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Abstract. The time-resolved fluorescence characteristics
of tryptophan in flavodoxin isolated from the sulfate-re-
ducing bacteria Desulfovibrio vulgaris and Desulfovibrio
gigas have been examined. By comparing the results of
protein preparations of normal and FMN-depleted
flavodoxin, radiationless energy transfer from tryp-
tophan to FMN has been demonstrated. Since the crystal
structure of the D. vulgaris flavodoxin is known, transfer
rate constants from the two excited states 'L, and 'L, can
be calculated for both tryptophan residues (Trp 60 and
Trp 140). Residue Trp 60, which is very close to the
flavin, transfers energy very rapidly to FMN, whereas the
rate of energy transfer from the remote Trp 140 to FMN
is much smaller. Both tryptophan residues have the in-
dole rings oriented in such a way that transfer will prefer-
entially take place from the ' L, excited state. The fluores-
cence decay of all protein preparations turned out to be
complex, the parameter values being dependent on the
emission wavelength. Several decay curves were analyzed
globally using a model in which tryptophan is involved in
some nanosecond relaxation process. A relaxation time
of about 2 ns was found for both D. gigas apo- and holo-
flavodoxin. The fluorescence anisotropy decay of both
Desulfovibrio FMN-depleted flavodoxins is exponential,
whereas that of the two holoproteins is clearly non-expo-
nential. The anisotropy decay was analyzed using the
same model as that applied for fluorescence decay. The
tryptophan residues turned out to be immobilized in the
protein. A time constant of a few nanoseconds results
from energy transfer from tryptophan to flavin, at least
for D. gigas flavodoxin. The single tryptophan residue in
D. gigas flavodoxin occupies a position in the polypep-
tide chain remote from the flavin prosthetic group. Be-
cause of the close resemblance of steady-state and time-
resolved fluorescence properties of tryptophan in both
flavodoxins, the center to center distance between tryp-
tophan and FMN in D. gigas flavodoxin is probably very
similar to the distance between Trp 140 and FMN in
D. vulgaris flavodoxin (i.e. 20 A).

Offprint requests to: A.JW.G. Visser

Key words: Flavodoxin — Desulfovibrio — Flavin — Tryp-
tophan — Time-resolved fluorescence — Fluorescence de-
polarization — Rotational correlation time

Introduction

Time-resolved fluorescence spectroscopy has gained con-
siderable attention because precise information about
structure and dynamics of various biopolymers can be
obtained (for general references see Rigler and Ehrenberg
1973, 1976; Cundall and Dale 1983; Lakowicz 1983;
Beechem and Brand 1985). Particularly, protein fluores-
cence decay measurements have been widely used for
probing tryptophan microenvironment and dynamics
(Munro etal. 1979; Longworth 1983; Beechem and
Brand 1985; Brand et al. 1985). Flavodoxins are low-
potential electron-carrying proteins (molecular weight
15-25 kDa), which contain, as well as tryptophan, an-
other chromophoric molecule, namely the non-covalent-
ly bound prosthetic group flavin mononucleotide (FMN)
(for reviews on flavodoxins see Mayhew and Ludwig
1975; Simondson and Tollin 1980; Tollin and Edmond-
son 1980). The chemical and physical properties of flavo-
doxins, isolated from various organisms, have been ex-
tensively investigated with several spectroscopic tech-
niques (Edmondson and Tollin 1971 ; D’Anna and Tollin
1972; Ryan and Tollin 1973; Eaton et al. 1975; Visser
etal. 1977, 1980, 1983 a, 1987; Irwin et al. 1980; Vervoort
etal. 1985, 1986). The crystal structures of a few flavo-
doxins in different redox states have been reported at
high resolution (Watenpaugh et al. 1973; Burnett et al.
1974; Smith et al. 1983).

In this paper the results of time-resolved fluorescence
of tryptophan residues determined in two flavodoxins
are reported. The flavodoxins were isolated from the sul-
fate-reducing bacteria Desulfovibrio vulgaris and Desulfo-
vibrio gigas. The 3-dimensional structure of D. vulgaris
flavodoxin is known (Watenpaugh etal. 1973). This
flavodoxin contains two tryptophan residues, one of
which is adjacent to FMN and the other remote from
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FMN. D.gigas flavodoxin has a single tryptophan
residue (Fox and Heumann 1982). Although its exact
location is not known, it is believed to be positioned
remote from FMN. Both apo- and holo-flavodoxins were
examined in order to monitor radiationless energy trans-
fer from tryptophan to flavin. For D. vulgaris flavodoxin
the results can be compared with theoretical transfer
rates derived from the X-ray distances and orientations.

Time-resolved fluorescence spectra of the trypto-
phans in apo- and holoproteins were measured in order
to investigate rapid relaxation processes in these proteins.
The results are discussed with reference to the peculiar
photophysics of tryptophan (Andrews and Forster 1974;
Szabo and Rayner 1980; Chang et al. 1983; Petrich et al.
1983; Cross et al. 1983; Ichiye and Karplus 1983; Creed
1984). Polarized fluorescence decay measurements were
used to investigate the rotational motion of the tryp-
tophans in both flavodoxins.

A preliminary account of the results has been present-
ed earlier (Visser and Van Hoek 1988).

Experimental procedures
Isolation and purification of flavodoxins

Desulfovibrio flavodoxins, purified as described earlier
(LeGall and Hatchikian 1967; LeGall and Forget 1978),
were a gift of Prof. J. LeGall (University of Georgia).
They were distributed into vials and kept as stock solu-
tions at —20°C. Prior to experiments a vial was thawed
and gel-filtrated over Sephadex G235 with either 0.1 M
Tris-HC] buffer pH 7.5 or 0.05 M potassium phosphate
pH 7.0 (for temperature dependent measurements) to
concentrations in the 1—10 uM region. Published extinc-
tion coefficients (Dubourdieu and LeGall 1970) were
used to determine the concentrations.

Preparation of apoprotein

The apoproteins were prepared by the trichloroacetic
acid precipitation method followed by dissolution in neu-
tral buffer (Wassink and Mayhew 1975).

Steady-state fluorescence

Fluorescence spectra were measured on an Aminco-
SPF 500 spectrofluorimeter with excitation wavelength
at 295 nm and band widths of 4 nm both in excitation
and emission. The absorbance at 295 nm was adjusted to
0.06. Both emission and excitation spectra were correct-
ed. Fluorescence quenching experiments with KI were
performed as described by Lehrer (1971). N-acetyl-L-
tryptophan amide (NATA) served as a reference com-
pound in both spectral and quenching experiments. In
the quenching experiments integrated spectra were com-
pared to the integrated spectrum of NATA taken under
similar conditions.

Time-resolved fluorescence

Fluorescence decay measurements using a mode-locked
argon-ion laser/synchronously-pumped dye laser system
as the source of excitation, inherent data collection and
subsequent data analysis have been described in detail
elsewhere (Van Hoek et al. 1983, 1987; Van Hoek and
Visser 1985; Visser et al. 1985; Vos et al. 1987). Trypto-
phan was selectively excited at 300 nm. Time- and wave-
length-resolved fluorescence emission spectroscopy was
performed at 20 °C with a double monochromator (band
width 6 nm) having a polarizer set at the magic angle in
front of the entrance slit. Fluorescence decays were mea-
sured as a function of emission wavelength every 10 nm
between 320 and 400 nm. Three-dimensional presenta-
tion of the results was as described by Easter et al. (1976).
The wavelength- and time-resolved fluorescence intensity
I(4, 1) is given by:

I, 0)=h() s, 1) (1)
where
F(A ‘
h(}) = % 2)
{ s 1)dt

with the corrected steady-state fluorescence F (1) and the
decay function s (4, t) which is taken to a first approxima-
tion as a triple-exponential function with amplitudes «,
and lifetimes 7;:

S0 ) =X o exp [~ tfz,] ®3)

For fluorescence decay and anisotropy decay at a single
wavelength a Schott 339 nm line filter (half band width
5 nm) was used.

Global analysis of fluorescence decay curves of apo-
and holo-flavodoxins was performed using the procedure
previously outlined by Knutson et al. (1983) and Beechem
et al. (1985a, b).

Energy transfer

Energy transfer is assumed to occur via the Forster mech-
anism of very weak dipole-dipole coupling (Forster
1965). The rate of transfer between tryptophan (donor)
and flavin (acceptor) is given by:

Kps = (8.79 % 1023) 171 R ™6 52 Jp~=* 4)

In this equation, 7, is the radiative lifetime of tryptophan
fluorescence taken as 20 ns (Hochstrasser and Negus
1984), n is the refractive index of the medium between
donor and acceptor taken as 1.4 (Eisinger et al. 1969), and
J is the spectral overlap integral given by:
2 F(ve®)
J=} ————dv 5
g vt ©
where F (v) is the normalized fluorescence spectrum of
tryptophan on a wavenumber scale, g(v) is the molar
decadic extinction coefficient of the flavin acceptor. From



spectral data we determined the overlap integrals for the
two flavodoxins as J (D. gigas)=0.91 = 10~ '* cm®/M and
J(D. vulgaris)=0.77 = 10~ '* cm?*/M. The geometric par-
ameters are the distance R between the centers of donor
and acceptor, given in A in (4), and the so-called orienta-
tion factor »? given by:

%> =[sinf, sinf, - cos 6 —2(cos b, - cos0,)]> (6)

where § is the dihedral angle between the transition mo-
ments of donor and acceptor and 6, and 0, are the polar
angles made by the donor and acceptor transition mo-
ments, respectively, with the separation vector.

Geometry of chromophores in D. vulgaris flavodoxin

Center to center distances and the polar and dihedral
angles between the relevant tryptophan and FMN transi-
tion moments in D. vulgaris flavodoxin were calculated
using the CHEM-X package, developed and distributed
by Chemical Design Ltd., Oxford, England. The location
of the transition moments in tryptophan and flavin was
taken from the work of Yamamoto and Tanaka (1972)
and of Johansson et al. (1979), respectively.

Results and discussion

The outline of this section is as follows. We first present
some results of steady-state fluorescence spectroscopy of
apo- and holo-flavodoxins to characterize qualitatively
the polarity of the tryptophan environment and its acces-
sibility for iodide. Then the time-resolved fluorescence
and fluorescence anisotropy of D. gigas flavodoxin at a
single emission wavelength are described using global
analysis with ‘arbitrary’ multi-exponential functions
leading to the best fit. A survey of decay parameters is
then obtained. Fluorescence decays across the tryp-
tophan emission band of apo- and holo-flavodoxins are
analyzed to yield three-dimensional representations of
time-resolved fluorescence, from which spectra at distinct
times after the pulse are obtained. Theoretical rates of
energy transfer between tryptophan and flavin are calcu-
lated from the ‘known’ D. vulgaris flavodoxin, Finally, a
model is proposed to discuss the time-resolved fluores-
cence and fluorescence anisotropy: the data were re-ana-
lyzed globally to investigate the validity of the model.

Steady-state fluorescence

We have selectively excited the tryptophan residues of
apo- and holo-flavodoxins at 295 nm. An example of
absorption and emission spectra of D. gigas flavodoxin
preparations is presented in Fig. 1. Fluorescence quench-
ing experiments are given in Fig. 2 in the form of a Stern-
Volmer and a modified Stern-Volmer plot. The results,
relative quantum efficiencies, emission maxima and
Stern-Volmer constants, are collected in Table 1. The
most important features of Table 1 can be summarized as
follows. From the emission maximum near 330 nm it can

IS
vy

[
o
=3

)

-1 -1

FLUORESCENCE (ARB.UNITS)
EXTINCTION COEFFICIENT (100 M cm

L 1 1 1 1 N 1 l 1 |
24 25 26 27 28 29 30 3 32 33

WAVENUMBER  (kK)

Fig. 1. Demonstration of the overlap between the emission spec-
trum of tryptophan (o) and the absorption spectrum of FMN (*) in
D. gigas flavodoxin. The emission maximum of tryptophan in
D. gigas FMN-depleted flavodoxin is located at 30.3 kK (330 nm).
The molar extinction coefficient for FMN is 8700 M~ *cm ™! at
26.4 kK (379 nm)

Table 1. Steady-state fluorescence properties of Desulfovibrio flavo-
doxins at 20°C*

Sample A"em ° q, ¢ KSV ¢
(nm) M~
(£0.02) (£0.02)

NATA 358 1.00 10.40

D. gigas apo 330 0.73 0.30

D. gigas holo 330 0.19 n.d.

D. vulgaris apo 332 0.61 0.51

D. vulgaris holo 330 0.10 n.d.

® Samples dissolved in 0.1 M Tris-HCl pH 7.5, apo is FMN-deplet-
ed flavodoxin, holo is native flavodoxin

> Wavelength of maximum fluorescence

¢ Relative quantum efficiency

4 Stern-Volmer constant

be concluded that the tryptophan residues are located in
a rather apolar environment in both apo- and holo-
proteins. The fact that there is hardly any change in emis-
sion maxima with or without FMN, indicates that to a
first approximation the flavin does not perturb the elec-
tronic energy levels of the indole moiety. From the
relative fluorescence efficiencies it is evident that FMN-
binding results in a significant decrease of tryptophan
fluorescence. This must be ascribed to radiationless excit-
ed-state energy transfer from tryptophan to flavin (Visser
and Santema 1981). In Fig. 1 it is shown that there is a
good overlap between the fluorescence spectrum of the
single tryptophan (donor) and the absorption spectrum
of the bound FMN (acceptor). The small initial slope in
the Stern-Volmer plot (Fig. 2 A) of the apo-flavodoxins
should indicate that the tryptophan residues are acces-
sible to the bulky iodide ion for low efficiency quenching.
However, the ordinate intercept in the modified Stern-
Volmer plot (Fig. 2 B), reflecting the reciprocal fraction
of accessible tryptophans indicates that a fraction of the
tryptophan is totally inaccessible to quencher.
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Fig. 2. Stern-Volmer plot (A) and modified Stern-Volmer plot (B) for quenching experiments of D. gigas and D. vuigaris FMN-depleted
flavodoxin (see text for details). eee: D. gigas flavodoxin, ooo: D. vulgaris flavodoxin
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Fig. 3. Typical example of a fluorescence intensity decay analysis of
D. gigas holo-flavodoxin in 0.1 M Tris-HCI pH 7.5 at 20°C. Excita-
tion and emission wavelengths were 300 nm and 339 nm respective-
ly. Both the fluorescence response of p-terphenyl in ethanol (z . is
1.06 ns) and the experimental and calculated fluorescence decays
(1000 channels, time equivalence 31 ps per channel) of D. gigas
holo-flavodoxin are shown. The (three) fluorescence decay times,
pre-exponential factors, and statistical parameters are collected in
Table 2

Fluorescence decay and fluorescence anisotropy decay

In contrast to the exponential fluorescence decay of
NATA (Vos et al. 1987), the fluorescence decay pattern of
tryptophan in the flavodoxin is more complex. At least
three exponentials are needed to fit the experimental de-
cay. We have selected D. gigas apo- and holo-flavodoxin
at 20 °C to demonstrate the fit quality using a linear com-
bination of exponential functions. An example of a best-
fit decay analysis is shown in Fig. 3 for D. gigas holo-
flavodoxin. Decay and statistical parameters for the
various models have been collected in Table 2. The fluo-
rescence decay of the holoprotein is distinctly more rapid

FMN-DEPLETED FLAVODOXIN
FLAVODOXIN

INTENSITY (ARB.UNITS)

TIME (ns)

Fig. 4. Normalized fluorescence intensity decays of D. gigas FMN-
depleted and holo-flavodoxin in 0.1 M Tris-HCl pH 7.5 at 20°C.
Both experimental and calculated fluorescence intensity decays for
both flavodoxin preparations are shown. Experimental conditions
were identical to those described in the legend to Fig. 3. The fluores-
cence decay times, pre-exponential factors, and statistical parame-
ters are listed in Table 2

than that of apo-flavodoxin. This is demonstrated in
Fig. 4 where fluorescence decay profiles and their fits for
D. gigas apo- and holoprotein are presented together.
The more rapid fluorescence decay of the holoprotein
arises from the much larger amplitude of the shortest
lifetime component (cf. Table 2).

The fluorescence anisotropy decay of both D. gigas
apo- and holo-flavodoxin was analyzed globally as well,
using single- and double-exponential functions. For apo-
flavodoxin a double exponential decay law does not im-
prove the quality of the fit significantly (Fig. 5A). For the
holoprotein a double-exponential decay law was required
to obtain a good fit to the data (see Fig. 5B). Parameter
values and statistical parameters are collected in Table 2.
From the results in Table 2 it is clear that the anisotropy
decay of holo-flavodoxin is characterized by a short and
a long correlation time.

Time-resolved fluorescence spectra

We have also analyzed the fluorescence decay of the four
protein preparations as a function of emission wave-



47

Table 2. Parameters describing the fluorescence decay (A) and fluorescence anisotropy decay (B) of D. gigas apo- and holo-flaquoxin at
20°C. Parameters (standard deviations are listed in parentheses) were calculated using a linear combination of exponential functions (4.,

is 300 nm, 4, is 339 nm, and band width is 5 nm)

Sample #2 a 7 o, T, oy T4 o, T, Xz DW* 7Zp®
(ns) (ns) (ns) (ns)
A. Fluorescence decay
D. gigas apo 1 1.00 3.75 27.3 0.06 2
(0.01) (0.01)
2 0.76 2.40 0.24 6.00 1.82 1.16 62
(0.01) (0.02) 0.01) (0.04)
3 0.18 0.41 0.67 2.79 0.15 6.67 1.13 1.81 199
(0.01) (0.04) (0.01) (0.03) (0.01) (0.08)
4 0.19 0.38 0.07 221 0.60 2.85 0.14 6.70 1.12 1.82 201
(0.01) (0.05) (0.14) (0.72) 0.13) (0.15) (0.02) (0.13)
D. gigas holo 1 1.00 2.56 1.28 0.01 1
0.01) (0.01)
2 0.93 0.03 0.07 5.47 1.88 0.84 8
(0.03) (0.01) (0.01) (0.02)
3 0.74 0.89 0.18 2.80 0.08 6.74 0.98 1.84 226
0.01) (0.02) (0.01) 0.12) (0.01) 0.12)
4 0.61 0.83 0.16 1.22 0.16 291 0.07 6.74 0.99 1.87 231
(0.23) (0.07) (0.04) (0.38) (0.21) (0.52) (0.01) (0.21)
Sample # B, $, B, $, 2 DW®  ZP,°  ZP,°
(ns) (ns)
B. Fluorescence anisotropy decay®
D.gigas apo 1 0.22 5.81 1.12 1.84 201 205
(0.01) (0.08)
2 0.26 5.81 —0.04 5.89 1.12 1.84 203 205
(0.29) (2.10) (0.29) (14.30)
D. gigas holo 1 0.21 4.74 1.10 1.63 140 164
(0.01) (0.08)
2 0.17 2.69 0.06 22.15 1.01 1.79 204 216
(0.02) 0.23) (0.02) (18.04)

Number of exponentials in the fluorescence decay function

o A o o B

intensity decays, respectively

length. A three-dimensional representation of one data
set is given in Fig. 6. From such a data set one can easily
retrieve peak normalized spectra as a function of time.
The average fluorescence lifetime increases at longer fluo-
rescence wavelengths, implicating a spectral change dur-
ing the decay. In Fig. 7 examples of fluorescence spectra
at different times after a d-pulse excitation are given for
D. gigas apo- and holo-flavodoxin. It can be clearly seen
that the fluorescence maximum shifts to the red from
330 nm to approximately 340 nm in the apoprotein. In
the holoprotein it is evident that two maxima appear in
the time-dependent emission. Similar changes were ob-
served in D. vulgaris flavodoxin (Visser and Van Hoek
1988).

Energy transfer

When the fluorescence decay characteristics of flavodox-
in and FMN-depleted flavodoxin from both bacterial

DW is the Durbin-Watson parameter; ZP is the number of zero-passages of the autocorrelation function of the weighted residuals
Calculated using three exponentials describing the fluorescence decay

Number of exponentials in the fluorescence anisotropy decay function

ZP, and ZP | are the number of zero-passages of the autocorrelation functions connected with parallel and perpendicular fluorescence

sources are compared, it is clear that the relative weight
of the shorter lifetime component is increased in the holo-
protein (cf. Table 2). Energy transfer from tryptophan to
flavin can explain the enhanced contribution of the short
lifetime component. The photophysical behaviour of
tryptophan, however, is complex. Two potentially fluo-
rescent states (L, and 'L,, ground state is denoted by
1 4) are closely spaced in energy (Valeur and Weber 1977),
with widely different polarization directions in the
molecular frame (Yamamoto and Tanaka 1972) and with
a high interconversion probability (Cross et al. 1983).
The energy difference between the two states depends
very much on the polarity of the direct environment of
the indole moiety (Andrews and Forster 1974).

Since the 3-dimensional structure of the D. vulgaris
flavodoxin is known (Watenpaugh et al. 1973), the trans-
fer rate constants from each electronic level of both tryp-
tophan residues to the single flavin acceptor can be eval-
uated, similarly to the assignments made for trypto-
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phan-heme transfer in myoglobin (Hochstrasser and
Negus 1984). For simplicity we assumed in the calcula-
tions that the two excited states of the tryptophan can
transfer independently and that both tryptophan residues
exhibit Forster-type energy transfer. Also, the same over-
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autocorrelation of the residuals of fitting with a single and a double
exponential function are shown in the top panels. The fluorescence
anisotropy decay parameters and statistical data are listed in
Table 2

Fig. 6. Three-dimensional representation
of a time-resolved fluorescence spectrum
of D. gigas holo-flavodoxin constructed
from a corrected steady-state fluorescence
spectrum and deconvoluted fluorescence
intensity decays for data collected at 320,
330, 340, 350, 360, 370, 380, and 395 nm

385

lap integral for the two tryptophan-flavin couples is as-
sumed. The flavin accepts the energy via the second elec-
tronic state, its absorption vector in the molecular plane
is known (Johansson et al. 1979). Since the relative orien-
tations of transition dipoles as well as distances can be
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Fig. 7A, B. Normalized fluorescence spectra of D. gigas FMN-de-
pleted flavodoxin (A) and holo-flavodoxin (B). The curves are ex-
tracted from three-dimensional graphs (as in Fig. 6) by taking slices
at times =0, 1, 2, 3 and 5 ns. The fluorescence maximum shifts to

Table 3. Energy transfer rate constants (kp, ) calculated for D. vul-
garis flavodoxin®

Donor —Acceptor  RP #>° kpa® Tpa

A s™h (rs)
'L, (Trp60) — FMN 5.5 1.20 3.12 %1012 0.32
'L, (Trp60) — FMN 5.5 0.06 1.56 * 10! 6.4
17, (Trp140) - FMN 198 060 134%10° 750
'L, (Trp140) - FMN 19.8 0.17 1.90 « 108 5300

* The constants were calculated from geometrical parameters using
the 3-dimensional structure determined by Watenpaugh et al. (1973)
® Center to center distance

© %? is the orientation factor

¢ kpa=1/tpa

determined, the transfer rate constants can be calculated
(see Table 3). From inspection of Table 3 it is clear that
the rate of transfer between the closest tryptophan
(Trp 60) and FMN is at least two orders of magnitude
larger than the transfer rate associated with the other
tryptophan residue (Trp 140). The direct consequence is
that fluorescence from this residue would be extinguished
very rapidly. Another interesting result is the fact that
transfer from the 'L, electronic level is much more effi-
cient than transfer from the 'L, state for both trypto-
phans. This difference in transfer rate can be mainly as-
cribed to the less favourable orientation factor »2 (Dale
et al. 1979). For the purpose of discussion the calculated
rates can qualitatively explain the fluorescence decay pat-
terns and the time-resolved wavelength shifts of flavo-
doxin. The increase in amplitude of the short lifetime
component, when comparing apo- with holoprotein, can
be accounted for by the finite energy transfer process. If
the reciprocal transfer rate constants (z,, see Table 3)
connected with the L, state are considered, it is evident
that the time constant of transfer from Trp 140 (the re-
mote one) is relatively long, of the same order as found
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the red from 330 nm to approximately 340 nm in the FMN-depleted
flavodoxin. In the holo-flavodoxin two maxima appear (second
maximum at about 359 nm). The spectral changes were completed
after approximately 5 ns
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Fig. 8. Scheme describing an excited-state reaction of a tryptophan
residue in a protein environment. The rate constant for this process
is given by the symbol k,,. Emission rate constants are indicated as
well, with the superscript denoting either apoprotein (a) or holo-
protein (h)

for the tryptophan-acceptor couple in lumazine protein
(Kulinski et al. 1987).

Interpretation of fluorescence decay

The changes in emission spectra as a function of time
observed for the single tryptophan in D. gigas flavodoxin
indicate, in principle, two possibilities. The heterogeneity
of the emission spectra arises ecither from at least two
ground-state conformers with different excited-state be-
haviour or from the presence of an excited-state reaction
on the nanosecond timescale. This reaction is not yet
defined but it can originate from exciplex formation
(Grinvald and Steinberg 1974), solvent relaxation
(Gudgin-Templeton and Ware 1984) or in general, from
relaxation into a different protein environment. A gener-
alized scheme involving a uni-directional excited-state re-
action and possibly consistent with the experimental
data, for D. gigas at least, is given in Fig. 8. Trp¥ in Fig. 8
1s the primary excited species, Trp} being populated from
Trp¥. The kinetics associated with this scheme are similar
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Table 4. Global lifetimes of the four different Desulfovibrio flavo-
doxin preparations, obtained by global analysis of fluorescence
decay curves at different emission wavelengths

Sample FHCOM A

7, T, s T,
(ns) (ms) (ms) (ns)

D. gigas  apo 0.13 123 3,67 910 1.63 2.25
holo 0.12 1.11 384 10.0 1.33 2.63
D. vulgaris apo 0.09 081 286 653 1.34 1.86
holo 009 0.82 441 108 1.46 2.79

2 Global reduced y2(4) using a four-experimental decay function
(with linked fluorescence lifetimes), y2(3) is the same but for a
three-exponential decay function

to those derived for comparable cases, e.g. the intercon-
version of peptide conformers during the lifetime of the
excited state (Donzel etal. 1974), exciplex formation
(Grinvald and Steinberg 1974) or excited-state protona-
tion (Laws and Brand 1979). The fluorescence decay is
expected to be bi-exponential when both species are char-
acterized by single fluorescence rate constants. The pre-
exponential factors and lifetimes are functions of all the
rate constants involved, while the solution of the system
depends on the initial boundary conditions. When the
fluorescence decays of the two species are multi-exponen-
tial the expressions take the following form:

I; (t) oc [Trpf] (1) =X o exp [— kg, - 1] (7
1. (1) oc ITrp* t_L af; 05 Ky
2(t) oc [ er]()—ggz{m}

*(eXp[_k;j't]—exp[_kii' f]) (8)
with

Za‘{i=2a‘§j=1.
i j

In a first approximation we assume a general validity of
the scheme for apo- and holoproteins (replace superscript
a by h), 1.e. any conformational change between apo- and
holoprotein or resonance energy transfer in the holo-
protein would not affect the scheme. When the microenvi-
ronments of the tryptophan residues in apo- and holo-
proteins are identical, the corresponding rate constants
for the holoproteins are expected to be larger because of
the additive involvement of the rate constant of energy
transfer: k* =k"+ kp, . The two excited species, TrpF and
Trp%, will have different spectral characteristics and the
total fluorescence will be composed of two spectral con-
tributions with wavelength-dependent weighting factors

frand f,={1—/.}, for [Trp{] and [Trp3]:
140 =/ (DL O+~ (A1) ©

£ (A) being the fraction of emission at given wavelength A
associated with Trp¥ such that:

R(A) K@)

fi(A) = (10)

{r,md <V
0

where F, (1) is the contribution of Trp¥ fluorescence to the
steady-state spectrum, F (1) = F, (1)+ F, (1), and {t) is the

first-order average fluorescence lifetime of Trp¥. Global
analytical approaches can be applied to resolve the two
emission spectra from (9) since the rate constants of the
decays at different emission wavelengths will be common.
The next simplest case as compared to the bi-exponential
decay model is for a mono-exponential fluorescence de-
cay of Trp¥ and a bi-exponential decay of Trp¥. Evalua-
tion of (9) would result in a triple-exponential decay. A
sum of three exponential functions, but with different pre-
exponential factors, is also expected for the inverse case,
namely a bi-exponential fluorescence decay of Trp* and a
single fluorescence rate constant for Trp%. When both
excited species are characterized by two fluorescence rate
constants, the total fluorescence is expected to be com-
posed of four exponential terms. The extension to a re-
versible excited-state reaction would result in more com-
plicated rate equations and was not tried.

Although some parameters are also common between
D. gigas apo- and holoproteins, global analysis across
species was not carried out, because lifetimes of species
taking part in energy transfer cannot be validly linked
between apo- and holoprotein.

In the global analysis two model functions were tried:
a linear combination of either three or four exponential
terms in which all the lifetimes (or reciprocal rate con-
stants) were linked between nine decay experiments at
emission wavelengths between 320 and 405 nm. Based on
the values for the global reduced x? for both models the
four-exponential model turned out to be the better model
of the two since it resulted into a significantly lower x?2.
The lifetimes and global reduced y? values for both
models have been listed in Table 4. As expected the rela-
tive amplitudes change with emission wavelength. The
two shorter lifetime components (tentatively assigned to
[Trp¥]) have a relatively larger weight than the two longer
lifetime components (assigned to [Trp*]). The amplitudes
of the longer lifetime components, however, increase sig-
nificantly at longer emission wavelength (at the cost of
those of the shorter lifetimes). This is taken to indicate
that the (predominant) contribution of Trp¥ emission dif-
fers from that of the Trp3 emission. Using the results of
global analysis we were able to resolve the steady-state
fluorescence spectrum into two contributions arising
from Trp¥ and Trp# . The results are given in Fig. 9. It can
be noticed that the fluorescence of Trp¥ is red-shifted as
compared to that of Trp¥. This model is in complete
agreement with the time-resolved spectral behaviour as
presented in Fig. 7. The second species Trp¥ has a much
longer average lifetime so that its presence becomes ap-
parent after the disappearance of Trp¥. The results sum-
marized in Table 4 are also revealing with respect to ener-
gy transfer in the holoproteins. If attention is focussed on
D. gigas flavodoxin only, the rate constants are of com-
parable magnitude. Only Trp¥ would be involved in ener-
gy transfer since the lifetimes are shorter in the holo-
protein. Rate constants of energy transfer of 0.6 ns~! and
0.1 ns~! are obtained from the two lifetime components
of Trp¥ in D. gigas apo- and holo-flavodoxin. It is worth
noting that these rates are in the same order of magnitude
as those calculated for energy transfer between Trp 140
and FMN in D. vulgaris flavodoxin. The lifetimes of Trp%
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Fig. 9A-D. Fluorescence spectra associated with Trp¥ and Trp}

for four different Desulfovibrio flavodoxin preparations. A D. gigas
apo-flavodoxin, B D. gigas holo-flavodoxin, C D. vulgaris apo-

are even slightly longer in the D. gigas holoprotein. The
conclusion must therefore be that the microenvironment
of the tryptophan is (slightly) altered upon binding of the
flavin prosthetic group giving rise to somewhat different
decay kinetics. Energy transfer is only manifested by
quenching of the steady-state fluorescence spectrum of
tryptophan and by an increase in amplitude of the short
fluorescence lifetime component in the holoprotein
(Table 2). Inspection of Table 4 reveals that there is no
good correlation between the results from D. vulgaris
apo- and holo-flavodoxins (the longer lifetime compo-
nents are significantly longer in the holo-flavodoxin).
However, there is some correlation between the lifetimes
of D. gigas and D. vulgaris holo-flavodoxins. This result is
interesting because it implies that the remote tryptophan
residues in the two Desulfovibrio flavodoxins are very
similar. The results of D. vulgaris apo-flavodoxin can be
accounted for by the fact that both tryptophans are fluo-
rescent now with different lifetimes and the lifetime val-
ues in Table 4 should be considered average values of
emission from Trp 60 and Trp 140. The rate constants k ,,
and k,, for the conversion of Trp¥ into Trp¥ can be
obtained, in principle, from the pre-exponential factors
of the exponential functions. Evaluation of these ampli-
tudes leads to a system of non-linear equations from
which the rate constants can be obtained. We have esti-
mated the rate constants for the case of D. gigas flavo-
doxin only at emission wavelengths between 320 and
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flavodoxin, and D D. vuigaris holo-flavodoxin. ooo: total fluores-

cence, ¢¢o: fluorescence of Trp¥, and mmm: fluorescence of Trp%.
See Fig. 8 and text for details

370 nm. For apo-flavodoxin we found k,, =6+5ns™ "

and k,,=0.52+0.20 ns™*, and for the holo-flavodoxin
ky;=24+1ns"'and k,,=0.55+0.18 ns . The rate con-
stant k,, cannot be determined accurately because it can
hardly be resolved, rate constant k,, on the other hand
can be determined accurately and is identical for apo- and
holo-flavodoxin. The reciprocal value of k,, indicates a
relaxation time in the order of about 2 ns.

In the analysis of the fluorescence decay the assump-
tion of two lifetime components for each species (two
different microenvironments) is an over-simplification
since the microenvironment of the tryptophan is proba-
bly more heterogeneous. For a more precise description
a (multi-modal) distribution of fluorescence lifetimes
should be taken into consideration (Alcala et al. 1987).

In principle, the expressions for the fluorescence de-
cay (7) and (8) would also apply formally if Trp¥ and
Trp} did actually correspond to ' L, and * L, excited states
produced. The 'L, excited state is then directly produced
from one ground state, while the 1/, excited state is
formed from the '/, excited state. The reversible case
would be completely consistent with internal conversion
between 'L, and 'L, states (Cross et al. 1983). Equilibri-
um of the two transitions is expected to occur very rapid-
ly in the temperature range used (Andrews and Forster
1974; Ichiye and Karplus 1983). In this case the observed
rate constants of fluorescence and of energy transfer will
then be average values over the 'L, and ' L, transitions.
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Fig. 10. Results of fitting of experimental fluorescence anisotropy
decay data of D. gigas holo-flavodoxin (4 °C) with the model given
in (14). Parameters and global reduced y? are given in Table 5

Interpretation of fluorescence anisotropy decay

The rotational correlation times of the apo-flavodoxins
(20°C) obtained after single exponential analysis are in
good agreement with the molecular weight of the proteins
(M,=15kDa) using the empirical formula (Visser et al.
1983 b):

¢ =384+10"%M, (11)

with ¢ in ns and M, in Da. The calculated correlation
time is 5.8 ns. An important conclusion that can be
drawn from the results presented in Table 2 is that the
tryptophan residues in the apo-flavodoxins are immobi-
lized on the nanosecond time-scale, thus they are rotating
with the whole protein. On the other hand, the two holo-
flavodoxins exhibit anomalous anisotropy decay with a
short and a long correlation time. When the fluorescence
anisotropy decay data of the holo-flavodoxins (at differ-
ent temperatures) are analyzed using a bi-exponential
decay model (single-exponential analysis did not result in
good fits), it is found that the short correlation time is in
the range of 13 ns and the long correlation time is in the
range of 1530 ns. In a first approximation the long cor-
relation time would indicate a large particle with molecu-
lar weight of 40—80 kDa. However, the protein prepara-
tion was shown to be homogeneous by a variety of
analytical biochemical methods and no aggregation was
found under the conditions used. Also, extreme elonga-
tion which can account for heterogeneous anisotropy de-
cay can be ruled out since the protein shape is nearly
spherical (Watenpaugh et al. 1973). This led us to seek
another explanation, which fits nicely with the concepts
developed in the previous section.

Considering the proposed model to explain the fluo-
rescence decay data (Fig. 8), the fluorescence anisotropy

decay will also be dependent on the emission wavelength:

0= IO B0 R OLIZAG) L0, )
’ AL +{1-f (D) L)
*exp[—t/d] 12

where ¢ is the rotational correlation time of the protein.
This expression predicts non-exponential anisotropy de-
cay for all wavelengths at which the two emission spectra
overlap.

We have globally analyzed the polarized fluorescence
decay curves of both apo- and holo-flavodoxins at differ-
ent temperatures and at a single emission wavelength in
order to recover an optimum correlation time ¢ and a
value for r(0) (we have ignored the 0.1 ns longer time
arising from the contribution of FMN). We have tried to
fit the anisotropy decay data according to (12) for sets of
apo- and holo-flavodoxins. As judged from the fitting
criteria, however, the results were not satisfactory. The
globally obtained correlation times were distinctly short-
er than the ones obtained from separate analysis of the
anisotropy decay of apo-flavodoxin. These results suggest
that (12) is not adequate and that an extra depolarization
process must be operative in the two holo-flavodoxins.
This process is probably related to the type of energy
transfer as described in the previous section. Therefore
the data were re-analyzed using the model as described in
(12) for apo-flavodoxin and an empiric decay function
which described the anomalous decay in the holo-flavo-
doxin:

r*(t) = B - exp[—t/¢] (13)
r"(6) = (B +B5 - exp[—1/9,]) - exp[—1/¢] (14)
where

B+ B5~ B

Here, (13) is, in principle, identical to (12) and (14)
contains an extra exponential term accounting for an
additional depolarization with correlation time ¢_; super-
scripts a and h refer to apo- and holo-flavodoxin, respec-
tively. The nature of this depolarization is not known, but
it may arise from segmental motion or energy transfer.
This decay model, though not exact, gave much better fits
to the data. A typical example of the analysis of D. gigas
holo-flavodoxin is given in Fig. 10. If the additional depo-
larization is due to energy transfer, the correlation time ¢,
contains information on the rate of energy transfer:
¢; ' =kp,+ ¢~ 1. All anisotropy parameters including the
rate constant of energy transfer are collected in Table 5. It
should be stressed that the model described by (14) is not
exact. The relaxation of the tryptophan residue into an-
other microenvironment, already present in the apo-
flavodoxin, is a complicating factor because it apparently
takes place on the same time scale as the energy transfer
process. Nonetheless, the analyzed anisotropy results
yield a realistic rotational correlation time for apo- and
holo-flavodoxins. Furthermore, the anisotropy analysis
yields, for D. vulgaris flavodoxin, a rate constant of energy
transfer of the same order of magnitude as the one deter-
mined from the crystal structure (cf. Table 3). In addition,
for D. gigas flavodoxin, the rate constant of energy trans-
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Table 5. Global correlation times and other anisotropy parameters of the four different Desulfovibrio flavodoxin preparations at various
temperatures according to (13) and (14). The rotational correlation time ¢ of the apoprotein, as calculated in single exponential decay
analysis, has been linked with the correlation time ¢ of the holoprotein. The correlation times ¢ were fixed at the values of the apoprotein,

which gave better fits

Sample T N ¢ B, b kpa r(0) e
O (ns) (ns) (ms™1)
(£0.01) (=) (£0.02) (£0.3) (£0.03)
D.gigas  apo 4 022 8.3 0.22 1.21
holo 4 0.15 83 0.08 2.8 0.2 0.23
apo 20 0.22 5.8 0.22 1.36
holo 20 0.18 5.8 0.04 1.3 0.6 0.22
apo 30 0.22 4.5 0.22 1.28
holo 30 0.16 4.5 0.05 1.6 0.4 0.21
D. vulgaris apo 4 0.24 9.2 0.24 1.32
holo 4 0.21 92  0.02 0.4 2.5 0.23
apo 20 0.24 53 0.24 1.30
holo 20 0.23 53 0.01 0.5 1.7 0.24
apo 30 0.23 4.1 0.23 1.32
holo 30 0.22 4.1 0.02 0.6 1.4 0.24

® Global reduced 2, obtained after globally analyzing the decay curves of apo- and holo-flavodoxins at a particular temperature

fer turns out to be comparable to the ones obtained from
time-resolved fluorescence decay analysis (0.6 ns~! and
0.1ns 1)

Conclusion

The fluorescence decay kinetics of tryptophan can be
modeled according to a scheme describing a relaxation
process, in which the interaction of the tryptophan
residue with its environment changes on the nanosecond
time range. Such an excited-state reaction takes place in
both apo- and holo-flavodoxin. Preferential energy trans-
fer from the originally excited state of tryptophan to the
flavin acceptor appears to be a realistic mechanism.
D. gigas flavodoxin contains a single tryptophan residue.
The amino acid sequence of this protein is unknown. An
important conclusion can be drawn from the fluorescence
decay data. If the tryptophan is located close to FMN,
there would be extremely efficient energy transfer (cf.
Table 3) and the fluorescence would be extinguished very
rapidly. Since this is not the case and because of the close
resemblance of decay patterns and (time-resolved) fluo-
rescence spectra between both flavodoxins, it is likely that
the remote tryptophan residue is preserved in both flavo-
doxins. The center of this tryptophan must then be locat-
ed at about 20 A from the center of the isoalloxazine
ring-system. D. vulgaris flavodoxin with its two tryp-
tophan residues is too complex a system for quantifica-
tion of its fluorescence in apo- and holo-flavodoxin. On
the other hand, the gene encoding the D. vulgaris flavo-
doxin has been cloned and expressed in Escherichia coli
(Krey et al. 1988), so this flavodoxin lends itself for site-
directed mutagenesis, in which either one of the trypto-
phans can be replaced by other non-fluorescent amino
acids leading in this way to a complete understanding of
the protein fluorescence.

A final concluding remark should be made on the
comparison of tryptophan fluorescence in apo- and holo-

flavodoxin. Removal of FMN results into an altered
microenvironment of the tryptophan residue(s) which
shows up as different fluorescence kinetics of the two
protein preparations. This impedes a straightforward
determination of, for instance, the rate constant of energy
transfer between tryptophan and flavin.
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