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ABSTRACT The wavelength dependent
fluorescence decay properties of bovine pro-
thrombin fragment 1 have been investigated
employing a picosecond time-correlated single
photon counting technique. All observations
are discussed with using the crystal structure
(Soriano-Garcia et al.,, Biochemistry 31:2554—
2566, 1992). Fluorescence lifetimes distribution
and conventional multiexponential analysis, as
well as acrylamide quenching studies lead to
the identification of six distinguishable tryp-
tophan excited-states. Accessibility to the
quencher and the known structure are used to
associate a fluorescence decay of the tryp-
tophan present in the Gla domain (Trp42) with
two red shifted components (2.3 and 4.9 ns). The
two kringle domain tryptophans (Trp90 and
Trp126) exhibit four decay times (0.06, 0.24, 0.68,
and 2.3 ns), which are blue shifted. The calcium-
induced fluorescence gquenching is a result of
static quenching: the five decay times remain
unchanged, whereas the fluorescence intensity
of Trp42 is decreased. The static quenching
process is a consequence of a ground state in-
teraction between the Cys18-Cys23 disulfide
bridge and Trp42. The monomolecular equilib-
rium constant for this disulfide-w-electron in-
teraction is found as 4.8. © 1996 Wiley-Liss, Inc.
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INTRODUCTION

Bovine prothrombin (factor II), the zymogen of
thrombin (factor IlIa), is a single polypeptide chain
plasma glycoprotein. It serves as the substrate of the
prothrombinase complex, which consists of factor
Xa, factor Va, calcium ions, and anionic phospho-
lipid surfaces.! The 1-156 N-terminal of prothrom-
bin is named fragment 1 and is believed to be the
region predominately responsible for the metal ion
and membrane binding properties of prothrombin.

© 1996 WILEY-LISS, INC.

Several coagulation factors (VII, IX, X, and the pro-
teins C, S, and Z) display extensive homology to the
residues 1 to 48 of prothrombin among their N-ter-
mini;2 each of these domains contains nine to 12
y-carboxyglutamic acid residues (Gla).

The structure of BF1 may be divided into a “Gla
domain,” which contains 10 Gla residues, and a do-
main with three disulfide linkages known as the
“kringle” region. BF1 contains three tryptophan res-
idues (Trp42, Trp90, and Trp126). The Gla domain
reveals a single tryptophan at position Trp42. A sur-
face accessibility of 133 x 1072° m? indicates partial
solvent exposure of Trp42 in apo-BF1.2 The core of
the tertiary structure of the highly ordered kringle
is the central cluster formed by Trp90, Trpl26,
Tyr128, Pro98, and Proll8.* The kringle tryp-
tophans are located 0.9 nm apart from each other,
whereas the distance of Trp90 and Trp126 to Trp42
is about 2.5 nm and 2.3 nm, respectively. Due to the
calculated solvent accessibilities of 4 X 1072° m? for
Trp90 and Trpl26 in apo-BF1, the kringle tryp-
tophans appear to be solvent inaccessible.*

Seven calcium ions bind to the Gla domain of pro-
thrombin and its fragment 1 in a partially positive
cooperative manner, and form the native conforma-
tion required for membrane binding. The calcium
ions are chelated by nine Gla residues (for illustra-
tion, see Soriano-Garcia et al.,® Fig. 2). Ca-1 to Ca-5
are electronically neutral, whereas Ca-6 and Ca-7,
which form a cluster with Gla residues 15, 20, 21
involving the Cys18-Cys23 hexapeptide disulfide
loop, possess a positive charge, and are therefore
candidates for the binding to negatively charged
phospholipid head groups. In addition, Glal5 and
Gla21 are reasonably situated to enter in further
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calcium ion-phospholipid interactions.® Although
experimental data indicate a weak calcium binding
site in the kringle domain,®” structural evidence for
such a site was not reported.®

The calcium-induced conformational change of
BF1 can be observed experimentally by circular di-
chroism® and by the intrinsic fluorescence quench-
ing paralleling the conformational change in two
steps.® ! The fluorescence quenching (in total 40%)
is believed to be due to the stabilization of interac-
tion between Cys18-Cys23 and the aromatic cluster
Phe4l, Trp42, and Tyr45 by a trans to cis isomer-
ization of Pro54.%° It was conciuded that along with
the establishing of this disulfide-m-electron interac-
tion, a more hydrophobic environment of Trp42 is
created. The increase in the hydrophobicity was be-
lieved to be the reason for the decrease in the tryp-
tophan quantum yield. A contribution of the kringle
domain to the fluorescence quenching could be ex-
cluded by the invariance of the solvent accessible
surface areas of Trp90 and Trp126 upon calcium ad-
dition.

Studies involving factors IX and X, which contain
epidermal growth factor-like domains rather than
kringle domains, reveal an increase in the fluo-
rescence intensity at low calcium concentrations
and a BF1-comparable decrease at higher calcium
concentrations.'?>~'* The overall fluorescence de-
crease upon calcium addition was assigned to an
increase in the hydrophobicity of the environment
of the Gla tryptophan by investigating the steady-
state spectra of the isolated fragments of these
proteins.

In this study, we investigate the calcium-induced
conformational change of BF1 by picosecond time-
resolved spectroscopy of the three BF1 tryptophans.
Using this technique, changes in the microenviron-
ment of the individual tryptophans can be separated
from each other without cleaving BF1 into the iso-
lated Gla and kringle domains or using site-directed
mutagenesis. A detailed analysis of the wavelength
dependent fluorescence decays, using different mod-
els of lifetimes distributions, global analysis, and
acrylamide quenching studies, leads to an assign-
ment of the observed fluorescence decay time do-
mains. Addition of CaCl, leads to a faster decay of
the tryptophan fluorescence, but does not change
the fluorescence decay times, as expected from the
hypothesis that a decrease in the hydrophilicity of
the Trp42 environment causes the quantum yield
decrease.®® A static quenching mechanism of the
Trp42 fluorescence, based on an equilibrium inter-
action between Trp42 and the Cys18-Cys23 disul-
fide linkage, is shown to be responsible for the flu-
orescence decrease.

For a general introduction to tryptophan fluores-
cence, the reader is referred to two review arti-
cles.’™16 The principles of the single photon count-
ing technique are summarized in two books.!7-1®

MATERIALS AND METHODS
Prothrombin Fragment 1

Bovine prothrombin fragment 1 was purified as
previously described.’®2' Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis indicated >95%
purity. Concentrations were determined by ultravi-
olet spectrophotometry at 280 nm (¢ = 1.05 ml mg™*
em ™1, molecular mass = 23 kDa). Protein solutions
were stored in Tris-buffered saline (0.05 M Tris, 0.1
M NaCl, pH = 7.4) at —70°C until immediately be-
fore use. Experiments were carried out at a concen-
tration of 4 uM BF1 in Tris-buffered saline (0.01 M
Tris, 0.1 M NaCl, pH = 7.4) at 25°C. The CaCl,
concentrations in the Ca-BF1 samples were 4.5 mM.
The fluorescence was measured 30 minutes after
CaCl, addition.

Acrylamide

The acrylamide (Sigma Chemical Co., St. Louis,
MO) quenching experiments were performed by add-
ing successively small volumes (5—-40 pl) of 5.6 M
acrylamide solution (pH = 7.4) to the protein solu-
tions.

Fluorescence Measurements

Corrected fluorescence spectra were obtained on a
SLM 8,000 spectrofluorometer (Urbana, IL) using a
“magic angle” configuration. Bandwidths of 2 nm
were set for the excitation as well as for the emis-
sion.

The fluorescence lifetime measurements were
performed with a single photon counting technique
as described elsewhere.??2? The excitation at 295
nm was vertically polarized. The emission was de-
tected after passing through a “magic angle” polar-
izer and a J-Y H10 (Instrument SA Inc., Metochen,
NJ) monochromator with a 2 nm band pass, on a
Hamamatsu R1645U (Bridgewater, NJ) microchan-
nel plate photomultiplier. Fluorescence decays were
collected with 10,000 to 40,000 counts in the peak.
The time scales were 14.3, 25.5, and 62.4 ps per
channel, 512 channels collected. The instrument re-
sponse functions (55 ps full width at half maximum)
were measured using a light scattering solution of a
non-diary coffee creamer. The fluorescence decays of
apo- and Ca-BF1 were collected from 300 to 425 nm
in 5 nm steps. The acrylamide quenching was inves-
tigated at 300, 310, 330, 350, 370, 390, and 400 nm.
Blank experiments using Tris-buffered saline were
performed to exclude distortions by scattered light.
The intensity of the scattered light at 300 nm, as
well as at the H,O-Raman band, was negligible.

Data Analysis

For the basic multiexponential analysis, a non-
linear least-squares iterative reconvolution proce-
dure was used. The program is based on the Mar-
quardt Levenberg algorithm?* and the optimization
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includes stray light and time shift.2® To account for
the possibility of a continuous distribution of life-
times, the data were fit using the symmetric Lorent-
zian distribution and the asymmetric Kohlrausch-
Williams-Watts distribution.?®

A modified version of the commercially available
Edinburgh Analytical Instruments (Edinburgh,
UK) global analysis program was employed to si-
multaneously reconvolve the decays collected at dif-
ferent emission wavelengths. The program uses the
Marquardt Levenberg algorithm. The wavelength
dependent sets of fluorescence decays were analyzed
by linking the lifetime values.

To characterize the number of classes of fluores-
cence lifetimes, the Edinburgh Analytical Instru-
ments distribution program was used. The program
is based on the minimum energy method where the
lifetimes are equally spaced on a logarithmic scale.

All three programs use reduced x as a criterion for
the goodness of fit evaluation. Furthermore, the
quality of the fit was judged by weighted residuals
and the Durbin-Watson parameter. In the case of
the global analysis, the mean reduced x*-value
(x#Clobaly was used to evaluate the goodness of the
fit.

Decay-associated spectra (DAS) were obtained by
combining the time-resolved data with the steady-
state emission spectra, as described elsewhere.*® To
determine the emission maxima, the DAS were fit to
log-normal distribution functions.?® Global analysis
of the wavelength dependent decays at given acry-
lamide concentrations have been performed to de-
termine the quenched fluorescence lifetimes. The
acrylamide quenching of each excited-state lifetime
was analyzed using the Stern-Volmer equation.2?-2®

RESULTS
Characterization of the Fluorescence Decay of
Apo-Fragment 1

To describe the fluorescence decays of tryptophans
in proteins at a single emission wavelength, two pos-
sibilities have to be considered. Either the intensity
decay is interpreted by a set of separate classes of
lifetimes or, as in recent publications,?°~32 by a
(broad) continuous lifetimes distribution model. Al-
though the second case seemed to be unlikely for a
three tryptophans containing protein, the fluores-
cence decays of apo-BF1 were fit using the symmet-
ric Lorentzian distribution profile and the asym-
metric Kohlrausch-Williams-Watts distribution.
Unacceptable high x2-values (>>2.0) led to the con-
clusion that excitation light at 295 nm creates more
than one class of tryptophan excited-states.

To characterize the number of separate classes of
lifetimes, the Edinburgh Analytical Instruments
distribution program was applied. In contradiction
to the continuous distribution models used above,
there is no “a priori” assumption about the distribu-
tion shape. The fluorescence decay is fit using a sum
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Fig. 1. Amplitude profile of the fluorescence lifetimes distribu-
tion of a defined 4-exponential decay, produced by the Edinburgh
Analytical Instruments distribution program. In order to create a
defined 4-exponential decay, the fluorescence decays of four
standard fluorophores with monoexponential decays were super-
imposed computationally. The standards (1,4-diphenyl-1,3-buta-
diene, 2,5-diphenyloxazole, anthracene, and pyrene, all in ¢cyclo-
hexane) have been selected to span for tryptophan relevant
lifetime range (0.56+0.01 ns, 1.31+0.01 ns, 5.09+0.01 ns, and
19.50+0.01 ns, respectively). The mean lifetime values from the
distribution fits are 0.72 ns, 2.1 ns, 6.2 ns, and 20.0 ns.

of 100 lifetime values. The best fit is determined by
the minimum energy method. Since no application
of a distribution of lifetimes program based on the
minimum energy method has been published so far,
the significance and accuracy of obtained lifetime
profiles was tested: the fluorescence decays of four
standards (1,4-diphenyl-1,3-butadiene, 2,5-diphe-
nyloxazole, anthracene, and pyrene, all in cyclohex-
ane) with different lifetime values (0.56+0.01 ns,
1.31+0.01 ns, 5.09+0.01 ns, and 19.50+0.01 ns, re-
spectively) were accumulated to simulate a defined
4-exponential decay. The signal-to-noise ratio was
comparable to the BF1 experiments. Figure 1 dem-
onstrates that the existence of four different rele-
vant lifetime classes can be resolved. However, the
width of the found four lifetime distributions is sub-
stantially larger than the four standard deviations
that result from the conventional 4-exponential fit.

When applied to the fluorescence decays of apo-
BF1, the analysis of the decays detected at 315-385
nm yielded five lifetime classes. The values of the
lifetime centers are identical for all emission wave-
lengths within the experimental error, while the
fractional amplitudes vary. The over all wavelength
averaged values are 0.06 ns (component A), 0.25 ns
(B), 0.74 ns (C), 2.5 ns (D), and 5.3 ns (E). The anal-
ysis at the blue (300 to 310 nm) and red edge (390 to
425 nm) of the emission spectrum resulted in four
lifetime classes. This can be explained by the de-
crease of the fractional intensities of component A
and E at the red and blue edge of the spectrum,
respectively. The distribution widths of the five apo-
BF1 components (Fig. 2) are significantly larger
than those of the defined 4-exponential decay (Fig.
1). Since the signal-to-noise ratio in both experi-
ments was comparable, the broadening of the apo-
BF1 components might indicate a ground state het-
erogeneity of the individual tryptophans. However,
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Fig. 2. Amplitude profile of the fluorescence lifetimes distribu-
tion of apo-BF1 fluorescence decay (A, = 295 nm; A, = 330 nm,;
4 pM in Tris-buffer) resulting from Edinburgh Analytical Instru-
ments distribution analysis. The resulting mean lifetimes for this
measurement are 0.06 ns, 0.26 ns, 0.76 ns, 2.8 ns, and 5.4 ns.

the five components are clearly separated from each
other and the resulting widths are small in compar-
ison to those corresponding to proteins for which
continuous distributions were discussed.??32

The conventional multiexponential analysis of the
wavelength dependent set of the decay curves in-
cludes judging the fits by the above mentioned cri-
teria and leads to the same conclusion, i.e., the ex-
istence of five components with different emission
spectra. Again, the lifetime values were wavelength
independent within the experimental error, whereas
the amplitudes changed with the wavelength. In
conclusion, the existence of five lifetime classes was
obtained by the two different iteration methods
used, the Marquardt Levenberg algorithm for mul-
tiexponential analysis and the minimum energy
method for a distribution of lifetimes.

Although the comparison of Figures 1 and 2 indi-
cates that the five lifetime classes in the fluores-
cence decay of apo-BF1 exhibit significant distribu-
tion widths, a global multiexponential analysis of
the fluorescence decays has been performed as well.
Since the multiexponential analysis yielded con-
stant lifetime values over the emission spectrum,
the fluorescence lifetimes were linked. Again, five
lifetime components were necessary to reach an ac-
ceptable x%@°bal_yalue of 1.29. The fluorescence de-
cay time values obtained this way are 0.06+0.01 ns
(component A), 0.24+0.01 ns (B), 0.68+0.02 ns (C),
2.3+0.2 ns (D), and 4.9+0.3 ns (E). The standard
deviations resulting from the global analysis were
significantly smaller in comparison with the un-
linked multiexponential analysis of individual de-
cays. The decay-associated spectra of apo-BF1,
which were calculated from the steady-state inten-
sities and the fractional intensities obtained by the
global analysis, are shown in Figure 3. The emission
maxima of the log-normal fits of the five components
are 324.3 nm (A), 325.8 nm (B), 334.8 nm (C), 341.9
nm (D), and 345.5 nm (E).
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Fig. 3. Decay-associated emission spectra of 4 uM apo-BF1
in Tris-buffer (\ex = 295 nm). The fluorescence decay time val-
ues are 0.06+0.01 ns (component A), 0.24+0.01 ns (B),
0.68+0.02 ns (C), 2.3+0.2 ns (D), and 4.9+0.3 ns (E). The emis-
sion maxima of the log-normal distribution fits are 324.3 nm (A),
325.8 nm (B), 334.8 nm (C), 341.9 nm (D), and 345.5 nm (E).
Shown are the experimental points (*) connected by solid lines
and the corresponding log-normal distribution fits.

Acrylamide Quenching of
Apo-Fragment 1 Fluorescence

Since structural data shows a huge difference in
solvent accessibilities for the kringle tryptophans
(4x1072° m? for Trp90 and Trp126) and the Gla
tryptophan (133x1072° m? for Trp42),>* acryla-
mide quenching studies were performed to assign
the five lifetimes to the two types of tryptophans.
Acrylamide was added successively up to a concen-
tration of 0.7 M. The fluorescence decays were mea-
sured at seven different wavelengths (300, 310, 330,
350, 370, 390, and 400 nm). To determine the
quenched lifetime values at each acrylamide concen-
tration, the seven decays detected at different emis-
sion wavelength were reconvoluted using a 5-expo-
nential global analysis with linked fluorescence
lifetimes. The lifetime value of component A was
held constant, since its value of 60 ps is very close to
the time resolution of the single photon counting
apparatus used and thus a possible acrylamide
quenching of A would not be resolved. Linking the
decay times of component B, C, D, and E led to un-
acceptable high x2¢1°bal_yalyes (>1.7) for all acry-
lamide concentrations, indicating that the acryla-
mide quenching efficiency of at least one component
is wavelength dependent. When the lifetime values
of D are determined unlinked while B, C, and E are
linked, the qualities of the global fits improve sig-
nificantly (x*¢'°*20_yalues < 1.4). The qualities of
the fits appear not to be sensitive to unlinked iter-
ation of component B, C, and E. The changes in the
lifetimes were analyzed in terms of the Stern-
Volmer equation to yield the bimolecular quenching
constant k(qg).

The lifetime value of component B is independent
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Fig. 4. Stern-Volmer plot for the fluorescence decay of the
components C (+), D (A) (at 400 nm), and E (*) of 4 uM apo-BF1
quenched by acrylamide. The resulting bimolecular quenching
constants are: k(q) = 1.1+0.2 x 10°M~" s~ (E, global analysis),
k(%) =1.120.3 X 10°M' s7' (D, at 400 nm), k{q) = 0.2+0.2 x
10° M~ s7' (C; global analysis).

on acrylamide addition up to a concentration of 0.7
M acrylamide. Taking into account an uncertainty
in the determination of this lifetime value of about
5%, the bimolecular quenching constant k(q) ap-
pears to be smaller than 0.5 x 10° M~* s, indi-
cating that a little or not solvent-accessible tryp-
tophan?® fluoresce with a lifetime of 0.24 ns. The
globally determined lifetimes of component C (0.68
ns) show very weak dependence on acrylamide ad-
dition. A quenching constant k(q) of 0.2+0.2 x 10°
M~! 57! implies that the corresponding fluorescing
tryptophan is buried in the protein.'® The quench-
ing of component D (2.3 ns) is wavelength depen-
dent. At 400 nm the Stern-Volmer analysis gives a
quenching constant k{g) of 1.1£0.3 x 10° M~1 s 1.
At smaller wavelength the Stern-Volmer plot be-
comes non-linear and the quenching less effective.
The component E (4.8 ns) is quenched more than five
times faster than C. The k(q)-value of 1.1+0.2 x 10°
Mt g1, which is calculated from globally deter-
mined lifetimes, implies that a partially exposed
tryptophan accounts for component E. The Stern-
Volmer plots for component B, D (at 400 nm), and E
are shown in Figure 4.

Global Analysis and Decay-Associated
Spectra of Ca-Fragment 1 Fluorescence

The fluorescence decays of Ca-BF1 were detected
at different emission wavelengths (300 to 420 nm, 5
nm steps). With CaCl,, present, the fluorescence in-
tensity decays generally much faster than in the
case of apo-BF'1 (Fig. 5). In order to characterize the
decay behavior of Ca-BF1, the same analysis proce-
dure as with apo-BF1 has been performed. Again,
five lifetime classes with different emission spectra
were found. The x?G*PaD_yalye for a 5-exponential
analysis was 1.24. The obtained fluorescence life-
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Fig. 5. “Pure” fluorescence decay functions, reconvoluted
from the fitted fluorescence decay curves (,,, = 400 nm, x? <
1.1); the curve a is the decay of 4 uM apo-BF1, curve b and ¢ are
the decays after addition of acrylamide (0.014 M and 0.042 M for
b and c, respectively; dynamic quenching); curve d (dashed lines)
is the decay of Ca-BF1 (4.5 mM CaCl,; static quenching).

times are 0.060.01 ns (component A), 0.24+0.01 ns
(B), 0.67£0.02 ns (C), 2.320.3 ns (D), and 5.1+0.4 ns
(E). Therefore, the dramatic shortening of the fluo-
rescence decay of BF1 and the 40% decrease in the
quantum yield upon CaCl, addition cannot be ex-
plained by changes in the fluorescence lifetimes.
The emission maxima of the DAS log-normal fits are
325.8 nm (component A), 327.2 nm (B), 334.2 nm
(C), 337.4 nm (D), and 347.6 nm (E).

Comparison of the DAS of component D and E for
apo- and Ca-BF1 (Fig. 6) shows that addition of cal-
cium ions leads to a dramatic decrease of the emis-
sion intensities of the 2.3 ns (D) and 5 ns (E) compo-
nents (maximum intensity (Ca-BF1)/maximum
intensity (apo-BF1): 0.17 (E); 0.37 (D)). Whereas the
emission maximum of E remains nearly unchanged,
CaCl, addition leads to a significant blue shift of D
(341.9 nm to 337.4 nm). Furthermore, the intensity
decrease of component E is larger than of D.

Figure 7 compares the DAS of the three subnano-
second components A, B, and C for apo- and Ca-BF1.
In all three cases the emission maxima for apo- and
Ca-BF1 are identical within the experimental error.
The intensity of A and C are unchanged. The in-
crease in the fluorescence intensity of B is small in
comparison to the changes in component D and E,
but is out of experimental error (maximum intensity
(Ca-BF1)/maximum intensity (apo-BF1): 1.51).

DISCUSSION

The description of the fluorescence decays of apo-
and Ca-BF1 by a decay model with five wavelength
independent lifetimes results from the distribution
of lifetimes analysis (minimum energy method) and
the global analysis (Marquardt Levenberg algo-
rithm). Both methods yield essentially identical
mean lifetime values. The remarkable agreement of
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Fig. 6. Decay-associated spectra of components D (A) and E
(*) for apo-BF1 (2.3+0.2 ns (D) and 4.9+0.3 ns (E)) and for Ca-
BF1 (2.3#0.3 ns (D) and 5.1=0.4 ns (E)). Shown are the exper-
imental points and the log-normal fits to the data. Thick lines
represent the decay-associated spectra of Ca-BF1. The emission
maxima are 341.9 nm (D) and 345.5 nm (E) for apo-BF1, and
337.4 nm (D) and 347.6 nm (E) for Ca-BF1.
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Fig. 7. Decay-associated spectra of components A, B, and C
for apo-BF1 (0.06+0.01 ns (A), 0.24+0.01 ns (B), and 0.68+0.02
ns (C)) and for Ca-BF1 (0.06+0.01 ns (A), 0.24+0.01 ns (B), and
0.67+0.02 ns (C)). Shown are the log-normal fits to the data.
Thick lines represent the decay-associated spectra of Ca-BF1.
The emission maxima are 324.3 nm (A), 325.8 nm (B), and 334.8
nm (C) for apo-BF1, and 325.8 nm (A), 327.2 nm (B}, and 334.2
nm (C) for Ca-BF1.

both, very different, analysis methods leads to the
conclusion that the fluorescence of the three tryp-
tophans is characterized by at least five different
tryptophan excited-states. Contributions of excited-
state reactions, as Trp—Trp energy transfer33-3% or
solvent relaxation during the excited-state life-
times®¢~3® are unlikely, since reconvolution fits at
the red edge of the emission spectrum do not have
any negative fractional amplitudes, and the steady-
state emission spectra do not change with red edge
excitation (data not shown).!®

Acrylamide is a quencher widely used for assign-
ment of lifetimes.2%323° The theoretical k(q)-value

for a fully exposed polypeptide-tryptophan is about 3
x 10° M~1 s 1.2% Totally buried tryptophans exhibit
k(g)-values < 0.2 x 10° M~ ! s71.2® The more than
five times larger quenching rate for component E
than for C (Fig. 4) reflects the substantial difference
in the residue surface accessibilities for the Gla and
kringle tryptophans.®* A comparison with k(q)-val-
ues of other proteins®®323? gupports the conclusion
that the 4.9 ns component is due to partially solvent
accessible Trp42 (k(g) = 1.1 = 0.2 x 10° M 1s™ 1),
whereas the 0.68 ns component (k(q) 0.2+0.2 x 10°
M~! s71) was assigned to the kringle tryptophans.

The wavelength dependence of the component D
quenching indicates that more than one tryptophan
excited-state accounts for D. At 400 nm k(q) is iden-
tical to the one determined for compound E (k(q) =
1.1+0.3 x 10° M~ ! s 1) (Fig. 4) and the quenching
efficiency decreases towards the blue edge of the
spectrum. It is concluded that both, the kringle and
the Gla tryptophan fluoresce with a lifetime of
about 2.3 ns. Thus, the wavelength dependent acryl-
amide quenching of component D leads to the iden-
tification of a sixth tryptophan excited-state in BF1.

Due to the limited time resolution, the acrylamide
quenching of component B (0.24 us) is only charac-
terized by an upper limit of the bimolecular quench-
ing rate. Since the quenching of the Gla tryptophan
(k(g) = 1.1+0.2 x 10° M~ ! s71) is found to be more
than twice as effective as the highest possible
quenching rate of component B (k(g) < 0.5 x 10°
M~ s71), the 0.24 ns component is assigned to the
kringle tryptophans.

A fluorescence decay time is generally deter-
mined by the radiative fluorescence lifetime and the
rate of nonradiative deactivation processes. Consid-
ering the low quantum yields of 0.089 and 0.051 for
apo- and Ca-BF1, respectively,'? the nonradiative
rate constants are much higher than the radiative
rate constants. Even though, since the radiative life-
time for tryptophan can vary from 10 to 70 ns de-
pending on the environment,?® a discussion must
focus on both, radiative and radiationless deactiva-
tion processes. Though there are contradictory re-
sults in the literature,*® a qualitative rule indicates
that buried, more blue emitting tryptophans will ex-
hibit shorter radiative lifetimes than those exposed,
the more red emitting ones.2”38:41:42 Therefore, a
larger radiative lifetime value for the red emitting
Trp42 than for the buried kringle tryptophans might
be one reason for the higher fluorescence decay time
values of Trp42 (2.3 and 4.9 ns).

Trp42 exhibits two lifetimes (D and E). Assuming
that component E (4.9 ns) represents the solvent
quenched fluorescence decay of partially exposed
Trp42, a collisional quenching by neighboring
amino acids may lead to component D (2.3 ns). Since
the tertiary structure of BF1 is not resolved for res-
idues 1-35,* an assignment of D to a specific Trp42—
quencher interaction is not possible. However,



FLUORESCENCE OF PROTHROMBIN FRAGMENT 1 491

G 136

Fig. 8. A depiction of Trp90 and Trp126 and the amino acids, which are in the nearest vicinity of these
tryptophans and are known to be a fluorescence quencher. The coordinates were taken from the Brookhaven
Protein Data Bank entries® and displayed via Hyperchem software (Autodesk Inc., Sausalito, CA).

Tyr45, which is part of an aromatic cluster formed
by Phe4l, Trp42, and Tyr45,* is a candidate for
quenching of Trp42 fluorescence.

That Trp90 and Trpl26 show shorter lifetimes
(components B, C, and D) than Trp42 (D and E) may
be due to effective quenching by functional groups in
the close vicinity of the kringle tryptophans. The
X-ray structure shows a high number of amino ac-
ids, that are known to quench tryptophan fluores-
cence, 84344 pearby Trp90 and Trp126. On the basis
of the quenching efficiency classification for amino
acids®®*34% and on geometrical considerations,* we
suggest that the following amino acids may be in-
volved in the fluorescence quenching of Trp90 and
Trpl126: the cysteins of the two inner disulfide
bridges (Cys87-Cys127, Cys115-Cysl139), Argl36,
Aspl19, Hisl105, and Tyrl28. The spatial orienta-
tion of these groups is shown in Figure 8.

The limited time resolution of our experiments
prevents an assignment of component A via acryl-
amide quenching studies. Although a decay time of
60 ps seems to be short for a fluorophore with a
radiative lifetime between 10 and 70 ns, the appear-
ance of such a short component is a common feature
of many protein studies,2-28:31.:38:45-51

The calcium-induced conformational change,
which is crucial in forming the native conformation
demanded by membrane binding, is paralleled by an
40% decrease in the quantum yield,° ! by a 9 nm
blue shift of the steady-state spectrum (data not
shown), and by a shortening of the fluorescence de-
cay (Fig. 5) of BF1. Analysis of the set of Ca-BF1
decays yields the same decay times as in the case of
apo-BF1. Therefore, the literature explanations for
the observed fluorescence quenching based on short-
ening of lifetimes due to changes in the hydrophilie-
ity of the Trp42 environment®® leading to more

effective dynamic solvent quenching, cannot be ac-
cepted. The lifetime invariance together with the
decrease in the emission intensity indicate a static
quenching mechanism.

The results presented here agree with the conclu-
sion made from the X-ray structure® that Trp42 is
exclusively responsible for the decrease of the fluo-
rescence intensity. Only the two Trp42 components
(D and E) exhibit a strong intensity decrease upon
calcium addition (maximum intensity (Ca-BF1)/
maximum intensity (apo-BF1): 0.17 (E); 0.37 (D)).
Together with the fact that the decrease in D is
smaller than in E, the blue shift of D from 341.9 nm
to 337.4 nm (Fig. 6) confirms that D comprises flu-
orescence of both tryptophan types.

Since the CaCl, addition stabilizes the interaction
between Cys18-Cys23 and the aromatic cluster
Phe41, Trp42, and Tyr45,%° we explain the observed
static Trp42 quenching by the existence of a ground
state equilibrium between a non-fluorescent Trp42—
disulfide (Cys18—Cys23) adduct and the free species.
The remaining fluorescence of E in Ca-BF1 is due to
“free” Trp42. The monomolecular equilibrium con-
stant, which was calculated from the fluocrescence
maximum intensity values of component E in ab-
sence and presence of calcium ions, is 4.8. The static
quenching phenomenon is illustrated in Figure 5 by
a comparison of the effect of CaCl,, addition with the
effect of acrylamide addition (dynamic quenching)
on the decay of BF1. Though the Trp42-disulfide
interaction was predicted,® and a more hydrophobic
environment of Trp42 was suggested (calculated sol-
vent accessible areas: 133 and 64 X 10~2° m? for apo-
and Ca-BF1, respectively),® we did not find any ev-
idence for this hydrophobic environment (lifetimes
for component E: 4.9+0.3 ns and 5.1+0.4 ns for apo-
and Ca-BF1, respectively). However, the calculated
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changes in the hydrophilicity are, by far, too small
to explain the observed 83% intensity decrease of
Trp42 fluorescence.

Precedence for a disulfide-tryptophan interaction
has been already set by phosphorescence®*®3 and
fluorescence® studies. Evidence for the static na-
ture of the fluorescence quenching in proteins has
been found for tyrosine®®—as well as for tryp-
tophan®®—containing polypeptides. Sanyal and co-
workers found that the dithiothreitol quenching of
5-methoxyindole, N-acetyl-L-tryptophanamide, me-
littin, and mastorpan X show a static quenching pat-
tern.5®

The components A, B, and C do not contribute to
the calcium-induced decrease in the quantum yield of
BF1 (Fig. 7). A comparison of the spatial organization
of the kringle tryptophans and the amino acids,
which are known to quench tryptophan fluorescence
(Fig. 8), reveals no differences between apo- and Ca-
BF1. Since both Trp42 components are quenched
upon CaCl, addition, the invariance of the compo-
nent A-DAS to CaCl, addition implies that Trp42
does not fluoresce with a lifetime of 0.06 ns. There-
fore, even if A could not be assigned via acrylamide
quenching studies, this suggests that A is a fluores-
cence component of the kringle tryptophans. The
components B and C are not quenched by CaCl, ad-
dition, which confirms there are no changes in the
environment of the kringle tryptophans. It is to be
stressed, that the observed CaCl, quenching pattern
confirms the assignment of the individual compo-
nents originally based on acrylamide experiments.

Component B exhibits a small increase in the flu-
orescence intensity (maximum intensity (Ca-BF1)/
maximum intensity (apo-BF1): 1.51). It might be
due to changes in the microenvironment of Trp90
and Trpl126, caused by a weak calcium binding in
the kringle domain.?®7 Though the X-ray structure
did not locate such a binding site, Hamaguchi and
co-workers suggested the existence of two sites
promising calcium binding. One of these sites, in-
volving Ser121, Thr123, and Gly124, may influence
the orientation of Trp126 and, therefore, influence
the tryptophan-quencher interactions. However,
since the X-ray structure does not show a weak cal-
cium binding site and the DAS of components A and
C are identical for apo- and Ca-BF1, an influence of
calcium binding on the Trp126 orientation appears
to be very speculative.

The important feature of the observed disnlfide-
tryptophan interaction in BF1 for the understand-
ing of the prothrombinase is an involvement of this
interaction in membrane binding. The Gla residues
Gla20 and Gla21, which are supposed to be respon-
sible for the calcium-bridged membrane binding, are
part of the Cys18—Cys23 hexapeptide disulfide loop.
On the other hand, the calcium-induced conforma-
tional change, which is essential for membrane
binding, leads to an equilibrium interaction of this

disulfide linkage with Trp42. The necessity of the
Cys18—Cys23 disulfide, as well as of the aromatic
cluster formed by Phe41, Trp42, and Tyr45 for mem-
brane binding ability of BF1 and of homologous pro-
teins was also demonstrated by investigations of
modified proteins.2%-°7-%% We propose, that the char-
acterization of the Trp42 flucrescence together with
the determination of the monomeolecular equilib-
rium constant can be a new method for monitoring
conformational changes in the Gla domain of BF1
and of related proteins, induced by membrane bind-
ing. In progressing experiments, this method is used
to find a molecular mechanistic explanation for the
unique position of phosphatidyl-L-serine among the
procoagulant lipids in the process of calcium-chelat
formation by a polar phospholipid headgroup and
Gla residues of the protein.?®-%°

CONCLUSIONS

The presented time-resolved tryptophan fluores-
cence study provides a tool to investigate separately
structural changes in Gla and kringle domain of
BF1 without cleaving the protein into smaller frag-
ments or modifying the protein by site-directed mu-
tagenesis. Calcium addition does not change the mi-
croenvironment of the kringle tryptophans, but
establishes an equilibrium between a non-fluores-
cent adduct formed by the Gla tryptophan and a di-
sulfide bridge and the “free” species. Experimental
work2%-57:58 and structural data®® indicate a direct
involvement of this equilibrium in the binding to
phospholipid membranes. Together with the fact
that BF1 is an good model for studying the mem-
brane binding behavior of prothrombin,®! these
conclusions motivate the use of this method in the
investigation of the special role of the prothrombin-
calcium-phosphatidyl-L-serine interaction in the
prothrombinase.59-¢°
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