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The interaction of quinone with luciferase from Photobacterium leiognathi was studied based on the
fluorescence decay measurements of the endogenous flavin bound to the enzyme. Homologous 1,4-quinones,
1,4-benzoquinone, methyl-1,4-benzoquinone, 2-methyl-5-isopropyl-1,4-benzoquine and 1,4-naphthoqui-
none, were investigated. In the absence of quinone, the fluorescence intensity and anisotropy decays of the
endogenous flavin exhibited two intensity decay lifetimes (~1 and 5 ns) and two anisotropy decay lifetimes
(~0.2 and 20 ns), suggesting a heterogeneous quenching and a rotational mobility microenvironment of the
active site of the luciferase, respectively. In the presence of quinone, the intensity decay heterogeneity was
largely maintained, whereas the fraction of the short anisotropy decay component and the averaged
rotational rate of FMN increased with the increasing hydrophobicity of the quinone. We hypothesize that the
hydrophobicity of the quinone plays a role in the non-specific inhibition mechanism of xenobiotic molecules
in the bacterial bioluminescence system via altering the rotational mobility of the endogenous flavin in the
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1. Introduction

Biosensors based on the bioluminescence enzyme systems have
shown great biotechnological promise for detecting trace toxins for
homeland security and monitoring ecological pollution [1-6]. In order
to improve the efficiency, specificity and sensitivity of these biosensors,
an understanding of the inhibition mechanisms of the key biolumines-
cence enzymatic processes due to the non-specific interactions of
various exogenous target compounds, or analytes, is required.

In general, the efficiency of enzyme inhibition by small organic
molecules is associated with their chemical structure and physiochem-
ical characteristics, such as charge, size, functional groups, aliphatic
substituents and hydrophobicity [7]. Among those characteristics,
the hydrophobicity of the molecule is of particular interest since
many target analytes of the bioluminescence-based biosensors for
monitoring ecological pollution are highly hydrophobic [7,8]. Quinone
belongs to a class of small, hydrophobic, xenobiotic molecules that
pose significant health hazard to living organisms and represent the
major ecological and environmental pollutants in certain regions of
the industrial nations [7-10]. The biophysical mechanism underlying
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the inhibition of the bioluminescence process of luciferase, a key
enzyme for the construction of bioluminescence-based biosensors, by
quinones of different levels of hydrophobicity is the major focus of this
fluorescence study.

Bacterial luciferase catalyzes the bioluminescence reaction of
marine bacteria [11]. The catalytic process involves the oxidation of
an endogenous flavin molecule (riboflavin 5'-phosphate or flavinmo-
nonucleotide (FMN)) and fatty aldehyde by molecular oxygen that
results in the formation of an electron-excited product and, finally,
emitting light at 490 nm. The detailed biochemical mechanism and
the stage of electron-excited state formation of this bioluminescence
process remain speculative [11-14]. Luciferase is a heterodimeric
protein made up of two o and P subunits with molecular weights of
40 and 37 kDa, respectively [15]. The o unit contains an active center
which binds one FMN molecule and is largely responsible for the
kinetics of the bioluminescence process, whereas the (3 subunit is
essential for a high quantum yield reaction [15,16].

The environment and conformational dynamics of the phosphate
group, as well as the isoalloxazine ring of the endogenous FMN bound
to luciferase are important for the catalytic process of the biolumi-
nescence system [17]. Although the binding characteristics between
the oxidized or reduced form of FMN and the apo-luciferase have been
investigated, the exact number of FMN molecules bound to luciferase
remains uncertain [11,17,18]. Our previous work has established that
the endogenous FMN bound to luciferase represents a useful, intrinsic
fluorophore to study the conformation and dynamics of the FMN
binding region of the enzyme, as well as the subtle interactions of the
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enzyme with non-fluorescent exogenous compounds, such as qui-
nones [19-22].

In this work, both the fluorescence intensity decay and anisotropy
decay of endogenous FMN were measured in the absence and
presence of a series of homologous 1,4-quinones of different levels
of structural complexity and hydrophobicity. Biexponential intensity
and anisotropy decay behavior, of endogenous FMN was detected in
the absence and presence of quinone. The correlation between the
hydrophobicity of the added quinone and the decay dynamics
parameter of the endogenous FMN was also examined.

2. Materials and methods
2.1. Materials

Bacterial luciferase was isolated from Photobacterium leiognathi.
Details of the luciferase isolation procedure are given elsewhere
[23]. Lyophilized luciferase was stored at -20 °C before use.
Fluorescent dye, Coumarin 338, was obtained from Eastman Kodak
(Rochester, NY) and was used as a fluorescence decay standard.
FMN, 1,4-benzoquinone (Q1), 2-methyl-1,4-benzoquinone (Q2) and
2-methyl-5-isopropyl-,4-benzoquinone (Q3) were obtained from
Sigma (St. Louis, MO), and 1,4-naphthoquinone (Q4) from Acros
Organics (Pittsburgh, PA).

2.2. Sample preparation

To prepare the protein solution, luciferase was thawed and
subsequently dissolved in a 0.05 M phosphate water-buffer solution
(pH 6.8) at a concentration of 52 uM at room temperature (RT). A stock
solution of quinone was freshly prepared in 100% ethanol at RT.
Immediately before the fluorescence measurement, quinone was
added directly to the above protein solution followed by rapid
votexing for several minutes. The concentration of quinone was
fixed at 3.6 mM. The final concentration of ethanol in the sample was
less than 3 mol%. This level of ethanol has no detectable effect on the
catalytic function of the bacterial enzyme [8]. As a control, a free FMN
solution (2 uM) was prepared by dissolving FMN directly into the same
phosphate buffer.

2.3. Fluorescence measurements

Time-resolved fluorescence (TRF) measurements of the endogen-
ous FMN bound to luciferase (with and without the addition of
quinone) and the free FMN solution (control) were performed in the
frequency-domain on a GREG 200 fluorometer (ISS, Inc. Champaign,
IL) equipped with digital multifrequency cross-correlation phase and
modulation acquisition electronics [24-26]. For the fluorescence
intensity decay (I(t)) measurements, phase delay and demodulation
values of the FMN fluorescence and that of a Coumarin 338 standard in
ethanol (fluorescence lifetime=3.54 ns) were collected as a function of
the intensity-modulation frequency (1-150 MHz) of the excitation
source. Here, a Liconix 4240 NB continuous wave He-Cd laser (Santa
Clara, CA) emitting at 442 nm was used as the excitation source, and a
465 nm low-cutoff filter was employed to collect the fluorescence
emission. An excitation polarizer with its transmission axis set at 35°
and no emission polarizer on the emission channel were used to
eliminate the rotational diffusion effect of the sample to the I(t)
measurements [27]. For the fluorescence anisotropy decay (r(t))
measurements, differential polarized phase shift and polarized
demodulation ratio were collected at the same modulation frequency
range. Here, both excitation and emission polarizers were used.
Details of the above TRF measurements have been described else-
where [24-26,28-30]. Steady-state fluorescence spectral and aniso-
tropy measurements were also performed using the GREG 200
fluorometer but using only the single-photon counting mode [26,30].

2.4. Fluorescence decay dynamics analysis

Multiexponential decay functions were used to analyze the I(t) and
r(t) data of FMN as shown below.

N

I(t) = _; a;et/T (1)
N

ri= % e/ 2)

Here, 7; and o are the fluorescence intensity decay lifetime and
the molar fraction of the ith decay species, and N the total number of
decay components in the sample. Similarly, ¢; and 3; represent the
anisotropy decay lifetime and the molar fraction of the i" rotational
species in the sample. The anisotropy decay lifetime is inversely
proportional to the rotational rate of the fluorophore. For I(t), the
intensity fraction f; of the i™ component and the intensity-averaged
lifetime T, are also determined as given below.

fi=aiTi/ % T 3)
i<
N
Tave = Z:] fimi (4)

Afirst-order rotational decay time (¢;,) can also be estimated from the
measured steady-state anisotropy (rss) and Taee of the fluorophore
without the use of 1{t) according to the Perrin model [28,30] given below.

_ Tave
(bp - rO/rss_A1 (5)

Here ry is the initial anisotropy at t=0. The value of ¢, is inversely
proportional to the averaged rotational rate of the fluorophore.
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Fig. 1. Chemical structures of FMN and quinones, Q1, Q2, Q3 and Q4.
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Fig. 2. Steady-state fluorescence characterization of the endogenous FMN. (Panel A)
Excitation and emission spectra of the endogenous FMN bound in luciferase (1, 2) and that
of the free FMN in solution (3, 4). (Panel B) Dependence of the fluorescence anisotropy
of the endogenous FMN (circle) and partition coefficient, LogP, (triangle) with quinone
(Q1-Q4). Anisotropy data from the neat, i.e., bound FMN in luciferase, and the free FMN in
solution (control) are also shown. The uncertainties are indicated by bars.

The besting fitting of the frequency-domain data to the decay models
above was based on the minimization of the reduced chisquare
parameter using a nonlinear least square fitting algorithm [25].

3. Results
3.1. Structural and hydrophobic characteristics of quinone
The chemical structures of the four small quinones and the larger

FMN molecule used in this study are displayed in Fig. 1. These
quinones represent a series of homologous 1,4-benzoquinone starting

from Q1 to Q4 as shown. Note that Q2 and Q3 are the aliphatic
derivatives of 1,4-benzoquinone (Q1) that share a common structural
unit of a single-ring structure, whereas Q4 has a two-ring structure.
Therefore, the addition of the extra aliphatic groups in Q2 and Q3 and
an extra ring in Q4 should render a progressive increase in the order of
hydrophobicity of this quinone series. To confirm that, the values of
the oil-water partition coefficient (Log P) of the quinones were
obtained from PubChem, a public chemical database [31]. Here, Log P
is defined as the logarithm of the ratio of concentration of the
compound in octanol to that in water and, therefore, quantifies the
level of hydrophobicity of the compound. As expected, a progressive
increase in the value of LogP with the order of quinones from Q1 to Q4
was evident as shown in Fig. 2B.

3.2. Steady-state fluorescence measurements

Fig. 2A shows the fluorescence excitation and emission spectra
of the endogenous FMN bound to the isolated bacterial luciferase
and that of the free FMN in solution. For the free FMN (Fig. 1), two
excitation peaks at ~375 and 450 nm, and a single emission peak
at ~530 nm were obtained (Fig. 2A). For the endogenous FMN in
luciferase, a similar emission peak but a single and slightly red-shifted
excitation peak at ~400 nm, indicative of the semi-reduced form of the
endogenous FMN [22], were observed. The values of the steady-state
fluorescence anisotropy, i.e., s, of the FMN bound to luciferase in the
absence (neat) and presence of quinone (Q1 to Q4), as well as of the
free FMN in solution are plotted in Fig. 2B. The value of rss was ~0.17 in
the neat sample, increased slightly to ~0.20 when Q1 or Q2 was added
and declined sharply to ~0.13 and 0.10 in the presence of Q3 or Q4,
respectively. For comparison, the value of rss was ~0.004 for the free
FMN in solution.
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Fig. 3. Demonstration of the frequency-domain fluorescence intensity decay data of the
free FMN in solution (circle), FMN in luciferase or neat (triangle) and luciferase in the
presence of Q4 (square). The demodulation ratio (open symbols) and phase angle (solid
symbols) are shown. The lines represent the biexponential decay fits to data for the neat
and the luciferase in the presence of Q4, but a monoexponential decay for the free FMN.
The uncertainties are indicated by bars.
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Fig. 4. Demonstration of the frequency-domain fluorescence anisotroy decay data of the
free FMN in solution (circle), FMN in luciferase or neat (triangle) and luciferase in the
presence of Q4 (square). The polarized modulation ratio (open symbols) and polarized
phase angle difference (solid symbols) are shown. The lines represent the biexponential
fits to the data for the neat and the luciferase in the presence of Q4, but a monoexponential
decay for the free FMN. The uncertainties are indicated by bars.

3.3. TRF measurements

In this study, time-resolved fluorescence intensity and anisotropy
decays, i.e., I(t) and r(t), respectively, of FMN bound to luciferase and
in solution (control) were collected in the frequency-domain (see
Section 2.3). Figs. 3 and 4 show the representative data of I(t) and r(t),
respectively, for the neat, the luciferase with Q4 and the free FMN
samples. In both decays, the data of the free FMN were distinctively
different from that of the luciferase with Q4 and the neat.

3.4. Fluorescence intensity decay analysis

A multiexponential decay model (Eq. (1)) was employed to fit the I(t)
data so as to assess the fluorescence quenching microenvironment of

FMN in the enzyme and the effect of quinone in perturbing this micro-
environment. Table 1 demonstrates the values of the resolved
fluorescence intensity decay lifetime and intensity fraction, i.e., T; and
fi (Eq. (3)), as well as the intensity-averaged lifetime, i.e., Taye (EqQ. (4)), of
FMN in the neat, the luciferase with Q4 and in the solution. Up to three
decay components (N=3) were attempted to fit the data. For both the
neat and the luciferase with Q4, the use of a decay function with N=2
(biexponential decay) represented a significant improvement in fitting
the data over that with N=1 (monoexponential decay). This was clearly
demonstrated by the two orders of magnitude decrease in the chisquare
value as N increased from 1 to 2 in both cases. On the contrary, the use of
N=3 did not show any improvement as evident by the lack of a sig-
nificant change in the chisquare value from N=2 to 3. In comparison,
a monoexponential decay function fitted the data of the free FMN
in solution sufficiently as the chisquare value remained similar for all
values of N. The quality of the multiexponential decay fit to
the frequency-domain data was also demonstrated in Fig. 3. Here the
curves corresponding to N=2 for the neat and the luciferase with Q4, as
well as those corresponding to N=1 for the free FMN clearly provided
good fits to the data.

Fig. 5 shows the averaged fluorescence intensity decay parameters,
T1.f1, T2 and T,y based on the biexponential fit to the data collected from
several independently prepared samples for the neat, the luciferase with
quinone (Q1 to Q4) and the free FMN. The short decay lifetime T,
was ~1 ns in the neat sample, but declined significantly to ~0.2-0.3 ns
upon the addition of quinone. The longer decay lifetime T, was ~6 ns and
the T,ve~4 ns in the neat. In the presence of quinone, the T, remained
at ~4-6 ns and the T,,.~2-4 ns, independent of the order of the qui-
nones. For the intensity fraction of the short decay component f;, a peak
value of ~0.6 was found for the Q2. These intensity decay parameters
were compared with that of the free FMN in which a single decay
lifetime of T, ~5 ns with f; =1 were obtained.

It is important to mention that all the neat and the luciferase with
quinone samples that we have studied exhibited biexponential decay
behavior. This fluorescence intensity decay heterogeneity, i.e., the
existence of discrete, and well-separated decay lifetimes, in each of
those samples was further evaluated by a statistical parameter,
chisquare ratio or X3./X3.. This parameter is defined by the chisquare
value of the monoexponential fit (x3.) divided by that of the
biexponential fit (x3.). An improvement of the data fitting by the
biexpeonential fit over the monoexponential fit should therefore
result in a large chisquare ratio value (see Table 1). Fig. 5B shows the
values of the chisquare ratio among all the samples. It is clear that this
ratio was large, i.e., ~15-30, for the neat and the luciferase with
quinone, but small, i.e., less than 2, for the free FMN (control).

3.5. Fluorescence anisotropy decay analysis

A multiexponential decay model (Eq. (2)) was employed to fit the
r(t) so as to assess the rotational mobility microenvironment of the

Table 1

Fluorescence intensity decay characteristics of the endogenous FMN in luciferase

Sample 71 (ns) fi T, (ns) 73 (ns) f X Tave (1S)

Neat 2.33(0.02) 1 112.87 2.33(0.02)
0.97 (0.04) 0.33 (0.01) 5.61 (0.15) 0.67 118 4.08 (0.12)
0.97 (0.04) 0.34 (0.01) 5.61 (0.15) 0.65 (0.01) 14.98 (1.05) 0.01 1.34 413 (0.19)

Q4 1.81 (0.02) 1 115.02 1.81 (0.02)
0.33 (0.05) 0.22 (0.01) 3.57 (0.09) 0.78 4.65 2.86 (0.09)
0.01 (0.03) 0.15 (0.20) 2.35(1.46) 0.45 (0.10) 4.78 (2.01) 0.40 4.62 2.97 (1.70)

FMN 4.91 (0.04) 1 1.85 4.91 (0.04)
4.91 (0.12) 0.99 (0.01) 2.84(1.01) 0.01 2.07 4.89 (0.18)
0.01 (1.01) 0.01 (0.01) 4.91 (0.05) 0.98 (0.01) 22.65 (1.01) 0.01 2.35 5.04 (0.12)

The complex, heterogeneous decay behavior of the endogenous FMN in luciferase, in the absence (Neat) and presence of quinone Q4, is demonstrated by the multiexponential decay
fits to the frequency-domain data (see Section 2.3). The recovered fluorescence decay parameters (T;, f; and Taye), their uncertainties (in parentheses) and chisquare values are shown.
The data for the free FMN in solution (control) are also shown for comparison purpose.
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Fig. 5. Dependence of the fluorescence intensity decay parameters with quinone
(Q1-Q4). Panel A shows the resolved decay lifetimes, short T, (open triangle) and
long T; (solid triangle) and the intensity-average lifetime, T,y (0pen square). Panel B
shows the intensity fraction of the short lifetime component f; (triangle) and the
chisquare ratio (circle), chisquare value of the monoexponential fit x?. divided by
that of the biexponential fit X3. Data from the neat, i.e., bound FMN in luciferase, and
the free FMN in solution (control) are also shown.

FMN in the enzyme and the effect of quinone in perturbing this
microenvironment. For the endogenous FMN with or without quinone,
the anisotropy decay data were intrinsically nosier than the intensity
decay data due to presence of the excitation and emission polarizers
(see Section 2.3) that severely reduced the FMN fluorescence intensity,
which was already rather low to start with. To improve the quality of
the data fitting and suppress the uncertainties in the resolved decay
parameters, the value of the initial anisotropy, i.e, ro, was fixed to 0.40,
the maximum possible value. Table 2 demonstrates the values of the

resolved fluorescence anisotropy decay lifetime and molar fraction, i.e.,
¢; and B3;. of FMN in the neat, the luciferase with Q4 and in the solution.
Here, up to two decay components (N=2) were used to fit the data. The
use of more than two decay components did not result in any
significant improvement in the data fitting for all the samples we
have studied, and in most cases it even failed to provide physically
meaningful decay values, e.g., negative decay lifetimes or molar frac-
tion greater than 0.4. For both the neat and the luciferase with Q4, the
use of a biexponential decay function always resulted in a significant
improvement in fitting the data over than the use of a monoexponen-
tial decay function. The was evident from the large decrease, i.e., ten or
six times for the neat and the luciferase with Q4, respectively, in the
chisquare values in these two samples as demonstrated in Table 2. In
comparison, a monoexponential decay function fitted the data of the
free FMN adequately as judged by the lack of any significant
improvement or decrease in the chiquare value when a biexponential
fit was used as shown in Table 2.

It is important to mention that our previous time-domain fluores-
cence decay measurements on FMN bound to luciferase suggest the
presence of a long rotational decay lifetime, i.e., &, ~32 ns [10,22]. In
those measurements, the value of ro was free in the data fitting instead of
being fixed in this work. In this study, a smaller ¢, i.e., ~15 ns (Table 1),
instead was observed. To test the significance of this long 32 ns-decay
component, a biexponential fit but with ¢, fixed at 32 ns was also
performed in all the samples. As demonstrated in Table 2, it is clear that
the fixed ¢, improved the free two-component fit slightly for the neat
sample, but not so for the luciferase with Q4 and the free FMN control.

Fig. 6 shows the averaged anisotropy decay parameters, ¢, 31 and ¢,
based on the biexponential fit to the data collected from several
independently prepared samples for the neat, the luciferase with quinone
and the free FMN. For comparison, the values of the first-order decay
lifetime ¢, calculated from rgs and Tave (Eq. (5)) for all the samples are also
shown. For the endogenous FMN in luciferase, the value of ¢; was ~0.2 ns
for the neat and remained essentially unchanged in the presence of
quinone. On the other hand, the value of &, was ~20-30 ns for the neat
and the luciferase with Q1 or Q2. Yet, a sharp decline in the value of ¢,
to ~6 or 4 ns was clearly observed when Q3 or Q4 was added, respectively.
Note that a steady decline in the value of ¢, from ~3 to 1 ns following the
order of quinone was observed. The above anisotropy decay parameters
of endogenous FMN were compared with that of the free FMN in which a
single anisotropy decay lifetime, i.e., ¢ or ¢,~0.04 ns, was observed.

The averaged values of 3; for all the samples, as well as the chisquare
ratio (see Section 3.4), for the samples are presented in Fig. 6B. Here a
progressive increase in the value of B; from ~0.20 (neat) to ~0.32
(luciferase with Q4) was found. This corresponds to an increase of the
mole% of the short decay component from ~50 to 80%. Interestingly, the
chisquare ratio was between 5 and 10 for the neat and the luciferase with

Table 2

Fluorescence anisotropy decay characteristics of the endogenous FMN in luciferase

Sample ¢ (ns) B $> (ns) B2 X

Neat 1.722 (0.016) 0.40° 126.00
0.130 (0.040) 0.194 (0.055) 15.07 (3.56) 0.206 15.06
0.277 (0.020) 0.240 (0.014) 32f 0.160 7.30

Q4 0.374 (0.027) 0.40° 12.20
0.144 (0.070) 0.311 (0.007) 4.64 (0.51) 0.089 293
0.149 (0.014) 0.288 (0.019) 32f 0.112 10.39

FMN 0.113 (0.005) 0.40° 512
0.128 (0.004) 0.404 (0.004) 187 (2766) -0.004 5.14
0.080 (0.039) 0.645 (0.311) 32f -0.245 15.73

The complex, heterogeneous anisotropy decay behavior of the endogeneous FMN in
luciferase, in the absence (Neat) and presence of quinone Q4, is demonstrated by the
multiexponential decay fits to the frequency-domain data (see Section 2.3). The
recovered decay parameters (¢; and {3;), their uncertainties (in parentheses) and
chisquare values are shown. The data for the free FMN in solution (control) are also
shown for comparison.
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Fig. 6. Dependence of the fluorescence anisotroy decay parameters with quinone
(Q1-Q4). Panel A shows the resolved anisotropy decay lifetimes, short ¢; (open
triangle) and long ¢, (solid triangle). The anisotropy decay lifetime ¢, (solid circle)
determined by the Perrin model (Eq. (5)) is also shown. Panel B shows the fraction of
the short lifetime component 3; (triangle) and the chisquare ratio (circle). See the
legend of Fig. 5 for more details.

Q1 or Q2, but abruptly dropped to ~2. In comparison, the value of 3; was
0.4 and the chisquare ~1 for the free FMN in solution.

4. Discussion

Endogenous FMN bound to bacterial luciferase represents an
intrinsic, noninvasive fluorophore to probe the conformational
dynamics and FMN/protein interactions at the FMN binding region,
or active site, of the enzyme. In addition, it also provides useful infor-

mation about the effect of quinone, a known inhibitor of the bacterial
bioluminescence process, on those conformation and interactions that
are further associated with the enzyme inhibition mechanism of
quinone. We have investigated the effects of quinones of different
levels of hydrophobicity on the quenching and mobility of the
endogenous FMN based on the fluorescence intensity and rotational
decay dynamics of this bound FMN.

4.1. Fluorescence intensity decay heterogeneity of endogenous FMN

The presence of two discrete and well-separated intensity decay
lifetimes, T, of ~1 ns with f; of ~30% and T, of ~4 ns, or intensity decay
heterogeneity, of the neat sample suggests that the endogenous FMN
senses a heterogeneous fluorescence quenching microenvironment at
the active site of the luciferase. This is what one would expect for a
substrate molecule, like FMN, bound to a site-specific region of an
enzyme [10,22]. The quenching microenvironment of endogenous
FMN is strongly influenced by the conformational dynamics of the
amino-acid residues surrounding the FMN at the active site. As
expected, our control, the free FMN in solution (isotropic environ-
ment), exhibited a single decay lifetime ~5 ns, i.e., no intensity decay
heterogeneity.

Interestingly, this intensity decay heterogeneity of endogenous FMN
was largely preserved in the presence of quinone. The rather large
chisquare ratio value of the endogenous FMN (with or without quinone)
versus the small chisquare ratio value of the free FMN (Fig. 5B) justifies
the statistical significance of the intensity decay heterogeneity. How-
ever, neither the resolved decay lifetime nor the intensity fraction (Fig. 5)
correlates with the LogP value of the quinone (Fig. 2B). These findings
indicate that the subtle change in the conformational dynamics of the
enzyme at the active site bears no direct relationship with the
hydrophobicity of the added quinone. Perhaps, the change is related to
the specific chemical structure of each quinone. Since the interaction of
quinone with luciferase is non-specific and involves many possible sites,
no conclusion can be drawn at this time to correlate the structure of
quinone with the quenching property of endogenous FMN based on the
TREF results alone.

4.2. Fluorescence anisotropy decay heterogeneity of endogenous FMN

The presence of two largely separated anisotropy decay lifetimes,
&1 of ~0.2 ns with B, of ~0.2 and &, of ~20 ns, or anisotropy decay
heterogeneity, of the neat sample reveals that the endogenous FMN
probes a rotationally heterogeneous microenvironment at the active
site of the luciferase. The rotational mobility of the endogenous FMN is
strongly influenced by the FMN/protein interactions, or binding
affinity of FMN, at the active site of the enzyme. The existence of
two anisotropy decay lifetimes may indicate the existence of two FMN
binding sites, weak and strong, which are associated with the fast ¢,
and slow ¢, components, respectively. The fast component is not
associated with the unbound FMN, or free FMN, since the latter has a
much shorter decay lifetime of ¢;~0.04 ns as revealed from our
control (Fig. 6A).

A subtle response of the resolved anisotropy decay parameters to
quinone was found. Here, the short decay lifetime ¢; remained
insensitive to quinone, but a large decline in the long decay lifetime ¢,
inresponse to Q3 or Q4 was observed. Note that a progressive increase
in 31 following the order of Q1 to Q4, or the level of hydrophobicity of
quinone, was evident (Fig. 6A). These results indicate that the
endogenous FMN senses a more rotationally flexible environment in
the presence of the most hydrophobic quinones, Q4 and Q5. Also, the
fraction of the more flexible, or faster rotating component 3; increases
with the increasing hydrophobicity of the added quinone and
approaches the maximum value of 0.40, or the value for the free
FMN in solution. Also, the average rotational rate of the endogenous
FMN, which is inversely proportional to the value of ¢, [28,32], also
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increases progressively with the increasing hydrophobicity of the
added quinone, and, therefore, further supports the above trend.
Interestingly, the lower chisquare ratio values for the luciferase with
Q4 and Q5 further indicate that the anisotropy decay heterogeneity of
the endogenous FMN is diminished in the presence of those highly
hydrophobic quinones.

4.3. Implication of the enzyme inhibition mechanism of quinone

As discussed in Section 4.2 above, the averaged rotational rate and
the fraction of the faster rotating component increase with the
hydrophobicity of the quinone. Based on these findings, we propose
that the added quinone reduces the averaged binding affinity of the
endogenous FMN to the active site of luciferase by increasing the
fraction of the weak FMN binding sites of luciferase. The mechanism
may be associated with the competition between the added quinones
and the larger FMN substrate in their interactions with the amino acid
residues at the active site of luciferase, especially those involving the
hydrophobic interaction. Also, the perturbation of the secondary or
tertiary structure of luciferase by quinones at various locations of the
enzyme, including those not associated with the binding region of
FMN, may be involved. The latter is classified as the non-specific
interactions of quinone with the enzyme.

Lastly, a previous work [33] on the effect of the same homologous
quinones on the inhibition of a bioluminescence reaction of bacterial
luciferase has been performed. In that work, a correlation between the
level of inhibition by quinone and the hydrophobicity of the quinone
was also established. Therefore, a link between the hydrophobicity of
the small organic molecules and the inactivation of the enzyme via
the perturbation of the rotational flexibility of the substrate (FMN in
our case) of the enzyme can be established. Whether a similar mech-
anism operates on other inhibitor/enzyme systems awaits further
investigations.
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