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This paper presents the results of experimental studies of excited state dynamics of FAD in free form and FAD
bound with bacterial diaphorase. The studies were carried out by recording the time-resolved polarized fluorescence
using time-correlation single photon counting technique after excitation of FAD by femtosecond laser pulses. It
was found that excited state dynamics of FAD-diaphorase complexes differs significantly from that of free FAD.
Free FAD exhibited four fluorescence decay times ranging from a few picoseconds to a few nanoseconds, while
two fluorescence decay times were observed in FAD-diaphorase complex. The analysis of fluorescence polarization
decay of FAD-diaphorase complex revealed a subnanosecond decay time of 7n, = 130 ps. It was shown that this
fluorescence depolarization time was due to anisotropic vibrational relaxation in FAD excited state which leads to
rotation of transition dipole moment due to rearrangement of the molecular nuclei configuration after excitation.
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Introduction

Flavin adenine dinucleotide (FAD) is an important natural
coenzyme that plays an important role in redox reactions
in living cells metabolism. FAD exist in living cells in
several forms with fully reduced (FADH;) and oxidized
(FAD") forms being the most stable among them. Spectral
properties of these forms differ considerably. The oxidized
form, FAD", has a wide absorption spectrum in blue
and ultraviolet (UV) region with maxima at 450 nm and
370nm and fluoresces in the green spectral range with
a peak at 532nm. The reduced form, FADH,, in turn
does not fluoresce [1]. This feature makes it possible
to use FAD" as a fluorescent intracellular marker for
non-invasive monitoring of redox reactions in living cells.
Fluorescence lifetime imaging microscopy (FLIM) [2] is
currently the most informative method for monitoring of
FAD fluorescence in living cells and tissues. FLIM is based
on the determination of spatial distributions of fluorescence
lifetimes of the given fluorophore in cells and tissues.
In particular, the analysis of FAD fluorescence lifetimes
can be used to differentiate between free and protein-
bound FAD, folded and unfolded FAD conformations, and
to distinguish FAD fluorescence signals from those of
other intracellular coenzymes, such as nicotinamide adenine
dinucleotide (NAD(P)H) [3.4].

According to the results of early studies [1,5-7], free FAD
in solutions exhibit several fluorescence lifetimes. These
times depend considerably on the experimental conditions:
pH, oxygen concentration, polarity and temperature.

The fluorescence lifetimes of bound FAD are known
to vary in a range from hundreds picoseconds to several
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nanoseconds depending on the type of enzyme [8,9]. Two
fluorescence lifetimes of 220 ps and 2.7 ns were determined
in the the study of FAD bound to cholesterol oxidase [6]
in solution. Nanosecond lifetime within 2.3—2.7ns was
also observed for other enzymes, in particular in FAD
bound with D-amino acid oxidase [8] and lipoamide de-
hydrogenase (LipDH) [10-12]. Bound FAD also exhibited
sub-nanosecond fluorescence lifetimes with the values de-
pending considerably on the enzyme and varied in a wide
range from 40ps to 300ps [8,10]. Different authors have
given different interpretations of the nature of these sub-
nanosecond fluorescence lifetimes. In particular, one of
the widely used hypothesis is a reversible electron transfer
reaction in the FAD excited state between isoalloxazine and
one of the amino acids in the enzyme binding site [8,10,11].

The heterogeneous fluorescence dynamic in free and
bound FAD makes the interpretation of the observed
fluorescence lifetime in living cells [13] quite challenging.
Thus, two fluorescence lifetimes of about 200 ps and 2.5ns
were observed during the analysis of FLIM signals of FAD
in living cells [14]. However, the main challenge was how to
establish a correlation between these fluorescence lifetimes
and bound and free form of FAD and to explain particular
excited-states relaxation processes in FAD. Therefore, the
investigation of fluorescence anisotropy decay can be used
to obtain the additional information about the relaxation
processes in the excited states of molecules [15]. The
fluorescence anisotropy and rotational diffusion time were
reported to be significantly different in free and bound
FAD [10,16,17]. An increase in the rotational diffusion time
by two orders of magnitude in bound FAD was reported
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in studies [9,13,18] and may be used to separate free and
bound states of FAD in living cells cells.

Besides rather slow rotational diffusion processes, other
anisotropic processes with much shorter fluorescence po-
larization decay times were observed in the FAD-enzyme
complexes [9,10,11,16,19,20]. In study [19], besides a long
rotational diffusion time from 50 ns to 60 ns, a shorter fluo-
rescence depolarization time of about 0.5ns was observed,
in other works this time was at about 1.8—7ns in [9,16].
However, the nature of these short depolarization times has
not been understood yet and is a matter of discussions.
Resonant energy transfer between two FAD molecules in
two different dimer binding sites is one of the possible
reasons for the presence of short fluorescence depolarization
time in FAD bound with LipDH [16]. The presence of a
local rotational motion of FAD in the LipDH binding site
due to the interaction with amino acids was proposed as
another explanation [10]. Our recent study [21] found a
short (about 1ns) anisotropic relaxation time in the excited
state of NADH bound with alcohol dehydrogenase (ADH)
that was explained as a rotation of the fluorescence dipole
moment due to the rearrangement of nuclei configuration of
NADH molecules after excitation by a short femtosecond
pulses. Meanwhile, the investigations of the fluorescence
polarization decay in enzyme-coenzyme complexes have
not got widespread use yet, and the potential of analysis
of the corresponding anisotropic relaxation processes has
been poorly implemented

This study first investigated the polarized fluorescence
decay in FAD bound to a bacterial diaphorase under single-
photon excitation at 450 nm. Diaphorase is a lipoamide
dehydrogenase that has high diaphorase activity.  This
enzyme acts as a catalyst for the oxidation of NADH
to NAD™' in the presence of oxygen and plays an im-
portant role in metabolism and production of energy in
mitochondria [22,23]. In addition, about 50% of FAD
fluorescence in mitochondria is associated with FAD bound
to lipoamide dehydrogenase [13,24]. One of the important
results of this study is that a relatively short fluorescence
depolarization time 7y, of about 130 ps was observed in the
FAD-diaphorase complex. The analysis of the depolarization
time of bound FAD was based on a model that had
been recently developed in our previous publication [21].
According to this publication, a short depolarization time of
the FAD-diaphorase complex characterizes the anisotropic
vibrational relaxation in the excited state of FAD that leads
to the rotation of the transition dipole moment of FAD as
a result of the rearrangement nuclear reconfiguration after
excitation.

Materials

A commercial reagent of diaphorase from Clostridium
kluyveri (Sigma-Aldrich, lot D5540, 5.6 unit/mg, EC 1.8.1.4,
CAS 9001-18-7) was used as a FAD-dependent enzyme.
The diaphorase was dissolved in the PBS (10 mM, pH 7.3)

buffer in the amount of 1—1.5 mg/ml. Test experiments were
conducted using free FAD (98% pure, DIA-M) that was
dissolved in the PBS buffer in a concentration of 60uM.
The solutions were freshly prepared before the experiment
at room temperature.

Experiment procedure

The recording of the polarized fluorescence decay signals
was based on the method described in detail in our previous
publications [21,25-27]. Briefly, FAD excitation was con-
ducted by linearly-polarized laser radiation at 450 nm that
corresponded to the transition to the first excited state. The
second harmonic of the femtosecond Ti:Sapphire oscillator
(Mai Tai HP DS, Spectra Physics) with a pulse duration
of 100fs and repetition rate of 80 MHz was used as the
excitation source. The laser beam was focused into the
center of a quartz cell containing the investigated molecular
solution. The average power of laser radiation focused
on the cell was about 500 uW. The fluorescence radiation
was recorded perpendicularly to the laser excitation beam
in a spectral range of 5324 10nm that corresponded
to the fluorescence maximum of FAD. The orthogonal
polarization components of fluorescence || and |, were
separated by a Glan prism and then recorded simultaneously
and independently by two fast avalanche photodetectors
(ADPO50-CTC, MPD) operated in the photon counting
mode. The instrumental response function width was about
50ps. The fluorescent decay signals were acquired using
a time-correlated single photon counting system (TCSPC,
PicoHarp 300, PicoQuant). The collection time was 300s
with a time bin of 4 ps. To avoid the photobleaching effect,
the solution was pumped through the cell using a peristaltic

pump.

Analysis of experimental signals

Experimental signals 1(t) and 1 ,(t) of the polarized
fluorescence were analyzed using the following expres-
sions [25,28]:

() :G/IRF(t’)ltot(t )2t —t)dt, (1)
0

t

I (t) :/lRF(t’)Itm(t—t’)[l—r(t—t’)]dt’, (2)
0

where | (t —t’) is the polarization-independent component
of fluorescence intensity that describes its isotropic decay,
r(t —t’) is the polarization-dependent component of fluo-
rescence intensity (fluorescence anisotropy) that describes
its anisotropic decay, |RF(t) is the instrumental response
function, G is the coefficient that takes into account
the difference in the sensitivity of two detection system
channels. The instrumental response function |RF(t) was
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measured experimentally by observing the scattered second-
harmonic radiation of the femtosecond laser at 532 nm. The
details of the instrumental response function measurements
are discussed in our previous publication [21].

Isotropic signals of the fluorescence decay liq(t) were
determined according to expressions (1) and (2) as fol-
lows [21,29]:

ltot (1) = hit) +21.1) +32|L(t)- (3)

The isotropic component of the fluorescence decay |l (t)
in expressions (1), (2) and (3) is described in the general
case by a sum of several exponents:

Itot(t)zloiai exp(—%), (4)
i=1 :

where |¢ is the initial fluorescence intensity, 7; are the
fluorescence lifetimes, a; are the corresponding weighting
coefficients normalized to unity: >, aj = 1.

The fluorescence anisotropy r(t) in expressions (1)
and (2) was determined from the orthogonal polarization
components of fluorescence I(t) and I 1 (t) [21,29]:

sl =1L
r(t) = m (5)

In the general case, the signal r (t) cannot be represented
by a sum of several exponents. Generally, when a
single group of fluorescent molecules is observed in a
solution, the fluorescence anisotropy decay r(t) (5) may
be adequately described by a single-exponential model that
is characterized by the rotational diffusion time 7, [29]:

r(t):roexp(—i), (6)
Tr

where ro is the anisotropy coefficient. However, when
it comes to the investigation of molecular complexes, the
fluorescence anisotropy decay often has a more complex
behavior [9,10,11,16,19,20].

For analysis of the observed polarized fluorescence decay
signals in FAD-diaphorase complex, this study used a model
developed in our recent publications [21,30] where the
anisotropic relaxation processes in the free NADH and
NADH bound with ADH enzyme have been investigated
and described. According to the model, the fluorescence
anisotropy decay of the coenzyme-enzyme complex may be
described as

rt) = (rm +rbzeﬁ)efﬁ, (7)

where 7, is the rotational diffusion time of the whole
complex and 7y, is the anisotropic excited state relaxation
time of the coenzyme only.

rpi and rpy in expression (7) characterize the angle 6
between the transition dipole moments of excitation and
fluorescence at the excitation time t =0 and after the
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Table 1. Fluorescence lifetimes and weighting coefficients for free
FAD molecules and FAD-diaphorase complexes

Item 71, ns (a1) |7, ns (a2) |73, ns (a3) |7, ns (a4)
0.02 (0.47)|0.22 (0.11)|2.26 (0.25)|3.82 (0.17)
FAD-diaphorase|0.23 (0.18)[4.36 (0.82) - -

Free FAD

Table 2. Fluorescence anisotropy and depolarization time of free
FAD and FAD-diaphorase complex

Item ro, N2 Tr, Tov
Free FAD 0.34 0.160 ns
FAD-diaphorase 0.36 0.130ns

vibrational relaxation t =t;q when the excited molecule
appears to be in the equilibrium state:

o1 = (P2(cos 0))|t=t,q »

Moy = (P2(c0s0))ft=0 — (P2(cos 0))ftt. - (8)

Analysis of the decay signals of the orthogonal fluores-
cence polarization components was performed according to
expressions (1) and (2) and models (6) or (7) by the global
fitting procedure using a program written in Python3.

Results

The fluorescence lifetimes and weighting coefficients in
free FAD in the solution and in FAD-diaphorase complexes
determined using the global fit procedure are presented in
Table 1.

According to the results shown in the first line, Table 1,
free FAD in the buffer solution was characterized by four
fluorescence lifetimes: 71 = 20 ps, 7o = 220 ps, 13 = 2.26 ns
and 74 = 3.82ns. The highest contribution to the signal
(a; = 0.46) was made by the shortest fluorescence lifetime
71 =20ps. As shown in the second line of Table 1,
when FAD bound with diaphorase, two-exponential decay
of the fluorescent signal with fluorescence lifetimes of
71 = 230ps and » = 4.36ns was observed. In this case,
the highest contribution to the signal (a; = 0.82) was made
by the nanosecond fluorescence lifetime 7, = 4.36 ns that is
comparable with, but a little longer than the longest lifetime
in free FAD 74 = 3.82ns. Note that the FAD-diaphorase
complex had no the shortest picosecond lifetime of 20 ps
that made the largest contribution to the fluorescence decay
in free FAD.

The fluorescence depolarization analysis results for free
FAD and FAD-diaphorase complex are listed in Table 2.
The results for free FAD in the buffer solution listed in
the first line of Table 2 contain the initial anisotropy g
and rotational diffusion time 7; that describe the anisotropy
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decay signals according to expression (6). Values of ro and
7, in free FAD in Table 2 are in good agreement with the
results of the previous studies [31].

The results obtained for the FAD-diaphorase complex
using expression (7) are shown in the second line of
Table 2. As can be seen, these results also contain
only two parameters: initial anisotropy rp; and anisotropy
decay time 7y,, while the rotational diffusion time of the
whole complex 7, (7), that achieved several dozens of
nanoseconds in the early studies in FAD-LipDH [9,13,18],
was not recorded in our experiments.

The depolarization time 7,, determined for this case and
shown in the second line of Table 2 was a little lower than
the rotational diffusion time in free FAD and was equal
to 7py, = 0.130ns. For comparison, the figure shows the
isotropic | (t) and anisotropic r(t) fluorescence decays of
free FAD and FAD-diaphorase complex obtained on the
basis of the experimental signals using equations (3) and
(5), respectively.

Discussion

The obtained experimental results have demonstrated
that the fluorescence decay in free FAD in the solution
and FAD-diaphorase differed considerably. As can be
seen from Table 1, free FAD is characterized by four
fluorescence lifetimes falling in the range from several
picoseconds to several nanoseconds, while in the FAD-
diaphorase complexes only two fluorescence lifetimes are
observed.

The results of our investigations of the fluorescence decay
in free FAD in solutions summarized in the first line of Ta-
ble 1 agree well with the results obtained by other authors.
Thus, in studies [32,33], four fluorescence lifetimes were
observed 71 = 7ps (a; = 0.66), » =220ps (ap = 0.03),
73 = 2.09ns (a3 = 0.17) and 74 = 3.97 ns (a4 = 0.14) with
weighting coefficients specified in parentheses. Here, it
should be noted that the high value of short fluorescence
lifetime 7; = 20 ps recorded in this study, compared with
7ps observed in [7,32,33], was probably attributed to the
characteristic response time of the detector that was equal
to 50ps. The nature of these lifetimes is the subject
of discussion until recently. Shorter lifetimes 7ps and
220 ps were associated by the several authors [32,33] with
the interaction processes (stacking) between adenine and
isoalloxazine in the folded configuration of FAD, and the
lifetimes 2ns and 4ns were associated with relaxation
processes in the unfolded conformations of FAD.

In this study, the investigations of fluorescence decay in
the FAD-diaphorase complexes were performed for the first
time. The obtained results shown in the second line of
Table 1 demonstrate the existence of two fluorescence life-
times: 7; = 230 ps and 7, = 4.36 ns. In earlier studies of the
FAD-LipDH complexes three distinct fluorescence lifetimes
have been recognized: 71 ~ 100 ps, 7 = 300 — 700 ps and
73 = 2.5 — 3.14ns [8,16,19]. The nanosecond fluorescence

lifetime in the FAD-diaphorase complex 7, =4.36 ns ob-
tained in this study was larger than the fluorescence lifetime
of the FAD-LipDH obtained earlier in refs. [8,10,16,20).
This may be attributed to the differences in the origin
of the enzymes and their activity. This study used the
bacterial diaphorase, while studies [8,10,16,19] used animal
LipDH that has no diaphorase activity. This study also
detected a sub-nanosecond fluorescence lifetime of FAD-
diaphorase 71 = 230 ps that was in agreement by the order
of magnitude with the results of earlier investigations of
FAD bound to LipDH [6,8,16].

Based on the obtained experimental results and compar-
ison with the results of other studies, it can be assumed
that the observed nanosecond fluorescence lifetime of the
FAD-diaphorase complex 7, = 4.36ns is attributed to the
relaxation processes in the unfolded conformation of FAD.
This assumption is supported by the results of the X-
ray analysis of the bacterial diaphorase [11] and animal
LipDH [34] that FAD is bound to these enzymes in the
unfolded conformation. This assumption also agrees with
the results of investigations of the time-resolved fluorescence
in free FAD in alcohol solutions where FAD exists only in
the unfolded conformation [33,35] and of the investigations
of flavin mononucleotide (FMN) [7,36] in which there is no
interaction between the adenine and isoalloxazine. In these
studies, homogeneous fluorescence decay with fluorescence
lifetime of 4.0—4.7 ns was observed [7,33,35,36).

Moreover, as can be seen from Table 1, in the bound
state of FAD there is no short fluorescence lifetime of about
20 ps that is observed on free FAD. In studies [32,33], the
presence of this short lifetime was suggested to be due
to the electron transfer processes between adenine and
isoalloxazine in the excited state during s-stacking. We
suggested that the absence of this fluorescence lifetime in
the FAD-diaphorase complex is attributed to the fact that
FAD exists in the enzyme binding site in the unfolded
conformation without s7-stacking.

Comparing the fluorescence lifetimes of free FAD
7y = 220ps and the FAD-diaphorase complex 7; = 230 ps
as shown in Table 1, it can be seen that they coincide within
the experiment measurement. However, despite such coinci-
dence, they may result from different processes. According
to the interpretation proposed by the authors of [32,33],
the fluorescence lifetime of free FAD of about 200ps is
attributed to the adenine and isoalloxazine interaction in
the excited state of the folded conformation of FAD. For
bound FAD, the fluorescence lifetime of about 100—200 ps
is attributed to the interaction between isoalloxazine and
electron-donor amino acids in the binding site [8,10,11].

As shown in Table 2, the fluorescence polarization decay
in the FAD-diaphorase characterized by the one exponential
with relatively short lifetime of about 130 ps that was a
somehow smaller than the rotational diffusion time of free
FAD in the solution 7, = 160 ps. This short lifetime cannot
be assigned to the rotational diffusion of the FAD-diaphorase
complex because in accordance with the Einstein-Stokes
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(a) Isotropic and (b) anisotropic fluorescence decay in free FAD and FAD-diaphorase complex. Dots show the experimental data, and
solid lines show the fit. Both the experimental data and fitting result were calculated according to expressions (3) and (5).

equation [27], the rotational diffusion time of the FAD-
diaphorase complex is more than 30ns due to its large
weight and volume. However, this nanosecond lifetime
of bound FAD was not observed in our experimental
conditions.

The existence of the short depolarization time in the
FAD-LipDH complexes was reported earlier in publica-
tions [9,10,16,20] where it’s varied from 0.5ns [18,20] to
9ns [10]. The fluorescence depolarization time in the
FAD-diaphorase complex determined in this study is lower
than the short fluorescence depolarization time of the
FAD-LipDH complex obtained in the studies [9,10,16,20].

The short fluorescence depolarization time in bound FAD
is interpreted differently by different authors. The first model
[16] is the resonant energy transfer between two FAD in
the LipDH dimer binding sites. Another model [10] is the
presence of the local rotational motion of FAD in the LipDH
binding site due to the movement of amino acids.

This study proposes the quantitative interpretation of the
observed experimental results according to expression (7)
that is based on the quantum-mechanical theory [21,30]
and describes the time dependence of the fluorescence
anisotropy of the molecular complex.  According to
this model, the short fluorescence depolarization time in
FAD-diaphorase complex 7y, = 0.13ns characterized the
anisotropic vibrational relaxation in the FAD excited state,
during which rotation of the fluorescence transition dipole
moment occurs due to rearrangement of the FAD nuclei
configuration after excitation. We suggested that the local
rotation of the whole FAD molecule in the diaphorase
binding site doesn’t occur because FAD has a rather tight
structure of non-covalent bonds with amino acids [37,38].

According to this model, the absence of the long
rotational diffusion time of the FAD-diaphorase complex
is attributed to the fact that the corresponding anisotropy
coefficient rp; in (7), (8) was close to zero, which proves
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that the angle between the transition dipole moments of the
excitation and fluorescence was approximately 58° for the
bound FAD.

Note that during the investigations of the fluorescence de-
polarization in the FAD-LipDH complexes under excitation
at 450 nm in studies [9,10,16,20] the long rotational diffusion
time of about 40—70ns was observed, and the anisotropy
coefficient was about 0.35. The difference of the result
obtained in this study from the results in [9,10,16,20] may
be explained by the fact that this study used the bacterial
diaphorase and studies [9,10,16,20] used animal enzymes
that had no diaphorase activity because it is known that the
lipoamide dehydrogenase and diaphorase structures may be
very different [39].

Conclusion

The time-resolved polarized fluorescence of the FAD-
diaphorase complex and free FAD in the PBS buffer were
studied. It was found that FAD bound with diaphorase has
two fluorescence lifetimes 71 = 0.27ns and 7 = 4.34ns,
while free FAD in the solution is characterized by four
fluorescence lifetimes: 71 = 20 ps, 7 = 220ps, 73 = 2.3 ns
and 74 = 3.7ns. It was shown that the presence of only
two lifetimes in the FAD-diaphorase complex was attributed
to the fact that FAD in the binding site was only in one
(unfolded) conformation. It was found that the fluores-
cence polarization decay of the FAD-diaphorase complex is
characterized by the sub-nanosecond lifetime 77, = 130 ps,
while the substantially longer rotational diffusion time was
not observed at all. During the interpretation of the obtained
results, it was suggested that the observed fluorescence
depolarization time was attributed to the anisotropic vibra-
tional relaxation in the excited state of coenzymes that was
followed by the rotation of the transition dipole moment
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due to the nuclei reconfiguration in the FAD molecule. The
obtained result may be used for the analysis of interactions
between FAD and various enzymes in solutions and living
cells.
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