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Simple synthesis of a 4a-hydroperoxy adduct of a 1,5-dihydroflavine:
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ABSTRACT  The solution chemistry of M5)alkyl flavi-
nium cations and radical species formed by their le~ reduc-
tion are discussed. Previously unknown, the 4a-flavine hydro-
peroxides are established to be formed on reaction of M5)
alkyl flavinium cations with HeO or on reaction of M5)
alkyl-1,5-dihydroflavines with 30s. The stability of the 4a-fla-
vine hydroperoxide species is exemplified in the isolation
and characterization of 4a-hydroperoxy-M5)-ethyl-3-methyl-
lumiflavine. 4a-Flavine hydroperoxide compounds are shown
to be stronger oxidants than HzOq, and to undergo a chemilu-
minescent reaction in the presence of an aldehyde. Prelimi-
nary observations on the chemiluminescent reaction of 4a-
flavine hydroperoxides + RCHO are provided, and these are
compared to those in the literature dealing with the biolumi-
nescence of bacterial luciferase in the presence of 30g and
RCHO.

Peroxy adducts of oxidized flavine have been proposed (1) as
intermediates in the 30, oxidation of 1,5-dihydroflavines
(2), the mechanism of external flavomonooxygenases (3, 4),
and the mechanism of bacterial luciferase (5). Proposals of
mechanisms (1, 2, 8, 5) have dealt most often with the 4a-
hydroperoxy flavine. Studies directed toward the chemistry
of peroxy flavine compounds have not been forthcoming for
the simple reason that none were known. We report herein
the simple synthesis of 4a-hydroperoxy adducts of 5-ethyl-
3-methyllumiflavine (FIC;Hs-OOH) and analogs (FIR-
OOH) and report evidence for their involvement as inter-
mediates in the 303 oxidation of N(5)-alkyl-1,5-dihydrolu-
miflavine (6). Also of considerable interest is our finding of
light emission on reaction of FIR-OOH compounds with al-
dehydes (models for bacterial luciferase).

It has been appreciated for some time that N(5)-alkyl fla-
vinium cations exist in solution in equilibrium with their
pseudo-base forms (7). For N(5)-CDs lumiflavine
(F1®,,CDg), the equilibrium of Eq. 1 (X = H) has been es-
tablished (8). It occurred to us that FIR-OOH could be pre-
pared simply by the addition of HzO; to an FI®,R species
(Eq. 1, X = OH). Since FIR-OOH would be in equilibrium
with FI®, R, a knowledge of the chemistry of the latter was
desired. In brief, our findings (8) on this aspect of the prob-
lem follow. Under anaerobic conditions, FI1®,,CHg (below
pH 8.0) undergoes a general base catalyzed (Bronsted 8 con-
stant = 0.6) conversion to a 1:2 mixture of 3-methyllumifla-
vine (Fl,x) and N(3,5)-dimethylmonohydrolumiflavine
(FICHg-) (Eq. 2). The deuterium isotope effect for kg, (i.e.,
krie, cus/kFie,,cp,) is 10.5 when B = HyO and 14.0 when B
= CH3COO~. The general base catalyzed solvolysis of

Abbreviations: Fl,,, 3-methyllumiflavine; FIH,, 3-methyl-1,5-dihy-
drolumiflavine; FI®,R, N(5)-alkyl substituted 3-methyllumiflavine
(R = CHs, CD3, CoHs); FIHR, N(5)-alkyl substituted 3-methyl-
1,5-dihydroflavine; FIR-, N(5)-alkyl substituted 3-methylmonohy-
drolumiflavine; FIR-OH and FIR-OOH, N(5)-alkyl substituted 4a-
hydroxy and 4a-hydroperoxy-3-methyllumiflavine, respectively.
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F1®,,C2Hs occurs at a rate about 50-fold slower than does
F1®,,CH;. Under anaerobic conditions the radical species,
FICHj-., disproportionates via a mechanism which involves
the formation of a dimeric complex followed by le~ + H*
or H- transfer. That H* or H- moiety is transferred within
the dimeric complex from one FICHg. to the other (Eq. 3)
was established through the observation that the rate of dis-
proportionation is not sensitive to change of [HO™] (i.e., pH
2-8) nor the concentration of buffer bases, and that the C-
H(D) kinetic isotope effect (krichs./kFicps.) = 35 at pH 7.0.

CH;,
N /N\(O pK, = 415X = H)
+ HOX 4—'—___='__—>
jij[ﬁfg;‘m—cm °
cp, ©
FloxCD3 CH
l 3
N. N\(O
7
+
jiIN N—cy, T H
| 0
peC X ©
FICD,-0X
- NG
7 HE
gl A
| Il
HZCQ CH,
H<«B 2]

FIH, + 2FL,CH® — FL, + 2FICH;

|
NN 1!1 N
2FICH, == I@I Ir —
3 Iﬁr/ % N
I

H.C-H CH;,
[ © [ H
N.__-N N._-N
LC XX s
N N
Il I
CH, CH,



996  Chemistry: Kemal and Bruice

MATERIALS AND METHODS

Synthesis of 4a-Hydroperoxy-5-ethyl-3-methyllumifla-
vine (FIC2H5-OOH). Fifty milligrams of 5-ethyl-3-methyllu-
miflavine perchlorate ([F1®,,CsHs]ClO4™) dissolved in about
0.5 ml of acetonitrile (purified by distilling over P2Os three
times) was added to 2 ml of a 4.0 M H;O, solution of 0.25 M
phosphate buffer (pH = 6.1). Light green-yellow crystals of
the flavine hydroperoxide immediately form. The crystals
were washed with 5 ml of 4.0 M aqueous H03 solution (no
buffer, pH adjusted to neutrality with KOH) and then with
a little methanol, and dried overnight at about 25° at 0.2
torr (26 pascals). Yield was >80%. Elemental analysis:
Found: C, 58.17; H, 6.38. Calculated: C, 57.82; H, 6.07. The
crystals melt at 121-122° with decomposition and are stable
for several weeks in a sealed vial away from light. FICHs-
OOH and FICD;00H were synthesized in a similar fashion.

Determination of the Equivalent Weight of FIC:H5-
OOH. A weighed amount of FIC;H5-OOH (typically 0.3-
0.6 mg) was dissolved in 10 ml of 1 M HCI and the concen-
tration of F1®,,CoHs produced determined from the mea-
sured absorbance at 546 nm (es4g = 7.95 £ 0.05 X 10° M~!
cm™l). Assuming quantitative conversion of FICoHs-OOH
to F1®,,CoHs (Eq. 1, X = OH), a molecular weight of 333 +
5 was calculated for the hydroperoxy flavine (actual molecu-
lar weight = 332.36).

Peroxidation Equivalent of FICoH5-OOH was deter-
mined by a colorimetric triiodide method (9). A weighed
amount of FICoHs-OOH was dissolved in 0.12 M methanolic
iodide solution (Ng atmosphere, [FICoH5-OOH] =~ 5 X 1073
M) and the absorbance at 349 nm measured. After correct-
ing for the flavine absorbance (ess9 = 6800 M~} cm™1), the
yield of I3~ (ez49 = 2.29 £ 0.03 X 10* M~! cm™!) was deter-
mined to be 86 + 3% of the flavine hydroperoxide con-
sumed. In a control experiment, the 4a-hydroxy flavine was
found to give no Is™.

Chemiluminescence intensity was measured with a Nu-
clear Chicago liquid scintillation counter with the coinci-
dence circuit inactivated. Fluorescence and chemilumines-
cence emission spectra were measured with a Perkin-Elmer
MPF-3 spectrophotofluorometer.

RESULTS

The 4a-OOH group of FIR-OOH (R = CHg, CD3, CoHs)
was found to be labile in protic solvents, being replaced by
-OH and -OCHjs in water and methanol, respectively. That
H0; was released into the solution was confirmed by the
fact that the addition of I-, after the end of the exchange re-
action, resulted in the appearance of I3~ at a rate equal to
that obtained with authentic HoO; (see below). In methanol,
in contrast to water, the replacement reaction was sufficient-
ly slow (kobs = 5.1 X 1074 sec™! with FICoHs5-OOH, 27°) to
allow an accurate spectrum of the flavine hydroperoxide to
be recorded (Fig. 1). In the conversion of FICoHs-OOH to
FICoH5-OCHs, the Apay of the former (370 nm) gives way
to that of the latter (356 nm) with an isosbestic point at 349
nm. In absolute dioxane, FIR-OOH was found to be very
stable (lifetime measured in days).

In methanol and dioxane, the reaction of 3,5-dimethyl-
1,5-dihydrolumiflavine (FIHCHj;) with oxygen provides the
corresponding 4a-hydroperoxy flavine (Eq. 4), as shown by
the fact that the spectral properties of the product are iden-
tical with those of the flavine hydroperoxide synthesized by
reacting HoOz with F1®,,CHj3 (see Materials and Methods).
When FIHCH3 was dissolved in methanol saturated with
oxygen ([Oz] about 1073 M, [FIHCHj3] = 2 X 1073 M) imme-
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F1G. 1. Spectrum of FIC;H5;-OOH in MeOH. Inset: compari-
son of the spectrum of FICH3-OOH (— —, in dioxane) with that of
the bacterial luciferase bound oxygenated flavine (Enz-FMN-
OOH) intermediate (- — —, ref. 5). The two curves were normalized
at the absorption peak at 370 nm. The shoulder at about 460 nm in
the FICH3-OOH spectrum is due to about 5% Flo; impurity. It is
likely that Enz-FMN-OOH is contaminated with a few percent of
FMN.

diate formation of the flavine hydroperoxide could be
shown to occur (spectrophotometrically) to 80% (I~ oxida-
tion) based on [FIHCHj3] employed. Small amounts (about
15%) of the flavine radical, FICHg-, were also formed by this
procedure. FIR-OOH was found to be a much better oxidiz-
ing agent than HoO; toward iodide. In methanol, a pseudo
first-order rate constant of 1.5 X 10~3 sec™! was obtained for
the reaction of HoO; (about 5 X 1073 M) with I~ (0.12 M).
In contrast, the FIC;Hs-OOH (5 X 10~5 M) oxidation of I~
(0.12 M) was over during the time of mixing (15 sec).

™1
N._N._-0
\( + 0, —
I
cH, ©
(FIHCH,) -
3
N0
7
j@@ \N(—CH (4]
/I\I 3
0
CH; | O
0
H
(FICH,-O0H)

The addition of an aldehyde to a solution of FIR-OOR
was found to induce chemiluminescence which was visible
to the dark adapted eye. Light emission was not dependent
upon the mode of formation of the flavine hydroperoxide,
being observed not only on reaction of presynthesized FIR-
OOH with aldehyde but on reaction of aldehyde with FIHR
dissolved in oxygenated solvent or on addition of aldehyde
to a solution of F1®,R in HyOs solution. In addition, light
emission was obtained with a number of aldehydes (e.g.,
formaldehyde, acetaldehyde, chloral, hexanal, heptanal, de-
canal, benzaldehyde, and salicaldehyde). The time course

for light emission in the reaction of formaldehyde (0.21 M)

with FICoH5-OOH (1.9 X 1074 M) in dioxane (containing
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F1G. 2. Time course of light emission observed (23°) from the
reactions “FICoH5-O0H (1.9 X 10~4 M) + H.CO (0.21 M)” and
“FIHC2H; (1.9 X 10~4 M) + Oz + HoCO (0.21 M)”. In both experi-
ments, a weighed amount of flavine was added to a 6.1 ml solution
of HoCO in dioxane (which had been saturated with O; in the lat-
ter case). Inset: chemiluminescence observed (23°) upon step-wise
addition of HyO2 (0.32 M) and CH;0 (1.3 M) toa 9 X 10-> M
F1®,,CoHj solution in acetate buffer (pH = 4.5, 0.5 M).

about 0.5 M H0) is shown in Fig. 2. Inspection of Fig. 2 re-
veals that on initiation of reaction, the light intensity reaches
a maximum in 88 min, and then decreases in intensity. The
decrease in light emission follows the first-order rate law
(kobs = 2.12 X 104 sec™! at 23°). These results dictate that
FIC;H5-OOH and CH;0 react to provide a species whose
further reaction is accompanied by light emission. Since ad-
dition of the singlet oxygen quencher (10) 1,3-diphenyliso-
benzofuran (final concentration = 5 X 10~3 M) had no ef-
fect on the light intensity, the involvement of 10 was ruled
out. Chemiluminescence was found to occur equally well
under anaerobic or aerobic conditions. The major, if not
sole, flavine product of the reaction of formaldehyde with
FICoHs-OOH appears to be the 4a-hydroxy adduct of
FI®,,CoHj as identified by its spectrum (Amax's at 345, 305,
and 282 nm in dioxane).

The time course of the chemiluminescence observed upon
30, addition to a dioxane solution of FIHC;Hs (1.9 X 10—4
M) and HoCO (0.21 M) is shown in Fig. 2, which also con-
tains, for comparison, the time course of chemiluminescence
upon reacting FIC;Hs-OOH (1.9 X 10~4 M) with CH.0
(0.21 M). As can be seen in Fig. 2, both the increase and the
decrease in light intensity occur severalfold faster in the 30,
reaction. The faster rate of increase in light intensity is likely
to be due to the trapping of FIC;H5-O2° by the aldehyde,
prior to its protonation. Any of the three species, FIHCyHs,
FIC;Hs:, and Og-, which are known (6) to be present in a re-
action mixture containing FIHC;Hs + Og + H2CO (but not
in the reaction of FIC,Hs-OOH with HoCO) may be consid-
ered the cause of the increased rate of decay of chemilumi-
nescence. When the reaction of FIC;Hs-OOH (1.8 X 10~4
M) with HoCO (0.24 M) was studied under anaerobic condi-
tions in the presence of FIHC;Hs (104 M), the time course
of the chemiluminescence was found to be almost identical
to that obtained in the absence of FIHCyHs. Since FICoHs. is
produced in the reaction of FIHC,Hs with FICo;Hs-OOH

(see below), both FIHC;Hs and FIC2Hs- can be ruled out as

the species most responsible for the increased rate of decay.
In separate experiments (in MeOH, anaerobic conditions,
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30°) the reaction of FIC;Hs-OOH (1.8 X 10™4 M) -with
FIHC,H5 (1.3 X 10~4 M) was found to be over in about 3
min, whereas, the reaction of the pseudo-base, FIC;Hs-OH
(1.5 X 10~4 M), with FIHCHs (1 X 10~ M) took about 2 hr
to go to completion. The stoichiometry of the former reac-
tion was consistent with a Haber-Weiss (11) mechanism
(Eq. 5). In agreement with the mechanism of Eq. 5, one fla-
vine radical (FIC;Hs:) is formed per one reduced flavine
(FIHC;Hs) when [FIC;Hs-OOH] > [FIHCoHs]. This is in
contrast to the reaction of FIC;Hs-OH with FIHCoHs which
produces two FICo;Hs- per limiting flavine reactant (Eq. 6).
Consideration of Eqs. 5 and 6 reveals that the reaction of
FICoHs-OOH with FIHCgHs should be biphasic when
FIHC,Hs is in excess and that the final yield of FIC;Hs-
should be three times the initial concentration of the flavine
hydroperoxlde This was experimentally verified. The reac-
tion deplcted in Eq. 5 was determined to be about 25-fold
slower in dioxane than in methanol. As with FIHC.Hs,
FICHs- was found to react with the flavine hydroperoxide.
It will be of interest to ascertain the influence of Oz~ on the
light emission (i.e., reaction with FIR-OOH).

FlHC2H5 + FlCzH5—mH —
FIC,H; + FIC;H,—OH + -OH [5]

FIHC2H5 + FICZH5_OH -_— 2F102H5' + H20 [6]

We also investigated chemiluminescence in water using
FI®.,R, HyOy, and an aldehyde. Very weak chemilumines-
cence is obtained on aerobic solvolysis of 5-alkylflavinium
ions. The intensity is drastically increased on the addition of
hydrogen peroxide and formaldehyde. For example, addi-
tion of HoO (final concentration = 0.32 M)toa 9 X 1075 M
solution of FI1®,,CoHs in 0.5 M acetate buffer (pH = 4.5) in-
creases the light intensity about 10-fold. When formalde-
hyde is also added (final concentration = 1.3 M), the light
intensity goes up another 250-fold in about 4 min, and then
decays with a first-order rate constant of 4 X 1073 sec™!
(23°, Fig. 2, inset). The decay of light intensity was found to
parallel the disappearance of FI®,R. In these experiments,
[(FI®,R)CIO4~] = 1.5 X 1074 M was added to a premixed
solution of HoCO (1.16 M) and HzO; (0.036 M) in 0.23 M
formate buffer (pH = 4.04). With FI®,,CHg, both chemilu-
minescence and flavine absorbance changes yielded almost
the same first-order rate constants (3.3 X 1072 sec™! at 23.3°
and 4.3 X 1073 sec™! at 27°, respectively), the slight differ-
ence between the two constants being due to the 4° (approx-
imate) difference in temperature of the counter and spectro-
photometer. The length of time over which light emission
occurs parallels the hydrolytic (Eq. 2) stability of the FI®,,R
species employed to generate FIR-OOH (FI®,.CoHs >
FI®,.CD3 > FI®,,CHg). However, although the chemilumi-
nescent lifetime observed with F1®,,CsHs in the presence of
H20; and CHO is longer, the initial intensity of light ob-
served is only about half of that obtained when FI®,,CHj
and F1®,,CDj are employed. This result finds explanation in
the observation that the rate of exchange of the peroxy moi-
ety of FIR-OOH with OCH;3™ (in methanol) is about two
times faster with FICoHs-OOH than with FICH;-OOH (5.1
X 1074 sec™! and 2.2 X 1074 sec™!, respectively, 27°). Un-
doubtedly, the equilibrium concentrations of individual fla-
vine hydroperoxides and the resistance of the FI®,.R species
to general base catalyzed solvolysis (Eq. 2), etc. are impor-
tant in the experiment in HO. As in the reaction of
FICoH5-OOH + CH20, the addition of the singlet oxygen
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quencher 1,3-diphenylisobenzofuran to a reaction mixture
of F1®,,CoHs + HoOs + CH20 was found to have no effect
on the light intensity. Employing [F1®,,CH3) = 1.9 X 10™4
M and [H2Og] = 0.04 M in water (pH 4.0, 0.24 M formate),
it was found that substitution of DoCO for HoCO (0.45 M)
did not result in a kinetic isotope effect in the first-order rate
constants for decrease in light emission [(kH = 3.3 X 1078
sec™1)/(kD = 3.2 X 1073 sec™!) =~ 1]. For the same experi-
ment, the total integrated light intensity provided the deute-
rium isotope effect (kH/kP) of 2.8 + 0.2. A similar result was
obtained with presynthesized FIC;Hs-OOH in dioxane.
With both H;CO and D3CO the rate of decrease in light in-
tensity was about the same; however, about three times as
much light was obtained with the former. These results
suggest that the oxidation of formaldehyde to formic acid
occurs concomitant to FIR-OOH reduction and light emis-
sion, but that this reaction comprises a minor pathway for
the disappearance of FIR-OOH (see Discussion). After 5
days of reaction time, only a few percent of benzoic acid
was isolatable from a reaction of FICH3;-OOH (6 X 10~3 M)
and benzaldehyde (50-fold excess) in dioxane. However,
since a control run without FICH;-OOH gave comparable
results, the yield of the acid was low (<2%) under the condi-
tions employed.

An emission spectrum consisting of a broad band extend-
ing from about 480 to above 600 nm, with a Ay, at about
570 nm (uncorrected for phototube sensitivity; emission slit
= 40 nm) was obtained from the “FI®,,CD; + H20o +
CH;0” reaction in 50% aqueous dioxane (vol/vol). Employ-
ing presynthesized FICHs-OOH and H2CO in dioxane, the
broad emission possessed Apax = 530 nm. The fluorescence
spectra of the 4a-hydroperoxy and 4a-hydroxy flavines were
obtained in glassy frozen solutions at 77 K (no fluorescence
could be detected in solution). FICoHs-OH was found to
have an emission peak at 460 nm (uncorrected) in ethylene
glycol-HzO (1:1), whereas FIC;Hs-OOH had an emission
peak at 475 nm (uncorrected) in ethanol. These fluorescence
spectra are very similar to that of 4a-ethoxy-5-ethyl-3-
methyllumiflavine for which a Ayax of 486 nm was reported
(12).

DISCUSSION

The following similarities are found to exist between syn-
thetic FIR-OOH and the bacterial luciferase bound oxygen-
ated FMN intermediate (Enz-FMN-OOH) described by
Hastings and coworkers (5, 13, 14): (a) both react with al-
dehydes to produce light; and (b) aldehyde is converted to
the corresponding acid in the bacterial luciferase catalyzed
reaction (15-17). Evidence [e.g., C-H(D) isotope effect on
the light yield, see below] supports a like oxidative mecha-
nism for the model; (c) as is the case with the enzymic reac-
tion (5), chemiluminescence occurs equally well under an-
aerobic and aerobic conditions; (d) in the reaction of FIR-
OOH with aldehydes, the time course of light émission is
characterized by an initial increase in light intensity fol-
lowed by an exponential decay. The same behavior, on a
much faster time scale, is observed in the reaction of Enz-
FMN-OOH with aldehydes (13); (¢) in the absence of alde-
hyde, both Enz-FMN-OOH (18) and FIR-OOH yield HyO;
(f) the absorption spectra of FIR-OOH and Enz-FMN-OOH
are remarkably similar (Fig. 1, inset); (g) the fluorescence
emission spectrum of Enz-FMN-OOH (14) resembles that of
FIR-OOH. In addition to the above, the recent finding by
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Hastings and coworkers* that bioluminescence also occurs
on combination of the reactants FMN, H0s, and aldehyde’
with bacterial luciferase finds direct analogy in our finding
of chemiluminescence in the reaction of FI®,,R with HoO9
and aldehyde.

Some differences between the model and enzymatic sys-
tems have also been noted. For example, the emission spec-
tra obtained from the reactions “FI®,,CD3; + HyOs + HoCO
in 50% aqueous dioxane (vol/vol)” and “FICH3-OOH +
H2CO in dioxane,” differ from that of the bacterial lucifer-
ase system. The enzymatic reaction emits in the blue-green
(Amax about 490 nm) (18), whereas the models emit at longer
wavelengths (Amax about 570 nm and 530 nm, respectively).
This difference is not too surprising because it has been
found that the color of luminescence with bacterial lucifer-
ase depends on the flavine analogue employed (19) and in
the model reaction on the solvent. Unlike Enz-FMN-OOH,
FIR-OOH is found to be less discriminating toward the alde-
hyde which is required for light emission. Thus, whereas
bacterial luciferase functions only with long chain aldehydes
(18), the model system also works with short chain and aro-
matic aldehydes. The specificity of the enzyme is, of course,
ascribable to specific binding requirements. Although the
reaction between Enz-FMN-OOH and RCHO is slow as en-
zyme catalyzed reactions go, it is much faster than the reac-
tion of FIR-OOH with aldehydes. This also is not surprising
because the enzyme is undoubtedly designed to catalyze the
light emitting reaction. With the model system, the light in-
tensity reaches a maximum usually in 1-2 hr (14 hr with
chloral hydratel), whereas with the enzyme the maximum is
reached in less than 1 sec (25°) (18). The decay of the light
intensity has a half-life of 5-10 sec (25°) with bacterial lucif-
erase (18), whereas with the model system it is usually in
hours.

Despite many years of research, the mechanism of light
emission by bacterial luciferase is not completely under-
stood. Thus, the emitting species has yet to be identified.
Our preliminary results establish, as suggested by Hastings
for bacterial luciferase (5), that the reaction of 4a-hydro-
peroxyflavine with aldehyde leads to a chemically excited
state. However, the details of the mechanism for the model
reaction are yet to be elucidated. The finding that, in diox-
ane containing 0.5 to 1.0 M HO or in HyO at pH 4.0, re-
placement of H;CO by D,CO results in no deuterium iso-
tope effect on the first-order rate of diminution of light
emission but results in an isotope effect of about 3 (i.e., kH/
kD) on the integrated light emission finds explanation in the
scheme of Eq. 7 (written for FICH3-OOH but also pertain-
ing to FICoHs-OOH). If the major path for destruction of
FICH3-OOH is not that associated with ks, no kinetic isotope
effect should be observed. However, if the light emitting re-
action (k3) is associated with a C-H(D) isotope effect, then
the integrated light emission should exhibit an isotope effect.
It follows that the first-order rate constants obtained for the
decay of the light intensity (see Results) pertain to the steps
describing the major reaction (e.g., k1 + k2 + solvolysis rate
+ etc.) and not to kg (which constitutes a minor path for the
consumption of FICH3-OOH). The present results are not in
discord with a Baeyer-Villiger oxidation as previously sug-
gested by’ Eberhard and Hastings (20) with the reservation
that for the N(5)-alkyl flavine peroxides of this study the
emitting species would be required to be the pseudo-base

* Becvar, J. E,, Tu, S.-C. & Hastings, J. W. (1976) Fed. Proc., in
press.
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(Eq. 8). However, FIR-OH does not provide a fluorescence
emission spectrum unless in frozen solution. Further investi-
gation into the chemistry of FIROOH compounds may be
expected to provide a better understanding of this important
class of enzymes.

k[H0],,
k,[H0]

_———— FICH,~0H + H,0,
N FicH-07|F + RCOH

l O ht (7]

FICH;—00OH

@ H'
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F1®,,CH, — see eq. 2
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As with bacterial luciferase, 4a-hydroperoxy-FMN is
thought to be an intermediate in the reactions catalyzed by
external flavomonooxygenases (4, 21, 22). And for these en-
zymes, the absorption spectra of the 30, dihydroflavine en-
zyme are similar to the model FIR-OOH compounds of this
study.
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