence emission. In fact, it is likely that
in some proteins multiple mechanisms operate particularly if
the Trp side chain is exposed to solvent. We would propose
that the heterogeneity of decay arises from the multiplicity of
competing interactions that result in the appearance of mul-
tiexponential fluorescence intensity decays or as nonexpo-
nential decays. The latter, in turn, might well be represented
as a distribution of lifetimes (cf. Alcala et al. 1987). The
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conceptual significance and attractiveness of our model lies
in validation of the multiexponential description of Trp fluo-
rescence intensity decay and in the absence of a need to
invoke conformational changes to explain the heterogeneity
in Trp fluorescence lifetimes. The only critical consider-
ations are the number of “acceptors” and the probabilities of
their interaction with the excited state of the fluorophore.

CONCLUDING REMARKS

The single unambiguous conclusion that we can draw is that
a variety of models can be applied equally effectively to the
analysis of fluorescence intensity decay data. In other words,
analysis per se cannot be used to prove a physical model.
Currently, assignment of a physical model to a particular Trp
fluorescence decay is influenced strongly by investigator
bias. This situation is understandable because in general the
structural elements in a protein matrix responsible for
quenching are seldom identifiable making it difficult to prove
any physical model. Our uncertainty is exacerbated by the
fact that we do not know the precise mechanisms of intra-
protein quenching.

As noted earlier there is usually an implicit assumption in
the arguments for multiple conformational substates as the
basis for multiple distinct or for distributed lifetimes, that
quenching of Trp fluorescence arises from highly localized
collisional interactions of the indole moiety with quenching
groups. The already stated difficulty of identification of the
specific quenching groups notwithstanding, this assumption
is still problematic. Given apparent structural constraints im-
posed by protein packing around the Trp side chain in many
proteins, the distance of separation between fluorophore and
quencher is often so small that the rates of collision between
the indole moiety and a putative quenching agent in the mi-
croscopic environments of the Trp side chain in such proteins
would be exceedingly high, often =101, Under such con-
ditions one would find it difficult to explain why any fluo-
rescence occurs at all, and if fluorescence is present why it
is not monoexponential. The model we present here avoids
this problem but also suffers from the difficulty of identifying
the putative “acceptor” sites. However, it is not casuistic to
point out that all models of intramolecular quenching of Trp
fluorescence in proteins are beset by the difficulty inherent
in the identification of the mechanisms responsible.

Regarding our suggestion that some proteins are confor-
mationally so constrained, as to make multiple conformers
unlikely, one of the reviewers of the paper pointed out that
“protein models for side chains represent a single consensus
structure that is derived from consensus-gathering methods
(x-ray and NOE) that allow minority conformers to be ”swept
under the rug” unless they are both heavily populated and
very long-lived.” We agree, and we also agree on the limi-
tation inherent in molecular dynamic simulations or
umbrella-sampling techniques to detect conformers existing
“in microsecond to millisecond equilibria.” However, we
hold that these simulations can provide reasonable insight
into the energetic barriers to Trp side chain motion and hence
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some indication regarding the likely fractional populations
for different states, and barrier crossing rates between or
among states (cf. Haydock, 1993). In the absence of data
from other experimental techniques, and devoid of insights
gleaned from simulations, how much confidence can we
have in inferred conformational states?

As to mechanism of quenching of Trp fluorescence in
proteins, we are frankly biased in our current thinking in
favor of electron transfer as the principal (but by no means
sole) mechanism of quenching of Trp fluorescence in pep-
tides and proteins, at least insofar as the effects of the protein
matrix per se are concerned (cf. Eftink et al., 1989). Addi-
tionally, when water is present, other factors, particularly
exciplex formation, may contribute substantially, but in
many, possibly most instances, water is not apparently a ma-
jor reason for shortened Trp lifetimes. Indeed, several pro-
teins with “long” Trp lifetimes have Trp residues, which
from crystallographic data are substantially exposed to water
(e.g., W15 of Liver alcohol dehydrogenase (Beechem and
Brand, 1985)).

As a final remark we wish to emphasize that the model
proposed here is not a panacea. No model is. The strong
likelihood is that any one of the three models might be ap-
plied for the Trp fluorescence of a particular protein. Qur
intention is primarily to widen our perspective regarding the
heterogeneity in proteins in terms of a simple, theoretically
well-defined picture and plausible physical model. By no
means does our approach a priori exclude more traditional
models that invoke a “conformational” basis for heterog-
enous intensity decay. We are particularly concerned that
wherever possible the interpretation of fluorescence lifetime
data be corroborated by information from other experimental
techniques; NMR might be the most useful (cf. Ross, 1992).
Lastly, we agree with one of the reviewers that, as predicted
by Lumry and Hershberger (1978) the effects of temperature
may provide some of the most useful insights regarding the
effects of the protein matrix on Trp fluorescence intensity
decay.

The computer program DONAC for the analysis of fluo-
rescence intensity decay curves in terms of the proposed
model is available upon request.
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