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ABSTRACT: The kinetics of the bacterial bioluminescence reaction is altered in the presence of the fluorescent
(antenna) proteins, lumazine protein (LumP) fromPhotobacteriumor the yellow fluorescence proteins
(YFP) having FMN or Rf bound, fromVibrio fischeristrain Y1. Depending on reaction conditions, the
bioluminescence intensity and its decay rate may be either enhanced or strongly quenched in the presence
of the fluorescent proteins. These effects can be simply explained on the basis of the same protein-
protein complex model that accounts for the bioluminescence spectral shifts induced by these fluorescent
proteins. In such a complex, where the fluorophore evidently is in proximity to the luciferase active site,
it is expected that the on-off rate of certain aliphatic components of the reaction should be altered with
a consequent shift in the equilibria among the luciferase intermediates, as recently elaborated in a kinetic
scheme. These aliphatic components are the bioluminescence reaction substrate, tetradecanal or other
long-chain aldehyde, its carboxylic acid product, or dodecanol used as a stabilizer of the luciferase
peroxyflavin. No evidence can be found for the protein-protein interaction in the absence of the aliphatic
component.

When molecular oxygen and FMNH2 react on bacterial
luciferase (E; 77 kDa), a metastable product is formed
(Scheme 1, intermediate II), called luciferase peroxyflavin
(4a-peroxy-4a,5-dihydro-FMN; FMNH-4a-OOH) [for re-
views, see Lee et al. (1991a), Baldwin and Ziegler (1992),
and Tu and Mager (1995)]. Bioluminescence emission is
obtained on the addition of a long-chain aldehyde (RCHO)
to luciferase peroxyflavin. It is postulated that a luciferase-
bound flavin, 4a-peroxyhemiacetal (III), is the next chemical
intermediate (Eberhard & Hastings, 1972; Macheroux et al.,
1993) followed by a highly fluorescent species, called the
fluorescent transient (FT)1 (Matheson & Lee, 1983). Since
the spectral distribution of the bioluminescence (maximum
495 nm) and the fluorescence of the fluorescent transient
are the same, it is concluded that the excited state of this
molecule is the origin of the bioluminescence. A luciferase-
bound 4a-hydroxy-4a,5-dihydro-FMN (FMNH-4a-OH) has
been proposed for its structure (Kurfu¨rst et al., 1984). The
final products of the reaction are FMN, H2O, and RCOOH.

Two other proteins have been discovered that also can
influence the bioluminescence process. One is called lu-

mazine protein (LumP; 21 kDa) fromPhotobacterium(Gast
& Lee, 1978) and the other, a related yellow fluorescence
protein (YFP; 23 kDa) from a yellow bioluminescence strain
(Y1) of Vibrio fischeri (Macheroux et al., 1987; Daubner et
al., 1987). If one of these proteins is included in the reaction,
the bioluminescence kinetics is changed and the biolumi-
nescence spectrum no longer corresponds to the fluorescence
of the fluorescent transient but is shifted to shorter wave-
length (maximum 475 nm), for lumazine protein, or to longer
wavelength (maximum 542 nm), for the yellow fluorescence
protein.

The physical mechanism of these spectral shifts (time
scale, nanoseconds) has been investigated in detail (Lee,
1993; Petushkov et al., 1995a,b, 1996). It has been found
that lumazine protein and yellow fluorescence protein can
form a long-lived and tight complex with one of the
intermediates in the bioluminescence reaction. The existence
of this complex in the case with lumazine protein was first
found by time-resolved anisotropy experiments (Lee, 1993;
Lee et al., 1989a,b). Within this complex the flavin of the
fluorescent transient and the lumazine ligand show a weakly
coupled dipole-dipole interaction, implying that they have
a separation of only about 15 Å. The evidence of this was
from a rapid loss of emission anisotropy that occurs on
excitation into the flavin absorption band. More direct and
precise energy transfer effects were investigated in the
experiments with yellow fluorescence protein. The weak
dipole-dipole coupling interpretation received strong support
by the finding that the energy transfer rate constant is
proportional to the donor-acceptor spectral overlap, pre-
dicted by theory (Fo¨rster, 1948; Petushkov et al., 1996). Both
fluorescence dynamics and chromatography experiments
have shown that for unreacted luciferase and the correspond-
ing lumazine protein of the same species,Photobacterium
leiognathi, no complex is produced. Lumazine protein
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interacts only with the reaction intermediates of luciferase
(Petushkov et al., 1995a). The unusual negative temperature
coefficient found recently for theV. fischeriY1 luciferase
reaction in the presence of YFP was also suggested to be
attributable to protein-protein interaction (Sirokman et al.,
1995).
The kinetics of bacterial bioluminescence is not simple,

and there is no accurate knowledge of the steps in the reaction
sequence. One problem is that one required substrate is a
long-chain aliphatic aldehyde, a very hydrophobic substance,
and its concentration in the reacting solution is difficult to
control because of the equilibrium among homogeneous and
micellar states, as well as emulsion, evident by the cloudiness
of the solution. Another complication is that bacterial
luciferases are very sensitive to aldehyde substrate inhibition
(Holzman & Baldwin, 1983; Lei et al., 1994). It is
problematic whether multiparameter fitting of the biolumi-
nescence kinetics under such solution conditions can lead
to a valid reaction sequence.
The question to be addressed in this work is how the

lumazine protein or the yellow fluorescence protein should
be incorporated into the bioluminescence kinetic scheme
(time scale>0.1 s). The largest kinetic effect was reported
for V. fischeriY-1 luciferase and yellow fluorescence protein,
a 10 times increase in the initial bioluminescence intensity
(I0) (Eckstein et al., 1990). ForPhotobacterium phospho-
reum luciferase withP. phosphoreumlumazine protein,I0
and the rate of decay,k, of bioluminescence intensity are
increased up to three times (Gast & Lee, 1978; O’Kane et
al., 1985; O’Kane & Lee, 1986). For theP. leiognathi
luciferase reaction, although theP. leiognathi lumazine
protein is competent in the property of spectral shifting, its
effect on bioluminescence kinetics and intensity is not so
clear. Conversely, for the luciferase and the so-called “blue
fluorescence protein” (BFP) fromV. fischeriY-1 (Karatani
et al., 1992), kinetic effects are observed but without any
modification of the bioluminescence spectrum.
In this present work we will show that both previous

kinetic results and new observations can all be explained by

the protein-protein complex model previously formulated
from the spectral studies. As the lumazine protein or the
yellow fluorescence protein must be nearby the luciferase
active site, structural interference with the aldehyde interac-
tion is clearly implied and can be used to rationalize the
observed changes in the kinetics.

MATERIALS AND METHODS

Proteins. The Escherichia colistrain BL21 expression
host was cultured and the recombinant riboflavin protein
extracted and purified as previously described (Illarionov et
al., 1994) with some modifications (Petushkov et al., 1995a).
The apoprotein was prepared and “recharged” by removing
the riboflavin chromophore with 6 M urea and then
extensively dialyzing against buffer containing 6,7-dimethyl-
8-ribityllumazine. This recombinant protein has the same
properties as the authentic lumazine protein (Illarinov et al.,
1994). The yellow fluorescence protein with FMN ligand
(FMNY1-protein) or riboflavin (RFY1-protein) was prepared
as described before (Petushkov et al., 1995b).
RecombinantP. leiognathiluciferase was purchased from

the Institute of Biophysics, Krasnoyarsk, Russia. The
bioluminescence specific activity of this luciferase was
comparable to our own preparations fromP. leiognathi
strains. All proteins had 95% purity according to SDS-
PAGE, performed using 15% polyacrylamide gels as de-
scribed by Laemmli (1970). Luciferase concentrations were
assayed by absorbance, assumingε(280 nm)) 85 000 M-1

cm-1; for lumazine proteinε(420 nm)) 10 300 M-1 cm-1,
and it was assumed for FMNY1-protein and RFY1-protein
that ε(464 nm)) 12 500 M-1 cm-1, the same as for free
FMN. FMN was obtained from Sigma Chemical Co. (St.
Louis, MO) and purified on a DEAE column.
Standard Luciferase Assay.For experiments at 23°C,

FMNH2 was prepared in a 1 mL syringe by photoreduction
of FMN (80 µM) in 50 mM phosphate buffer, pH 7.0,
containing 20 mM EDTA. The bioluminescence reaction
was initiated by fast manual injection of 0.5 mL of FMNH2

Scheme 1
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into a solution of 1.0 mL of standard buffer (50 mM Pi, pH
7.0), containing BSA (1 mg/mL), luciferase, aldehyde, and,
if added, lumazine protein. The final concentrations were
FMNH2, 25µM; luciferase, 0.05µM; and lumazine protein,
10-150µM. The aldehyde was added as 5µL of saturated
aldehyde in ethanol. This format compromises a single-
turnover assay since excess free FMNH2 is quickly removed
by autoxidation.
Dithionite Luciferase Assay.The bioluminescence of

luciferase at 0°C was measured by the following procedure.
To 5µL of luciferase, 1.25µM in a 3 mL luminometer vial
on ice, was added 5µL of FMN, 10 µM, and 5µL of 80
mM sodium dithionite. Bioluminescence was stimulated
then by adding 150µL of standard buffer containing 5µL
of aldehyde-saturated ethanol solution. Immediately, the vial
was transferred to the luminometer thermostated at 0°C.
For steady-state bioluminescence experiments, after the
dithionite addition 5µL of 0.1 M dodecanol in ethanol was
added and then, if indicated, 5-40 µL of lumazine protein,
940 µM, or 5 µL of yellow fluorescence protein, 25µM,
followed by the aldehyde solution above.
Luciferase PeroxyflaVin. The stability of luciferase per-

oxyflavin at 0°C was determined by following the rate of
decrease of initial bioluminescence intensity on addition of
aldehyde, as a function of time. The inactivation by trypsin
of the luciferase peroxyflavin was measured in the same way,
by addition of trypsin after the aldehyde initiation of
bioluminescence
Aldehydes.A saturated solution of aldehyde in ethanol

for decanal) 0.3 M and for tetradecanal) 5.7 mM. The
solutions of dodecanal and dodecanol in ethanol were
prepared at 0.1 M. For the bioluminescence reactions a
dilution of aldehyde in H2O (aldehyde 1:50) was prepared
every 3 h from saturated aldehyde in ethanol. The stated
concentrations of aldehydes are nominal since they usually
exceed the critical micellar concentration.
Instrumentation.Bioluminescence was measured with a

Turner, TD-20e luminometer with the sample thermostated
at 0 or 23°C. The bioluminescence decay rate constantk
was obtained by fitting to points 0.8I0-0.2I0, where I0 )
initial intensity. The total light was calculated asI0/k.
Absorption spectra were measured at 0°C with a Hewlett-
Packard 8452 diode array spectrophotometer. Fluorescence
and bioluminescence spectra were measured with an SLM
(Rochester, NY) Model 8000 spectrofluorometer fitted with
Glan-Thompson polarizers in the T-configuration. All
emission spectra were measured with a 2 nm slit width, and
the sample was contained in a thermostated 10× 3 mm
cuvette, with the excitation along the 10 mm direction and
the polarizers set in the magic angle position. All spectra
were corrected for optical artifacts (e.g., self-absorption) and
for the wavelength sensitivity of the instrument (Velapoldi
& Mielenz, 1980). The stopped-flow measurements were
performed with a temperature-controlled OLIS RSM1000
apparatus (On-Line Instrument Systems, Bogart, GA). The
instrument design did not allow simultaneous biolumines-
cence and absorbance detection or reaction temperatures less
than 10°C. The reactions were run at 10°C, rather than
room temperature, to slow the rate processes for accurate
measurement. One syringe contained photoreduced FMN
(FMNH2). The other one contained luciferase with some-
times aldehyde and/or lumazine protein. The final concen-
trations were FMNH2, 20µM; luciferase, 50µM; lumazine
protein, 10µM; and decanal, 500µM.

RESULTS

Stopped Flow.In the first stopped-flow experiments (not
shown) no aldehyde was added to the reaction mixture. One
syringe contained air-saturated buffer with luciferase and the
other FMNH2. The reaction kinetics showed the formation
of luciferase peroxyflavin with absorption maximum at 380
nm, as was shown in a similar experimental setup before
(Faini et al., 1976). Since no aldehyde was present, this
intermediate only breaks down to H2O2 and free FMN
(Scheme 1,k1 ) step 1), as monitored by the increase in
FMN absorbance at 450 nm. Employing the global analysis
software provided with the OLIS RSM1000, two rate
constants were found;k ) 6.3 s-1 for the formation of the
luciferase peroxyflavin, andk1 ) 2.6 s-1 for its decomposi-
tion to FMN. In the absence of luciferase the apparent rate
constant for the oxidation of free FMNH2 at 10°C was about
3 s-1.
When lumazine protein was included in the syringe

containing the luciferase, there was no effect on the reaction.
Both rate constants for the formation and decomposition of
luciferase peroxyflavin were the same.
In the next experiments aldehyde was included in the

reaction mixture. In order to minimize the inhibitory effect
on the bioluminescence, the aldehyde was added to the
syringe with luciferase immediately before triggering the
reaction. n-Decanal was used as the aldehyde because it
produces the slowest bioluminescence decay. A slower
decay would be predicted to favor the effect of the added
lumazine protein.
First the formation of luciferase peroxyflavin could be

observed. The next distinguishable species was that of free
FMN. Since the absorption spectrum of the fluorescent
transient fromP. leiognathiis not significantly different from
luciferase peroxyflavin (Lee et al., 1989a), this species could
not be distinguished in this way. The total kinetics at 450
nm (Figure 1, curve A) showed a decrease in the formation
rate of FMN compared tok1 ) 2.6 s-1 for the decomposition
above without aldehyde.
The inclusion of lumazine protein in the bioluminescence

reaction mixture changed the kinetics. The formation of
luciferase peroxyflavin monitored byA(380 nm) was not
affected but its decomposition rate to FMN,A(450 nm),
increased (Figure 1, curve B).
Bioluminescence Kinetics for P. leiognathi.The single-

turnover bioluminescence reaction of luciferase is produced

FIGURE1: Kinetics of formation of free FMN in the bioluminescent
reaction of luciferase peroxyflavin and decanal with (B) and without
(A) the lumazine protein (10µM), followed by absorbance at 450
nm (10°C).
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by the rapid addition of FMNH2 to a mixture of luciferase
and aldehyde. The bioluminescence intensity rises to a
maximum I0, reflecting the overall reaction rate, and then
decays at a ratek. In Table 1, for the pairwise comparisons,
the initial intensity and total light without lumazine protein
have each been set to 100. All values listed here and in
Table 2 are averages of 10 measurements with standard
deviation around 10%. In each case about 5µL of saturated
aldehyde in ethanol (final concentrations, 20µM for tet-
radecanal and 1 mM for decanal) is required to produce the
maximum I0. As is well-known, bothI0 andk depend on
the chain length of the aldehyde as well as its concentration
but the total light is approximately independent of chain
length. The addition of lumazine protein, however, produces
a variable effect, increasing bothI0 andk for the tetradecanal
case but onlyI0 for the decanal reaction. When the aldehyde
concentration is limiting (80µM decanal, 0.4µM tetra-
decanal), lumazine protein has no effect onk but causes a
strong increase inI0 for the decanal reaction.
With aldehyde concentration limiting, the rate of decay

of bioluminescence intensity (k) is a consequence of a
competition between the aldehyde binding (k2[RCHO]) and
the loss of luciferase peroxyflavin through the breakdown
to H2O2 and free FMN (Scheme 1, step 1). Table 1 shows
that the addition of lumazine protein always increases the
total light, meaning that the interaction with lumazine protein

is not rate limiting; in Scheme 1,k-2 + k3 , k10[LumP]
under any of the conditions used.
Table 2 contains the results for the single-turnover

conditions induced by the dithionite reaction. If aldehyde
is not in the initial reaction mixture, the luciferase peroxy-
flavin decays at a rate of 1.5 min-1 (0 °C). Inclusion of
lumazine protein produces an identical decomposition rate
giving no evidence of protein-protein interaction at this
point, whereas addition of the dodecanol solution (5µL) as
reported by Tu (1979) markedly stabilizes the luciferase
peroxyflavin (k-5 < 0.02 min-1).
Table 2 shows that the dodecanol also allows for interac-

tion with lumazine protein. For the dithionite reaction, about
5 µL of 6 mM decanal (final concentration 170µM) is
required for maximum bioluminescence intensity. For lower
amounts (33µM), the bioluminescence decay rate,k, is in
the same range as the decomposition rate of the luciferase
peroxyflavin, but lumazine protein still magnifies both the
I0 and the total light, comparable to its effect under the
conditions of Table 1.
The increase in total light is easily explained as due to

the two times higher fluorescence quantum yield of the
lumazine protein over the fluorescent transient. The kinetics
implies that the protein-protein interaction is not rate
limiting the bioluminescence under these conditions. A clear
change occurs, however, if the luciferase peroxyflavin is
stabilized with dodecanol. Lumazine protein slows the
bioluminescence decay rate, and the enhancement of theI0
is also reduced.
Figure 2a shows that the delayed addition of lumazine

protein has the same effect as when it is present at the

Table 1: Single Turnover Bioluminescence Reaction ofP.
leiognathiLuciferasea

additions

decay
rate
k (s-1)

initial
intensity

I0

total
light
I0/k

5 µL of C14 1.58 100 100
+12µM LumP 2.15 174 128
5 µL of C14 (1:50) 0.69 100 100
+12µM LumP 0.85 230 187
5 µL of C14+ 5 µL of C12ol 0.50 100 100
+12µM LumP 0.66 213 161
5 µL of C10 0.33 100 100
+12µM LumP 0.36 236 217
20µL of C10 (1:50) 0.61 100 100
+12µM LumP 0.57 405 434
a Standard luciferase assay (see Materials and Methods). In each

reaction without lumazine protein, the initial intensity and total light
were set at 100. C10) decanal; C14) tetradecanal; C12ol)
dodecanol; LumP) lumazine protein and luciferase fromP. leiognathi,
23 °C, 50 mM Pi, BSA buffer, pH 7.0. Aldehyde (1:50) is a dilution
of aldehyde in H2O 1:50 prepared every 3 h from saturated aldehyde
in ethanol. Standard deviations for determiningk andI0 were less than
10%.

Table 2: Influence of Lumazine Protein on Bioluminescence
Reactions ofP. leiognathiLuciferasea

additions

C10
(mM)

C12ol
(mM)

LumP
(µM)

decay
rate

k (min-1)

initial
intensity

I0

total
light
I0/k

1.7 1.2 100 100
8.3 5.9 300 61
1.7 23 1.5 260 208
1.7 3 0.7 100 100
1.7 3 23 0.45 160 250
aDecanal (C10) and dodecanol (C12ol) were prepared from a

saturated solution in ethanol. These were added to luciferase peroxy-
flavin under the conditions of the dithionite luciferase assay. Reaction
conditions were otherwise the same as in Table 1, except at 0°C and
the total volume of reagents in the cuvette was about 180µL. Standard
deviations for determiningk and I0 were less than 10%.

FIGURE 2: (a) Effect of delayed addition of lumazine protein
(LumP) on the bioluminescence of luciferase. Three experiments
are presented together; LumP (5µL, final concentration 23µM)
was added secondarily 0.5, 1.0, or 1.5 min after initiation of the
reaction with FMNH2, using 0.03µM luciferase and 8 mM decanal.
The dotted line is for LumP present in the reaction at zero time
and the bottom solid line without LumP. Conditions: 0°C, 50
mM Pi, BSA (1 mg/mL) buffer, pH 7.0. (b) Same reactions as for
(a) except with 3 mM dodecanal. The ordinate scale is the same,
and the reaction with LumP present at zero time (not shown) is the
same as the dotted line in (a).
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beginning of the reaction (dotted line). The solid line starting
from the origin is from the dithionite luciferase assay with
decanal but without lumazine protein,k ) 1.5 min-1.
Lumazine protein added in separate experiments at 0.5, 1.0,
and 1.5 min produces the same bioluminescence decay rate
(k ) 2 min-1) but the I0 is increased by about 2.5 every
time, the same as in Table 2. Figure 2b is for the reaction
initiated with dodecanal. Without lumazine protein the decay
rate is 3.5 min-1. On addition of lumazine protein theI0 is
again increased about two times with the decay becoming
biphasic, 9.0 and 3.5 min-1. With tetradecanal (not shown)
the effect of adding lumazine protein is the same, except
the decay rate constants are several times faster.
Figures 3 and 4 are for the reaction of the dodecanol-

stabilized luciferase peroxyflavin. An approximate steady
state is established but the kinetics is quite complex. On
addition of decanal or dodecanal there is an initial flash
falling to a nearly constant level of bioluminescence intensity.
This intensity increases slowly to a maximum after about
10 min and then decays with a half-time of 40 min. This is
not apparent on the time scale of Figure 3, and the behavior
is also variable, depending, for example, on aldehyde
concentration. The initial flash response is a consequence
of the aldehyde dilution into the buffer. If the aldehyde is
prepared first in the buffer and then is added to luciferase
with dithionite and dodecanol, only the steady-state level is
seen without the rapid flash.

The addition of lumazine protein causes a decrease in the
steady-state level. For tetradecanal (Figure 4), lumazine
protein at 2 min decreases the bioluminescence level 3-4
times, and the decay becomes much slower. The effect is
smaller (<10%) for decanal (Figure 3). It is to be noted,
however, that after the addition of lumazine protein the next
injection of aldehyde causes a severalfold increase in both
the flash height and the steady-state level in both cases.
Figure 5 shows the dependence of this inhibition of the

bioluminescence on concentration of lumazine protein, for
the reaction conditions of Figures 3 and 4. The longer the
aldehyde chain length, the greater the inhibition by added
lumazine protein (curves 1, 3, and 4). Also the inhibition is
less (curve 2) during the time of the initial flash than later
(curve 3) into the steady-state reaction phase or the slow
decay phase in the case of tetradecanal.
Bioluminescence Kinetics for V. fischeri.Steady-state

bioluminescence kinetics experiments similar to those shown
in Figures 3-5 were carried out usingV. fischeri Y1
luciferase and FMNY1-protein or RFY1-protein. The inhi-
bition results are shown in Figure 6 and are comparable to
those in Figure 5, i.e., a protein concentration effect
dependent on aldehyde chain length and also on the ligand.
The RFY1-protein had less effect than FMNY1-protein. The
presence BSA at 1 mg/mL concentration did not change the
inhibition effect for FMNY1-protein.

FIGURE 3: Effect of delayed addition of 5µL of decanal (1:50) at
times 1, 3, 4, and 5 min and of LumP at 2 and 6 min on the
bioluminescence of luciferase. The reaction was initiated with 5
µL of decanal (1:50). Conditions: 0°C, 3 mM dodecanol, 50 mM
Pi, BSA buffer, pH 7.0. Final concentration of luciferase is 0.03
µM in a total volume about 180µL.

FIGURE 4: Same as Figure 3 except with 110µM tetradecanal.

FIGURE 5: Inhibition of the steady-state bioluminescence ofP.
leiognathiluciferase by LumP. Bioluminescence started using 0.03
µM luciferase without LumP, with 3 mM dodecanol, and 5µL of
aldehydes (1, 6 mM decanal; 2, 3, 2 mM dodecanal; 4, 110µM
tetradecanal). Conditions: 0°C, 50 mM Pi, BSA (1 mg/mL) buffer,
pH 7.0; total volume about 180µL.

FIGURE6: Same as Figure 5 except luciferase and FMNY1-protein
were fromV. fischeriY1. Also shown is the inhibition effect with
tetradecanal by RFY1-protein.
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Two bioluminescence emission bands can be distinguished
in this reaction. One has a maximum around 495 nm,
originating from the fluorescent transient reaction via step 3
in Scheme 1, and the other at 540 nm from the yellow
fluorescence protein, via steps 6 through 10 with YFP
substituted for LumP. The two bands can be separated with
color filters, and Figure 7 shows that the shorter wavelength
bioluminescence is much more effectively inhibited than the
yellow bioluminescence (measured at 576 nm). Also
consistent with the previous results is that FMNY1-protein
in the single turnover reaction, and with or without dode-
canol, increases the bioluminescence decay rate, seen by
comparing the first two rate columns in Table 3.
Luciferase is known to be extremely sensitive to protease

inactivation. In Table 3 the inactivation is followed by the
influence of added trypsin on the bioluminescence decay rate
(k) in the single turnover assay. In line 1, for tetradecanal
in the presence of dodecanol, trypsin increases this decay
from 0.15 to 2.2 min-1. However, the FMNY1-protein
provides some protection against trypsin inactivation, slowing
the decay rate to 1.4 min-1. RFY1-protein is not as
protective if at all, and FMN-P (P. leiognathi) and BSA show
no influence. Also without influence were the riboflavin
protein (P. leiognathi) and the blue fluorescence protein (V.
fischeri). The remaining lines suggest that the dodecanol is
required for the protection property of FMNY1-protein. Also
it is apparent that the protection is not aldehyde chain length
dependent (lines 1 and 2). The last two lines show that the
inactivation rate is approximately linearly dependent on the

added trypsin. These results lead to the conclusion that the
FMNY1-protein binds the luciferase peroxyflavin stabilized
by the dodecanol and in this form the trypsin digestion
becomes inhibited.
A final set of experiments was made with other fluorescent

proteins. Lumazine protein fromP. leiognathi at 40 µM
concentration shifted theV. fischeriY1 bioluminescence to
a shorter wavelength (not shown), the same as for the
bioluminescence reaction withP. leiognathiluciferase. The
riboflavin protein (FFP), FMN protein, both fromP. leiog-
nathi, and BFP fromV. fischeri, all at 40µM, had no effect
on steady-state bioluminescence intensity in theV. fischeri
reaction and had no influence on the bioluminescence
spectrum.
FMNY1-Protein Stabilizes Luciferase HydroxyflaVin. Fig-

ure 8 is the fluorescence of the luciferase hydroxyflavin (P.
leiognathi) in the presence of FMNY1-protein. The four
solid lines are for the freshly prepared mixture and after 1,
2 and 3 h. There is almost no change after 3 h, in contrast
to the fact that the fluorescence transient itself disappears
almost completely after 2 h under the same conditions
(Petushkov et al., 1995a). Of course, the fluorescence
spectrum here is mainly contributed to by the FMNY1-
protein itself, so in order to resolve the fluorescent transient
contribution, the 3 h sample was heated at 25°C for 20 min
and then recooled (open circles). The intensity at 470 nm

FIGURE 7: Inhibition of the yellow versus blue bioluminescence
emissions from the steady-state reaction fromV. fischeri luciferase,
with tetradecanal and dodecanol. Color filters are used to separately
detect the 572 nm band (triangles) and the 476 nm band (diamonds).
The open circles are without a filter.

Table 3: Inactivation of Luciferase by Trypsin Shows Protection by Added Fluorescent Proteina

trypsin added

C14 (µM) C10 (µM) C12ol (mM) nab FMNY1 na FMNY1 RFY1 FMN-P BSA

0.3 3 0.15 0.55 2.2 1.4 1.9 2.1 2.1
160 3 0.1 2.15 1.3

0.3 0 1.05 1.5 12 10
15 0 0.3c 5.5 4

160 0 1.25 1.5 9 10-12
0.3 0 1.05 1.5 3.6d 2.5d 3

160 0 1.1 1.6 3.5d 3.8d 4
aRates,k (min-1), of bioluminescence decay at 0°C of peroxyflavin intermediateV. fischeriwith different aldehydes in the presence of different

proteins.b na) no addition of fluorescent protein.c Slower decay constant; 15µg of trypsin added.d 3 µg of trypsin added. Dithionite assay at
0 °C: 5 µL of luciferase and 5µL of FMN were mixed with 5µL of dithionite (80 mM) and then 150µL of aldehyde in air-saturated buffer.
Trypsin was then added (5µL or d1 µL, 3 mg/mL). Final concentrations were luciferaseV. fischeri, 0.01µM; FMN, 0.06µM; FMNY1-protein,
RFY1-protein, FMN-P (fromP. leiognathi), and BSA, all 0.7µM. Total volume of reagents in the cuvette was about 180µL.

FIGURE 8: Effect of FMNY1-protein on the stability of luciferase
hydroxyflavin. The first family (upper set of four curves) is the
steady-state fluorescence spectra of a mixture of luciferase hy-
droxyflavin (fromP. leiognathi, 10µM) after addition of FMNY1-
protein (15µM) at 0 °C. These four curves were measured for a
fresh (0 h) preparation and then at 1, 2, and 3 h after incubation at
0 °C. The open circles are for the 3 h sample after being warmed
to 25 °C, and the triangles are after 40°C and recooling.
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is now zero and at 545 nm drops by 17%. This difference
between the spectra initially and after heating the sample is
the contribution arising from energy transfer from the
fluorescent transient donor to the FMNY1-protein acceptor,
within the protein-protein complex. The long wavelength
part still has the same shape, indicating that the FMNY1-
protein is still intact. The 470 nm contribution was from
the uncomplexed fluorescent transient and is now gone. After
heating at 40°C and recooling, the spectrum (triangles) is
almost the same as free FMN.

DISCUSSION

It is clear from the results of our previous work that
lumazine protein and the yellow fluorescence proteins are
able to form a specific 1:1 complex with the luciferase
reaction intermediates (Lee et al., 1991b; Lee, 1993; Pe-
tushkov et al., 1995a,b, 1996). It is a simple extension of
this knowledge then to say that certain rate processes in the
reaction pathway could be affected by the complexation. The
major conclusion here is that the aliphatic participant is the
“glue” holding the two proteins in place, or it induces a
conformational change favoring the interaction. This glue
is either the dodecanol stabilizing the luciferase peroxyflavin,
the aldehyde substrate, or its carboxylic acid reaction product.
No evidence can be found for interaction in the absence

of the aliphatic additive. The rapid scan stopped flow shows
that lumazine protein has no influence on either the rate of
formation of luciferase peroxyflavin or its decay in the
absence of aldehyde. On the other hand, the release of FMN
from the luciferase peroxyflavin is faster in its complex with
the lumazine protein. However, the possibility of protein-
protein interaction without the aliphatic cannot be completely
excluded because the luciferase peroxyflavin is not suf-
ficiently stable in the absence of dodecanol to be able to do
a chromatography study, as was able to be demonstrated with
the stabilized intermediate.
The single-turnover results also indicate that the lumazine

protein complex formation is faster than thek3 biolumines-
cence process. At whatever time into the reaction the
fluorescent protein is added, the reaction pathway is com-
pletely directed along the lower part of Scheme 1. A
quantitative account, of course, is not feasible without
accurate knowledge of the rate constants along the reaction
pathway. This information is available for theV. harVeyi
luciferase case (Abu-Soud et al., 1992, 1993), and assuming
similar values for two present luciferases under study here,
i.e., of order 1 s-1 for the first-order rate constants, it is
reasonable to propose that the lumazine protein or YFP
association rates could easily out-compete these steps.
The second major observation is that the protein-protein

complexation markedly slows the exchange between dode-
canol and aldehyde. The model proposed to explain the
bioluminescence spectral shifts requires that the ligand of
the fluorescent protein lies proximate to the luciferase active
site. It is reasonable to assume that both dodecanol and
aldehyde occupy the same binding site close to the luciferase
active site and therefore the exchange between the two must
be affected by the physical presence of the second protein.
Also, due to its size a longer chain length aldehyde might
be more affected than a shorter one. The RFY1-protein is
less effective than FMNY1-protein due to its weaker as-
sociation. The emission in the yellow band is much less
attenuated than from the fluorescent transient contribution

around 495 nm because the addition of YFP would favor
the lower pathway in Scheme 1 at the expense of the upper
“blue” pathway.
From Figures 5, 6, and 7, we suggest that, with dodecanol

and tetradecanal (the maximum inhibition effect), lumazine
protein and yellow fluorescence protein show an apparent
noncompetitive inhibition constant of 7 (LumP) and 0.5µM
(YFP). However, the real interaction for LumP must be with
about half this value, because the bioluminescence reaction
with lumazine protein goes by steps 7-9 with about twice
the quantum yield than by steps 3 and 4. A value of 3.5
µM (for lumazine protein) and 0.5µM (for yellow fluores-
cence protein) for the interaction constant is consistent with
the concentrations needed for the bioluminescence spectral
shifting effects.
Extrapolating now to the reaction pathway, the published

model suggests reversible steps including the interaction of
the luciferase peroxyflavin with aldehyde (Abu-Soud et al.,
1992, 1993; Francisco et al., 1993). If the off-rate of the
aldehyde in the protein-protein complex is slowed more than
the on-rate, this would lead to a shift of the equilibrium (k7
andk8) and a consequent increase in steady-state concentra-
tion of the final intermediate (e.g., EFMNHOORLumP) prior
to the light step. This would account for the increase in
light intensity and rate of its decay as observed, markedly
for the FMNY1-protein case (Eckstein et al., 1990). The
explanation for the enhancement of the total light in the
reaction with lumazine protein is trivial. The fluorescence
quantum yield for lumazine protein is almost twice that of
the fluorescent transient. For the yellow fluorescence
proteins, the fluorescence quantum yield is not as high and
the total light therefore remains the same.
We have attempted to summarize our present knowledge

about the protein-protein complex in terms of a physical
picture in Figure 9. The three-dimensional structure of
luciferase has been determined to a resolution of 2.4 Å, but
this is not sufficient to locate the flavin in the active site

FIGURE 9: In the specific complex formed between the luciferase
peroxyflavin and fluorescent (antenna) protein (LumP or YFP), the
ligands are positioned so that rapid energy transfer to them from
the luciferase flavin donor out-competes the donor fluorescence
rate (0.1 ns-1). The antenna protein shown here as LumP partly
covers the luciferase aldehyde site. The luciferase shape is traced
from the three-dimensional structure [Figure 2 of Fisher et al.
(1995)].
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(Fisher et al., 1995). However, a structurally homologous
protein, the nonfluorescent protein, has been solved at a
resolution of 1.6 Å but has two bound flavins per subunit of
the homodimer, one near the N- and C-terminal partially
solvent exposed and the other buried in the subunit interface
(Moore & James, 1994, 1995; Li & Meighen, 1994, 1995).
Many studies have concluded that the FMNH2 binding site
is situated on theR-subunit of luciferase, and this was
supported again recently in experiments using two-quantum
affinity modification (Benimetskaya et al., 1994). Energy
transfer of the excited FMNH2 produced cleavage only on
theR-subunit. Arguments have been presented to place the
luciferase active flavin at the terminal position as distinct
from the interface region.
Figure 9 shows the fluorescent protein partly covering or

overlapping the active site for aliphatic substrates (aldehyde,
acid, or alcohol). The protease-sensitive site is not known
but may also be close to the active site. The aldehyde is
strongly bound in the active site along the entire length of
the alkyl chain with the strongest interactions at the CHO
group (Viswanathan et al., 1979). The aldehyde function
being chemically involved with the flavin intermediate must
lie at the active site. Thus the chain length which is the
variable must be the part that overlaps with the fluorescent
protein. Tetradecanal would present more hydrophobic
interactions than a smaller size aldehyde. For decanal then,
the fluorescent protein is more effective in fixing the
aldehyde onto luciferase and makes it less able to dissociate
away and, therefore, increases its reaction probability,
resulting in an increase in the rate constant for biolumines-
cence decay. This idea explains the effect of YFP, which
increases the decanal-induced bioluminescence decay rate
of Y1 V. fischeri luciferase 10 times (Eckstein et al., 1990).
The present spectral results imply that, in the protein-

protein complex, the peroxyflavin and ligand of the acceptor
are separated by about 15 Å. The ligand structure of the
fluorescent protein (lumazine or flavin) is also important and
specifically required for this interaction in each case, because
the apolumazine protein recharged by FMN or riboflavin is
ineffective (Petushkov et al., 1995a). At the same time,
lumazine protein fromP. leiognathiis active with luciferase
peroxyflavin fromV. fischeri Y1. Perhaps there is, again
by analogy to the nonfluorescent protein, a second binding
site on the luciferase for FMN (Li & Meighen, 1995) that
provides this specificity for the ligand of the fluorescent
protein. It may not be coincidental that this 15 Å distance
is about the same as the length of the aldehyde molecule, or
other aliphatic additive, and of the separation of the putative
flavin sites.
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