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Fluorescence Lifetime and Solute Quenching Studies with the Single Tryptophan
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ABSTRACT: The fluorescence decay of cod parvalbumin (both its Ca*-loaded and Ca?*-depleted forms)
is found to be a nonexponential process. The decay data can be fitted either by a double-exponential decay
law or by a distribution of decay times. To try to distinguish between the double-exponential and distribution
fits, we have collected frequency domain and steady-state fluorescence data as a function of temperature
and concentration of the quencher acrylamide. We argue that the correct decay law (i.e., double exponential
or distribution) must be consistent with all the data collected as a function of temperature and quencher
concentrations. We employ a global analysis procedure to simultaneously fit multiple data sets that are
linked by an Arrhenius or Stern—-Volmer relationship. For the Ca?*-loaded form of parvalbumin, the
distribution model provides a consistent and reasonable fit for all of the frequency domain and steady-state
data. The double-exponential model requires more fitting parameters, and some of these assume unreasonable
values when this model is fitted to all of the data. For the Ca?*-depleted form of the protein, it is not clear
whether the double-exponential or distribution model is superior. For our steady-state solute quenching

studies we present a novel analysis in terms of a distribution of quenching constants.

r];xe intrinsic fluorescence of tryptophan residues in proteins
provides a sensitive probe to study the conformational dy-
namics of the microenvironment of these residues. For a
number of years it has been clear that the fluorescence of
individual tryptophan residues may not be homogeneous.
More often than not, the fluorescence decay of such residues
is nonexponential (Grinvald & Steinberg, 1976; Beechem &
Brand, 1985). Examples of single tryptophan residues where
this nonexponentiality has been observed are ribonuclease T,
(Chen et al., 1987; Eftink & Ghiron, 1987), holoazurin (Szabo
et al., 1983; Petrich et al., 1987), melittin (Lakowicz et al.,
1986), adrenocorticotropin (Ross et al., 1981a), nuclease
(Grinvald & Steinberg, 1976; Brochon et al., 1974; Lakowicz
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et al., 1986), and phospholipase A, (Ludescher et al., 1985).
Even the amino acid tryptophan, in water, displays a nonex-
ponential decay (Beddard et al., 1980; Szabo & Rayner, 1980;
Petrich et al., 1983).

The traditional practice has been to try to describe such
decays in terms of the minimum number (i.e., two or three)
of exponential decay time. The question then becomes one
of trying to relate these various decay times to different
conformational states and/or different kinetic processes. For
example, the two decay times found for tryptophan in water
have been interpreted in terms of emission from different
rotamers (Szabo & Rayner, 1980; Petrich et al., 1983), or dual
emission from the L, and L, bands of the excited indole ring
(Rayner & Szabo, 1978), or as being a result of the ¢!/2 term
for diffusional quenching by side chains (Beddard et al., 1980).
Likewise for proteins, analogous interpretations, involving two
conformational states or excited-state reactions, have been
offered (Beechem & Brand, 1985).

© 1989 American Chemical Society
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Recently, it has been independently pointed out by different
groups (Albery et al., 1985; James & Ware, 1985; James et
al., 1985; Alcala et al., 1987a—c) that it may be more ap-
propriate in some cases to interpret nonexponential fluores-
cence decays in terms of a continuous distribution of decay
times. Alcala et al. (1987b,c) and Lakowicz et al. (1987a)
have analyzed the fluorescence of a few single tryptophan
containing proteins in terms of a distribution. Elsewhere, we
have compared double-exponential and distribution fits for
ribonuclease T, (Eftink & Ghiron, 1987).

In this paper we present frequency domain and solute
quenching data for the single tryptophan containing (Trp-109),
calcium binding, parvalbumin from codfish, with the goal of
trying to determine whether a fit in terms of discrete
fluorescence lifetimes or a distribution of lifetimes provides
the best description of the data. We have studied both the
Ca?*-loaded and Ca?*-depleted forms of parvalbumin. The
fluorescence of this protein (or the homologous whiting protein,
which contains a single Trp-102) has been previously studied
(Permyakov et al., 1980, 1985; Eftink & Hagaman, 1985;
Francois et al., 1987; Castelli et al., 1988). Permyakov et al.
(1985) reported the fluorescence decay of Ca**-loaded whiting
parvalbumin to be a double exponential, with 7, = 3.5 ns, 7,
= 1.4 ns, and f; = 0.7 at 20 °C at pH 8.0. Very recently,
Castelli et al. (1988) have reported a monoexponential decay,
with 7 = 4.6 ns, for the whiting holoprotein at pH 9.0. Here
we present additional frequency domain lifetime measure-
ments, as a function of temperature and added solute quencher,
for both the Ca?*-loaded and Ca?*-depleted states of the
parvalbumin from codfish. We compare double-exponential
and continuous-distribution lifetime fits. We present analyses
of multiple data sets (global analyses) using a program that
has recently been developed by Beechem et al. (1988). Also
we present steady-state solute quenching data and a novel fit
of a distribution of Stern-Volmer quenching constants to the
data.

EXPERIMENTAL PROCEDURES

Materials. Cod parvalbumin isotype III was isolated as
described by Horrocks and Collier (1981), with the following
modification. Instead of the final anion-exchange chroma-
tographic step, the protein sample was applied to a 1.5 X 90
cm Sephadex G-75 column. The resulting protein sample
showed a single band on SDS gel electrophoresis and was
estimated to be >95% homogeneous by this method [although
likely to still contain some isotype II, which has neither
tryptophan nor tyrosine residues and thus will not interfere
with fluorescence studies (Closset & Gerday, 1976)].

Acrylamide was recrystallized from ethyl acetate. Water
was distilled and deionized. Other buffer components were
of reagent grade.

Lifetime Measurements. Multifrequency phase/modulation
fluorometry was performed with a SLM 4800 fluorometer,
equipped with an update package from ISS, Inc. This in-
strument, the lifetime measurement procedure, and the
phase-resolved spectra (PRS) measurements are described
elsewhere (Eftink & Ghiron, 1987; Eftink et al., 1987). The
cell holder was temperature regulated, and temperatures re-
ported are those in the fluorescence cell. An interference filter
(10-nm bandwidth) centered at 290 nm was used for excita-
tion, and the emission was observed through a Corning 7/60
filter. For PRS measurements, an emission monochromater
{16-nm slits) was used. A nonlinear least-squares fitting
program (ISS, Inc.) was used to analyze the raw-phase and
modulation data in terms of single-exponential and double-
exponential decays (Gratton et al., 1984; Lakowicz et al.,

Biochemistry, Vol. 28, No. 1, 1989 383

1984). The program GLOBAL, kindly provided to us by Dr.
J. Beechem, was used to perform distribution fits and si-
multaneous nonlinear least-squares fits on multiple, linked data
sets (Beechem & Gratton, 1988; Beechem et al., 1988).

Quenching Studies. Both lifetime and intensity solute
quenching studies were performed on the above phase fluo-
rometer. A magnetic stirrer was used for mixing aliquots of
a concentrated quencher solution into the cell. For the intensity
studies, an excitation wavelength of 295 nm was used, and
corrections were made for absorptive screening by acrylamide
(Eftink & Ghiron, 1976).

The intensity quenching data were analyzed by aid of a
program which we will describe elsewhere. This program
calculates a nonlinear least-squares fit of the following form
of the Stern—Volmer equation (Stryjewski & Wasylewski,
1986):

n=lor2 X

Z="% /i M

Fy =1 (1 + K[Q]) exp(Vi[Q])
where F and F; are the fluorescence intensities in the presence
and absence of quencher, Q. K;and V; are the dynamic (X;
= ky,7o,) and static quenching constants for component /, and
f; (where i = 1 and possibly 2) is the fractional intensity of
a quenchable fraction. A nonlinear least-squares fit of eq 1
was performed with an IBM-type personal computer.

Distribution of Quenching Constants. In some cases the
data were also analyzed in terms of a model for a distribution
of quenching constants. We have written a nonlinear least-
squares program to fit the following “quenching constant
distribution” model to steady-state quenching data. We
consider a Lorentzian distribution of K; values (actually 18
equally spaced K; values). The fractional intensity associated
with each K is given as

1/[(A/2)* + (K, - K)]
Ju= 3 (2)
El/[(A/2)2 + (K - K)’]

where K is the mean K; value, and A is the full width at
half-maximum (FWHM) of the distribution. The resulting
Stern—Volmer equation is the sum of all the K| values, as
follows:

F_ E: Jai
Fy =1(1 + K[Q]) exp(VIQD

Here we have assumed that the static quenching constant V'
is the same for each of the microstates in the distribution. This
assumption is reasonable if the basis of the distribution of X;
values is the existence of a distribution of lifetimes. If a
distribution of conformational microstates exists in which the
tryptophan residue experiences a range of solvent exposure,
it may also be best to express a distribution of ¥ values, instead
of a single value. As an initial assumption, we have fitted the
above model with a discrete V value.

(3)

RESULTS

Interconversion of Calcium-Loaded and Calcium-Depleted
Forms. Figure 1 shows the dependence of the fluorescence
intensity and A, of cod parvalbumin on the amount of EDTA
added. A large red shift and slight drop in intensity are seen
upon the removal of Ca?* from the protein. These results are
similar to those obtained by Permyakov et al. (1980) for
whiting parvalbumin. In the following studies, Ca?*-loaded
cod parvalbumin will refer to studies in the presence of 10 mM
CaCl,. Ca?**-depleted protein will refer to studies in the
presence of 10 mM EDTA.
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FIGURE 1: Effect of addition of EDTA on the fluorescence maximum
intensity (@) and relative (integrated) intensity (O) and Ay, (A, right
axis) of cod parvalbumin. Data obtained at 25 °C in 0.05 M Tris-HCl
buf{er, pH 8.0. Total protein concentration was approximately 3 X
107 M.
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FIGURE 2: Phase and modulation measurements for Ca?*-loaded (O,
®) and Ca?*-depleted (A, A) cod parvalbumin. Temperature, 25 °C;
pH 8.0; 0.05 M Tris-HCI buffer. The solid lines are two-component
fits, as given in Tables I and II.

Quantitative studies by others have shown there to be two
high-affinity (K =~ 108 M™) Ca?* sites on homologous
parvalbumins (Kretsinger, 1980). Scatchard plots of Ca?*
binding show no indication of weaker binding sites (Ogawa
& Tanokura, 1986), and circular dichroism and fluorescence
(of dansyl-labeled carp parvalbumin) titrations show no in-
duced changes in the Ca®* concentration range of micromolar
to millimolar (Tlio & Hoshihara, 1984). Although we routinely
added 10 mM CacCl, to assure saturation of the protein, we
have observed fluorescence lifetime and spectral data for the
holoprotein (without added Ca?*) to be essentially the same
as that for the Ca?*-loaded samples.

We used an excess of EDTA (10 mM), to form the
Ca?*-depleted protein, to avoid problems of incomplete removal
of Ca?* (Blum et al.,, 1977). It is possible that there is some
weak binding of EDTA to the protein. For example, Haiech
et al. (1979) reported a dissociation constant of 35 mM for
EGTA and a homologous parvalbumin. This could potentially
be a source of heterogeneity in the fluorescence of the
Ca?*-depleted proteins, but a much more likely source of
heterogeneity stems from the fact that the protein shows a
thermal transition near 32 °C when Ca?* is removed (Fili-
monov et al., 1978). Also we note that, at 25 °C, we find no
difference in the emission spectrum of the protein between 1
and 10 mM EDTA.

Fluorescence Lifetime Measurements. Typical multifre-
quency phase/modulation measurements for Ca®*-loaded and
Ca?*-depleted cod parvalbumin are shown in Figure 2. In
each case, a single exponential fit is unsatisfactory. A dou-
ble-exponential decay law adequately described the patterns.
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FIGURE 5: (Bottom) Arrhenius plot for the mean lifetime of the
Lorentzian distribution fits: Ca** loaded (A); Ca®* depleted (0).
(Top) Temperature dependence of the width of the distributions (same
symbols as the bottom).

We have performed such phase/modulation studies as a
function of temperature, from 2 to 35 °C. In Tables I and
II we list the fitting parameters for the two forms.

We have also fitted these data to a Lorentzian distribution
of decay times using the program GLOBAL (Beechem et al.,
1988). Figure 3 shows such a distribution fit for the Ca?*-
loaded (left) and Ca?*-depleted (right) protein forms. The
full-width half-maximum of the distribution for the latter is
about twice that of the former. The reduced x? for the dis-
tribution fits are nearly the same as those for the two-com-
ponent fit, and as we have found for ribonuclease T, (Eftink
& Ghiron, 1987), the error vs frequency pattern shows no
systematic differences for the two fits.

Figures 4 and 5 show Arrhenius plots of the fluorescence
lifetime data. Figure 4 corresponds to the two-component
model. It shows much scatter for the shorter lifetime and an
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Table I: Lifetime Analyses for Calcium-Loaded Parvalbumin®

single-component

fit two-component fit Lorentzian distribution fit
temp (°C) 7, (ns) x? 7, (ns) 74 (ns) a; (f) x? center (ns) width (ns) x?
2 4,28 2.99 5.00 3.22 0.533 (0.64) 1.12 4.15 0.71 1.25
5 4.37 5.41 4.54 0.88 0.842 (0.965) 1.13 4.18 0.89 2.04
10 4.28 5.22 4.43 0.64 0.824 (0.97) 1.00 4.09 0.87 1.88
15 4.20 5.92 4.35 1.16 0.840 (0.95) 1.29 3.93 0.88 1.68
20 4.04 5.79 4.49 2.12 0.723 (0.84) 0.68 3.78 0.96 0.81
25 4.08 5.94 4.61 2.22 0.704 (0.83) 0.52 3.81 1.01 0.56
30 3.61 9.27 4.01 1.56 0.715 (0.86) 1.67 3.30 0.97 2.18
35 3.35 11.00 3.78 1.57 0.694 (0.845) 2.77 3.07 0.90 341
global fit 7, (ns) 74 (n8) a x2 center (ns) width (ns) x?
o; varied 5.34 2.98 0.426, 0.130 2.05
(E,, = 1.80 keal/mol) 0.204, 0.255
(E, = 2.55 kcal /mol) 0.309, 0.023
0.312, 0.291
o; linked 4.66 2.48 0.486 14.61
(E,, = 1.79 kecal/mol)
(E,, = 2.38 kcal/mol)
Lorentzian 3.58 1.26 9.61

(E; = 1.50 kcal/mol)

aConditions: 0.05 M Tris-HCI buffer, pH 8.0, with 10 mM CaCl,. The x? are calculated with the following standard deviations for the phase and
modulation values: o, = 0.5 and o, = 0.005. For the two-component fits, the preexponential o, for component 1 are given; in parentheses the
fractional intensity f, = a7,/ a;7; of component 1 are given. For the global fits, only the «; are given.

Table II: Lifetime Analyses for Calcium-Depleted Parvalbumin®

single-component

fit two-component fit Lorentzian distribution fit
temp (°C) 7, (ns) x? 7, (ns) T4 (n8) a; (f) x? center (ns) width (ns) x2
2.0 4.68 21.27 5.24 1.37 0.697 (0.898) 0.75 4.05 1.68 3.41
5.0 4.45 25.28 5.15 1.62 0.653 (0.857) 0.82 3.78 1.70 3.11
10.0 4.14 27.31 4.84 1.51 0.625 (0.843) 0.95 3.47 1.61 3.30
15.0 3.81 26.52 4.66 1.72 0.560 (0.775) 1.40 3.17 1.49 2.98
20.0 3.50 29.29 4.14 1.22 0.587 (0.828) 1.00 2.86 1.41 3.62
25.0 3.18 42.52 4.21 1.43 0.468 (0.720) 1.29 2.43 1.50 2.58
30.0 2.97 32.97 4.06 1.56 0.408 (0.641) 2.11 2.32 1.29 2.60
35.0 2.67 33.73 3.76 1.41 0.371 (0.609) 1.82 2.02 1.19 2.11
global fit 7, (ns) T, (ns) a; x? center (ns) width (ns) x2
a; varied 4.05 1.33 0.527, 0.664 1.36
(Ey1 = 2.15 kecal/motl) 0.649, 0.630
(Ey5 = 1.53 keal/mol) 0.602, 0.563
0.495, 0.431
o; linked 3.96 1.15 0.607 12.26
(Eq .95 keal/mol)

1
1.37 kecal/mol)

(Ea,z

Lorentzian

2.92 1

.70 20.39
(E, = 1.56 kcal/mol)

2 Conditions: 0.05 M Tris-HCI buffer, pH 8.0, with 10 mM EDTA. See Table I for additional information.

Arrhenius activation energy, E,, of about 2.0 kcal/mol for the
longer lifetime component, for both the Ca**-loaded and
Ca?*-depleted forms. Figure 5 corresponds to the distribution
model. It shows an E, value of 2.0 kcal/mol for the mean
lifetime for the Ca?*-loaded protein and an E, value of 3.0
kcal/mol for the Ca?*-depleted protein. The top portion of
Figure 4 shows that the width of the distribution varies very
little with temperature for either form. The width may in-
crease slightly with temperature for the Ca?*-loaded protein
and may decrease slightly with temperature for the Ca?*-
depleted protein.

Global nonlinear least-squares analyses of these temperature
dependence data will be presented below.

Phase-Resolved Spectra. Using the two-component life-
times in Table I, we obtained the PRS spectra shown in Figure
6 (Gratton & Jameson, 1985; Eftink et al., 1987). For the
Ca?*-loaded protein, the spectrum of the minor (short lifetime)
component is difficult to resolve due to its small contribution,

INTENSITY

WAVELENGTH , nm

FIGURE 6: Phase-resolved spectra for Ca®*-loaded (left) and
Ca?*.depleted (right) parvalbumin. The top spectrum is the total
intensity. The subspectra correspond to that for the short and long
lifetimes at 25 °C (see Tables I and II).

but it appears to be bluer than the major component. For the
Ca?*-depleted protein, the two components are easily resolved.
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Table 1II: Lifetime Analysis for the Acrylamide Quenching of Cod Parvalbumin (Ca?* Loaded)?

two-component fit

distribution fit

[acrylamide] (M) 7, (ns) 7, (ns) a, () x? center (ns) width (ns) x?
0.0 4,60 2.22 0.704 (0.830) 0.53 3.81 1.01 0.56
0.20 4.18 1.56 0.634 (0.822) 1.83 3.13 1.21 2.81
0.46 3.72 1.47 0.499 (0.716) 2.69 2.42 1.15 3.60
0.744 3.03 1.22 0.598 (0.787) 1.59 2.23 0.84 2.41
1.06 2.72 1.17 0.519 (0.715) 2.83 1.87 0.77 3.30
1.36 2.29 0.81 0.538 (0.767) 4.05 1.52 0.74 4.99

global fit 7, (ns) 7, (ns) a, x? center (ns) width (ns) x?
a; varied 4.47 1.53 0.772, 0.701 2.43
(kq‘l =0.13 X 10° M5!y 0.575, 0.565
(kgp =022 X 10° Mt s} 0.508, 0.433
o linked 4.30 0.33 0.646 4.20
(kq,l =0.17 X 10° M5
(kg = -1.07 X 10° M! s7!)
Lorentzian 3.40 1.71 8.31

(kq = 0180 X 10° M~ s

9See Table I for information. Temperature = 25 °C.

Table IV: Lifetime Analysis for the Acrylamide Quenching of Calcium-Depleted Cod Parvalbumin?

two-component fit

distribution fit

[acrylamide] (M) 7, (ns) 7, (ns) a; () x? center (ns) width (ns) x2
0 4.21 1.43 0.468 (0.720) 1.29 243 1.50 2.58
0.01 3.77 1.14 0.505 (0.770) 2.42 2.21 1.44 4.63
0.02 3.66 1.20 0.481 (0.738) 2.07 2.11 1.35 3.57
0.04 345 1.11 0.471 (0.729) 1.33 1.93 1.21 3.74
0.06 3.32 1.06 0.420 (0.694) 2.88 1.72 1.23 4.47
0.08 3.36 1.18 0.350 (0.604) 2.09 1.63 1.15 2.78
0.12 3.55 1.12 0.234 (0.491) 2.48 1.27 1.13 3.01
0.16 3.34 1.00 0.229 (0.501) 9.00 1.10 1.10 8.61

global fit 7, (ns) 7, (ns) oy x? center (ns) width (ns) x?
a; varied 3.98 1.42 0.573, 0.463 3.35
(kg1 =043 X 10° M's7!)  0.428, 0.369
(kg2 = 1.90 X 10° M1 s7hy 0,346, 0.321
0.274, 0.263
a; linked 4.56 1.84 0.345 428
(kg1 = 0.94 X 10° M! 57
(kg = 4.48 X 10° M1 s
Lorentzian 1.94 1.77 10.77

(kg = 0.969 X 10° M 57)

aSee Table I1 for information. Temperature = 25 °C.

Again the short-lifetime component fluoresces to the blue (A,
= 320 nm) of the long-lifetime component (A, = 340 nm).

Acrylamide Quenching Lifetime Studies. Multifrequency
phase/modulation data were also obtained as a function of the
concentration of the quencher, acrylamide. Tables I1I and IV
give the one-component, two-component, and distribution fits
for the data for each protein form. Again, the monoexpo-
nential fit is unsatisfactory at all quencher concentrations; the
double-exponential and distributions fits are similar in x2.

Figure 7 shows Stern—Volmer plots for the short- and
long-lifetime components of the double-exponential fit and the
mean lifetime of distribution fit. For the Ca?*-loaded protein
(top), the Stern—Volmer plots are reasonably linear for both
the short- and long-lifetime components. From the best slopes
and the discrete lifetimes in the absence of quencher,
quenching rate constants of 0.46 X 10° M1 571 and 0.15 X
10° M s7! are calculated. From the mean distribution lifetime
we obtain k, = 0.21 X 10° M~! 57!, For the Ca%*-depleted
proteins, however, the Stern—Volmer plots have an unrea-
sonable appearance for both the short- and long-lifetime
components. The mean distribution lifetime, however, gives
a linear Stern—Volmer plot with k; = 2.0 X 10° M™'s™!. The
reason for the nonlinear plots for the short- and long-lifetime

components is that the preexponential factor, «, for each
component (see Tables III and IV) changes with acrylamide
concentration in a manner inconsistent with independent dy-
namic quenching of each component. If the two components
were independent, one would expect their preexponential
factors to be constant; this is not the case for the data for either
Ca?*-loaded or Ca’*-depleted parvalbumin.

Global Analyses. The multiple phase/modulation data sets,
obtained as a function of temperature and quencher concen-
tration, were analyzed in a global manner in order to further
compare the two-component and Lorentzian distribution
models. The strategy for performing such global analyses has
been given by others (Beechem et al., 1983, 1988; Beechem
& Gratton, 1988).

The temperature dependence data sets were linked together
to have a common activation energy, E,, and Arrhenius factor,
A, for the various components. For two-component fits, the
global analysis was performed either (1) by allowing the
preexponential «; values to be free floating for each temper-
ature or (2) by fixing the «; values to be common (or linked)
for each temperature. In the former case, a very large number
of fitting parameters exist (i.e., 12 for the data in Table I),
as compared to the case in which the «; are linked (i.e., 5 fitting
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FIGURE 7: Stern—Volmer plots for the short (0) and long (A) lifetimes
(double-exponential fit) and the mean (@) lifetime (distribution fit)
for parvalbumin. Acrylamide was used as quencher. (Top) Ca?*-
loaded protein; (bottom) Ca?*-depleted protein.

parameters in Table I). Consequently, better fits can be ob-
tained when the o; are allowed to float, but one must judge
whether or not the a; assume reasonable values.

The results of both two-component global fits are given in
Table I and II for the temperature dependence of the two
forms of the protein. In these tables the lifetime at 25 °C is
given (instead of the Arrhenius A4), along with the linked E,
and the nonlinked or linked «; values. Below we will discuss
the resonableness of the fits, but with either constraint, E,
values in the range of 2 kcal/mol are found for both the short-
and long-lifetime components for both protein forms.

Global analyses of the acrylamide quenching data were also
performed for the two forms of the protein. The phase/
modulation data at various [Q] were linked by their un-
quenched lifetime, 7, and the Stern—Volmer relationship 1/7;
= 1/74 + ky[Q], where 7; is the component lifetime in the
presence of quencher and k_ is the quenching rate constant.
Again, a two-component analysis was performed with the «;
forced to have a common value (10 fitting parameters in the
former case; 5 fitting parameters in the latter). Given in
Tables III and IV are the resulting parameters for the two-
component fits. As expected, a lower x? results when q; is
varied, but one should note that the fitted &, values are found
to decrease with increasing [Q]. For this to occur, a selective,
static quenching of the long-lifetime component must occur.
Ordinarily one would expect the «; to be independent of [Q].
When the «; are linked, we find an unrealistic fit (i.e., a
negative k, value) for the Ca?*-loaded protein.

Global fits of the quenching data to Lorentzian lifetime
distributions were also performed. In this case, only three
fitting parameters are required. Figure 8 shows the simul-
taneous fit to some of the quenching data for the Ca?*-loaded
protein. The fits to the individual data sets are certainly not
optimal. However, it must be realized that satisfactory fits
for six independent data sets are achieved with only three
fitting parameters. The x? for the global Lorentzian fit is only
a factor of 3.5 times larger than that for the two-compo-
nent/o-varied (10 parameter) fit. Thus, we find the global
Lorentzian fit to the quenching data to be favored, at least
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Table V: Steady-State Acrylamide Quenching of the Fluorescence
Calcium-Loaded Parvalbumin®?

discrete
fittype K (M) VM) f KM (M) ¥
I 0.620 (1.0) 0.712
II 0.505 0.086 (1.0) 0.839
111 0.586 0.986 44.3 0.465
v 0.339 0.171 0.975 48.1 1.19 0.195
Lorentzian Distribution Fit
E M width (M™1) V(M1 x?
0.421 0.628 0.12 0.817

9See Table I for conditions. Temperature = 25 °C; excitation at
295 nm; emission observed through a cutoff filter centered at 350 nm.
x? are based on a standard deviation of 1% for the measured fluores-
cence values.

Table VI: Steady-State Acrylamide Quenching of the Fluorescence
Calcium-Depleted Parvalbumin®

discrete
fittype XK, (MY Vi(M71) £ K, MY MY x?
I 0.61 (1.0) 5.72
II 4.89 0.617 (1.0) 0.590
III 4,55 0.248 7.09 7.11
v 2.05 0.498 0.284 5.66 1.18  0.540

2Conditions given in Table II. Temperature = 25 °C; excitation at
295 nm; emission observed through a monochromater at 335 nm.

for the Ca?*-loaded protein. (As will be mentioned under
Discussion, we have not included a Smoluchowski transient
term in our analysis. If this were included, the fit to the
unimodal Lorentzian model is likely to be further improved.)

For the global distribution fit, the central lifetime and width
given in Tables III and IV are for the unquenched protein.
As shown by James et al. (1985), the addition of quencher will
preferentially quench the longer lifetime side of a distribution,
and thus the shape of the distribution will become skewed as
quencher concentration increases. It is worth noting that the
central, unquenched lifetime (3.4 ns) that is found in this global
Lorentzian fit for the Ca?*-loaded protein is in good agreement
with the same parameter that is found by global analysis of
the temperature dependence data (3.58 ns; see Table I). Also
the kg value (0.18 X 10° M™! s7!) obtained in the global
Lorentzian fit is in good agreement with that determined from
the nonglobal, graphical analysis in Figure 7 (k; = 0.21 X 10°
Mg,

For the Ca%*-depleted protein, there is less agreement be-
tween the global fits to the temperature dependence and
acrylamide quenching data.

In Tables I-1V we report global analyses in terms of a
Lorentzian distribution of lifetimes. We have also performed
global analyses (and analyses of the individual data sets) in
terms of a Gaussian distribution of lifetimes. There is very
little difference between the x? for the fits to these two dis-
tribution shapes. The Gaussian fits tend to yield slightly
broader distributions that are centered at lower lifetimes.

Acrylamide Quenching Intensity Studies. Steady-state
fluorescence quenching studies were also performed. Figure
9 shows Stern—Volmer plots for the two protein forms. A
larger slope and static quenching (upward curvature) is seen
for the Ca?*-depleted form. The plot for the Ca?*-loaded
protein is nearly a straight line. Tables V and VI give the best
fits to the data for the Stern—Volmer equation (eq 1). Fitting
parameters are shown for cases in which (I) there is only
dynamic quenching of a single component, (II) there is both
dynamic and static quenching of a single component, (IIT)
there is only dynamic quenching of two components, and (IV)
there is both dynamic and static quenching of two components.
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As the number of fitting parameters increases from 1 to 5, a
better fit is achieved, as indicated by the lower x? values.
However, some of the fitting parameters are unreasonable. For
example, the 1.4-2.5% contribution from a X, of 44.3-48.1,
in fits III and IV for the Ca?*-loaded protein, is larger than
possible for diffusional controlled quenching.

As an alternative, we have considered a model in which there
is a distribution of dynamic quenching constants, similar to
the model for a distribution of lifetimes. If the latter model
is a more realistic interpretation of lifetime data, then it
follows, since K = kg7, that there will be a distribution of
quenching constants., The algorithm is described under Ex-
perimental Procedures. The solid curve in Figure 10A and
the pseudo-Lorentzian distribution in Figure 10B illustrate the
best fit obtained with such a model for the acrylamide
quenching of the Ca?*-loaded form of parvalbumin. We note
that a distribution of lifetimes will result in a Stern—-Volmer
plot that is slightly downward curving. A static component
was also included in the fit in Figure 8B.

We also performed limited studies of the quenching by KI
of the fluorescence of the two forms of the proteins. In both
cases, the Stern-Volmer plots were linear, and the X values
were calculated to be 0.14 M~ for Ca®*-loaded parvalbumin
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and 2.60 M} for Ca?*-depleted parvalbumin.

DiscussioN

Cod parvalbumin is another example of a protein that shows
a nonexponential fluorescence decay, even when highly pu-
rified. The departure from exponentiality is not great, par-
ticularly for the Ca?*-loaded form. In fact, Castelli et al.
(1988) have recently reported that the decay of the homologous
whiting parvalbumin is a monoexponential, making it one of
the very few proteins to show such a simple fluorescence decay.
We can only speculate that the difference in the position of
the single Trp residues (position 109 for the cod protein vs
position 102 for the whiting protein) or the differences in pH
and salt concentration used in the two studies can explain the
different results.

The physical basis for the complex kinetic decay, which we
see for both Ca?*-loaded and -depleted cod parvalbumin, is
a question of general importance. A description in terms of
two discrete decay times is possible, but so is a description in
terms of a continuous distribution of decay times. Permyakov
et al. (1985), in their previous study with whiting parvalbumin,
proposed that there exist two conformational states of the
protein, a folded conformer and a partially unfolded (relaxed)
conformer. The key question is whether there exist two distinct
conformers or a quasi-continuous distribution of conformers.
From individual fluorescence decay measurement alone, it may
not be possible to make the distinction, at least with the data
that we can presently obtain (Alcala et al., 1987a; Lakowicz
et al., 1987a; James et al., 1985; Wagner et al., 1987).
Phase-resolved spectra are obtained for the two lifetime com-
ponents (see Figure 6), but this does not mean that there are
in fact two discrete fluorescing states. If you tell the phase
fluorometer that there are only two decay times, it will display
only two phase-resolved spectra.

To try to distinguish between a discrete (two-component)
fit and a quasi-continuous distribution fit, we present here
studies of the temperature dependence and quencher concen-
tration dependence of frequency domain data for parvalbumin.
Our strategy is to see if the lifetime fits (either discrete or
distribution fits) will be consistent over both these 7 and [Q]
data sets. We employ the powerful method of global nonlinear
least-squares analysis to test the linkage of the 7" and [Q] data
sets, via an Arrhenius or Stern-Volmer relationship. Also,
we have studied the steady-state quenching of the fluorescence
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of parvalbumin to see if such data are consistent with the T
and [Q] frequency domain fits.

Below we will discuss these studies and the insights that they
provide regarding the choice between the discrete lifetime
model and the continuous distribution lifetime model.

Temperature Dependence Studies. For the Ca?*-loaded
protein (Table I; Figures 4 and 5), we see adequate fits with
both the discrete (two-component) and distribution models.
The fact that the x? for the global distribution fit (three pa-
rameters) is lower than that for the two-component/«,-linked
fit (five parameters) indicates preference for the former model.
When the o, are allowed to vary at each temperature (12
parameters), the fit is superior, but the «; are found to change
randomly with change in temperature. The distribution fit
is thus favored for fitting the temperature dependence data
for the Ca?*-loaded protein.

For the Ca’-depleted protein, it is difficult to favor the
distribution fit. The decay kinetics deviate more from mo-
noexponentiality than for the Ca?*-loaded case, and the two
discrete component fits seem superior to the single, broad
distribution fits. With the global two-component/«;-varied
fit, the a; are not constant at all temperatures. In fact the fitted
ay drop gradually with increasing temperature. Such a drop
may reflect a temperature-dependent shift in the equilibrium
between two conformations of the protein. It is not unrea-
sonable that removal of Ca?* from parvalbumin will result in
different, interconvertible conformational states. In fact,
Filimonov et al. (1978) and Permyakov et al. (1987) have
presented scanning calorimetric and fluorescence data which
are consistent with the existence of two-state thermal unfolding
of Ca?*.depleted carp and cod parvalbumin with T, ~ 32 °C.

We have limited our analysis to two discrete components
(and/or one distribution). It is likely, of course, that three
or more components (either discrete or distributed) are needed
to adequately fit the decay kinetic due to the existence of
multiple conformational states in the Ca?*-depleted protein.
We have not attempted to fit a three-component model to our
data.

Regardless, the temperature dependence data seem to favor
the discrete two-component fit over the distribution fit for the
Ca?*-depleted protein.

Acrylamide Quenching, Frequency Domain Studies. For
the Ca?*-loaded protein (Table III; Figure 7, top), the dis-
tribution fit again seems most adequate for describing the
quenching data. The Stern-Volmer plot in Figure 7 seems
to support the two-component fit, since the individual 7, appear
to follow the Stern-Volmer relationship with reasonable k,
values. But these discrete fits call for the o, to decrease with
increasing [Q]. This would only be possible if there were a
selective, static quenching of the long-lifetime component. The
distribution fit, on the other hand, provides a fit with only a
slightly larger x2, with much fewer fitting parameters, with
a lifetime and width similar to those obtained for the tem-
perature dependence distribution fit, and with a reasonable
k,. For the Ca*-depleted protein the individual Stern-Volmer
plots for the two-components fits have a very unsatisfactory
appearance (Figure 7, bottom). When we performed the
global two-component/a;-varied analysis, in which Stern-
Volmer behavior is required for the individual components,
the a; is found to decrease markedly with increasing [Q].
Again this could reflect selective static quenching of the
long-lifetime component by acrylamide, which is a possibility
that is difficult to rationalize. When the ¢; are linked, the fit
is nearly as good as when the o; are allowed to vary, but the
fitted 7; and o are not in very good agreement with the similar
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alinked fit for the temperature data. Likewise, the global
distribution fit for the [Q] data is adequate, but the central
lifetime is significantly lower than that found for the similar
global fit for the temperature data. So, as with the temper-
ature dependence fits, it is not clear which model (two discrete
components or distribution) is best to describe the data for the
Ca?*-depleted protein, and this probably is due to the fact that
an even more complex model (i.e., three components) is nec-
essary.

We note that, for all of the frequency domain quenching
studies, we assume that the simple Stern—Volmer relationship
holds. Recently, Lakowicz and co-workers (Lakowicz et al.,
1987b,c) have shown that the transient term for diffusional
quenching reactions can produce a significant contribution to
decay data as quencher is added and that this transient effect
can thus complicate the fluorescence decay order (i.e., make
an otherwise exponential decay become nonexponential in the
presence of quencher). We have not included this transient
term in our analysis at this time. It may be useful to do so
in the future.

Acrylamide Quenching, Steady-State Studies. In principle,
steady-state fluorescence quenching data should be described
by some of the same fitting parameters as are required for
lifetime data. The dynamic quenching constants, K, are equal
to kg7, and the fractional intensity f; associated with each
accessible component is related to the preexponential (o)
parameters as f; = a7,/ 2 a7, Therefore, there should be
consistency in the fits to steady-state and lifetime fits for an
acceptable model. Of course static quenching, described by
static quenching constants ¥}, can complicate steady-state
analyses. Nevertheless, a valid model should be able to de-
scribe both lifetime data and steady-state quenching data. An
example in which steady-state data has confirmed lifetime fits
is liver alcohol dehydrogenase. The decay kinetics of this
enzyme have been fitted to a biexponential, with a long lifetime
of ~7 ns and a short lifetime of ~3.5 ns [Ross et al., 1981b;
Eftink & Hagaman, 1986; see, however, the report by Demmer
et al. (1987) that the long-lifetime component may be biex-
ponential]. Steady-state quenching studies with iodide and
acrylamide are consistent with this two-component fit and
further show that the short-lifetime component represents an
inaccessible Trp residue, Trp-314.

Likewise, we consider whether steady-state acrylamide
quenching studies with parvalbumin (Tables V and VI; Figures
9 and 10) are consistent with the two-component or distribution
fits for the decay kinetics.

For the Ca?*-loaded protein, the Stern—Volmer plot is nearly
linear (Figures 9 and 10). As indicated by the fits in Table
V, inclusion of static quenching constants and a second com-
ponent results in a modest improvement in the x2. For fits
III and IV, unreasonably large K, values (which also have a
very small f,) are obtained, and so such fits must not be given
much credence over the simple, one-component fit I. The K
for fit Iis 0.62 M. From our frequency domain quenching
studies in Table III, it turns out that, for the global two-
component fits, the product k ;7,, is about 0.6 M™! for each
component. Or, looking at the individual (short and long
lifetime) Stern—-Volmer plots in Figure 7 (top), the K, , are
in the range of 0.5-0.8 M™!. Therefore, there is consistency
between the frequency domain and steady-state fits.

The lifetime distribution fit is also consistent with the
steady-state quenching data for the Ca?*-loaded protein. We
have fitted the steady-state quenching data with a model in
which there is a Lorentzian distribution of K; values. This
situation, of course, could exist if there is a similar distribution
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of fluorescence lifetimes, since K = kg7,. (It is also possible
that the k, values may be distributed, rather than being a
discrete value.) As shown in Table V and Figure 10, an
adequate fit can be achieved with a distribution of quenching
constants centered at 0.42 M~! and with a width of 0.63 M™..
A small static component of 0.12 M was also included to
improve the fit. This distribution fit cannot be claimed to be
better than the simpler fits to a single component (fits I and
II in Table V). In fact the x? are comparable. However, the
distribution fit can certainly be said to be consistent with the
steady-state data.

For the Ca%*-depleted protein, the strong static quenching
component makes it difficult to try to compare fits to the
frequency domain data. In Table VI we see that either a
one-component with static (fit II) or a two-component with
static (fit IV) quenching model is adequate to describe the
steady-state data. The dynamic quenching constants of 4.9
M- for fit IT and 2.1 and 5.7 M™! for fit IV are in reasonable
agreement with the global two-component («linked) fit of
the frequency domain quenching data in Table IV, which
yielded individual k7, of 4.5 M~ and 8.2 M. The masking
effect of the static quenching term makes further comparison
difficult, and we have not attempted to fit a distribution of
quenching constants to the steady-state data for Ca?*-depleted
parvalbumin.

SUMMARY

The question of whether the fluorescence of a single Trp
residue in a protein should be described by two or more discrete
components or whether it should be described in terms of a
pseudo-continuous distribution (of Lorentzian or other shape)
of components is one that is very difficult to answer. Even
for systems as simple as tryptophan in water, the question
applies (Wagner et al., 1987; Lakowicz et al., 1987a). It is
very difficult to decide between these two models on the basis
of the goodness of fits to data. Data of very high quality are
needed to even attempt to distinguish between such models
by analysis of time or frequency domain data alone (James
& Ware, 1985; Alcala et al., 1987a; Lakowicz et al., 1987a).

Here we have employed the strategy of (1) collecting tem-
perature dependence and [Q] dependence frequency domain
data, along with steady-state quenching data, and (2) trying
to determine whether the different models (two discrete vs
Lorentzian distribution) are internally consistent with all data
sets obtained for the fluorescence of the single Trp residue in
cod parvalbumin. For the Ca?*-loaded form of this protein,
the distribution model seems to be more consistent with all
the data sets. The single Trp residue is relatively buried to
the quenchers acrylamide and iodide (kq of 0.2 X 10° M~ 5!
and 0.04 X 10° M1 571, respectively), and we speculate that
librational and rotational fluctuations of the Trp side chain
and that of surrounding amino acid residues give rise to the
distribution of decay times.

For the Ca?*-depleted form of parvalbumin, it is not clear
that either the two-state or distribution model is adequate, and
a more complex model may be necessary to describe all the
data. The quenching studies show the Trp residue to be much
more solvent exposed (k; ~ 2 X 10°and 1 X 10° M1 s for
acrylamide and iodide, respectively) after removal of Ca®*.
The protein is expected to have lost much of its structural
coherence, and at least two conformational states are likely
to exist in equilibrium in the temperature range of 2-35 °C.
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Amino Acid Sequence of a Mouse Mucosal Mast Cell Protease’
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ABSTRACT: The amino acid sequence has been determined of a mouse mucosal mast cell protease isolated
from the small intestines of mice infected with Trichinella spiralis. The active protease contains 226 residues.
Those corresponding to the catalytic triad of the active site of mammalian serine proteases (His-57, Asp-102,
and Ser-195 in chymotrypsin) occur in identical positions. A computer search for homology indicates 74.3%
and 74.1% sequence identity of the mouse mast cell protease compared to those of rat mast cell proteases
I and IT (RMCP I and II), respectively. The six half-cystine residues in the mouse mast cell protease are
located in the same positions as in the rat mast cell proteases, cathepsin G, and the lymphocyte proteases,
suggesting that they all have identical disulfide bond arrangements. At physiological pH, the mouse and
rat mucosal mast cell proteases have net charges of +3 and +4, respectively, as compared to +18 for the
protease (RMCP I) from rat connective tissue mast cells. This observation is consistent with the difference
in solubility between the mucosal and connective tissue mast cell proteases when the enzymes are extracted
from their granules under physiological conditions.

Department of Biochemistry, SJ-70, University of Washington, Seattle, Washington 98195, and Moredun Research Institute,

’Ee presence of high levels of proteolytic enzymes in baso-
philic secretion granules is a characteristic feature of mast cells.
Benditt and Arase (1959) first detected in rat mast cells a
protease with chymotrypsin-like specificity. Later, a second
similar, yet distinct, protease was found in an unusual subtype
of rat mast cells known as “atypical” or mucosal mast cells.
They differed in histochemical properties from those of the
peritoneal type and were exclusively localized in mucosal
tissues of normal rats (Woodbury et al., 1978a). The protease
from peritoneal mast cells is referred to as rat mast cell pro-
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t University of Washington.
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tease I (RMCP I)! and that from mucosal mast cells as RMCP
IT (Woodbury & Neurath, 1978). More recently, proteases
resembling in substrate specificities and other properties those
of rat peritoneal mast cells have been isolated from dog and
human mast cells (Schechter et al., 1983; Powers et al., 1985).
Additionally, proteases with trypsin-like or carboxypeptidase
A like activity have been reported to be present in peritoneal
rat mast cells (Everitt & Neurath, 1980; Kido et al., 1985;
Serafin et al., 1987).

! Abbreviations: MMMCP, mouse mucosal mast cell protease;
RMCP I, rat mast cell protease I; RMCP 1II, rat mast cell protease II;
CM, S-(carboxymethyl); HPLC, high-performance liquid chromatogra-
phy; Tris-HCI, tris(hydroxymethyl)aminomethane hydrochloride; EDTA,
ethylenediaminetetraacetic acid.
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