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ABSTRACT: 6-Azidoflavins have been bound to the apoproteins of five representative flavoproteins and their
properties, before and after light irradiation, compared with those of the same proteins containing the
appropriate 6-aminoflavin. In the dark the 6-azidoflavoproteins are quite stable, except for L-lactate oxidase,
where spontaneous conversion to the 6-amino-FMN enzyme occurs slowly at pH 7. 6-Azido-FMN Old
Yellow Enzyme is converted to the 6-amino-FMN enzyme by aerobic turnover with NADPH, and 6-
azido-FAD p-amino acid oxidase is converted to the 6-amino-FAD enzyme by treatment with D-alanine.
Light irradiation of 6-azidoriboflavin bound to riboflavin-binding protein does not result in any covalent
fixation of the flavin to the protein. Light irradiation of 6-azido-FMN flavodoxin gives only a sma'l amount
of covalent linkage. In contrast, 6-azido-FMN Old Yellow Enzyme undergoes a very facile light-induced
change, in which approximately 50% of the flavin is attached in a stable covalent linkage to the protein.
The resulting flavoprotein form has lost the ability to bind phenols, a distinctive characteristic of the native
enzyme; it does, however, bind NADPH, but the latter cannot reduce the covalently bound flavin. 6-
Azido-FAD p-amino acid oxidase also undergoes a facile light modification, in which almost quantitative
fixation of the flavin to the protein takes place. The resulting flavoprotein cannot bind benzoate, an active-site
ligand for the native enzyme, nor is it reduced anaerobically by p-alanine. The covalent linkage is fairly
labile and is destroyed on denaturation of the protein. 6-Azido-FMN lactate oxidase is also fairly susceptible
to light irradiation; in this case, however, much of the change occurs in a dark reaction following irradiation.
The product is readily reduced by L-lactate, in contrast to the results with D-amino acid oxidase. We have
not yet been able to determine whether a covalent linkage occurs, although the evidence implies that a labile

8095

covalent linkage is formed, which is probably hydrolyzed in a subsequent dark reaction.

One of the great advantages of working with flavoproteins
is the ease with which, in general, the natural flavin coenzyme
may be removed under relatively mild conditions and the
resulting inactive apoprotein reconstituted either with the
natural coenzyme, FAD or FMN,! or with flavin derivatives
carrying the appropriate N(10)-substituent. The ability to bind
modified flavins seems to arise from the dominant binding
forces between apoprotein and the flavin N(10) side chain,
although binding energy must also be derived from interactions
between the protein and the isoalloxazine ring system. Indeed,
specific hydrogen bonds between protein and the oxidized
flavin positions 2, 3, 4, and 5 are theoretically possible [see
Nishimoto et al. (1978) and Massey and Ghisla (1983) for
a discussion], and some of these appear to be present as judged
from the X-ray crystallographic studies of flavodoxin (Burnett
et al., 1979), and glutathione reductase (Schulz et al., 1982).
Such interactions can also be investigated by techniques such
as NMR (Beinert et al., 1985) and resonance Raman spec-
troscopy (Kitagawa et al., 1979).

Information from all these techniques, however, involves
either very considerable effort in time or very considerable
amounts of protein required for the measurements. A valuable-
supplement to these methods, which requires much less time
and only small amounts of protein, is the replacement of the
native flavin by modified flavins [see Massey and Hemmerich
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(1980) for a review]. Such active-site probes can be classified
into four broad categories on the basis of their chemical
properties. First, there are flavin analogues that give infor-
mation by virtue of spectral effects induced on binding. Ex-
amples of this class are 6-hydroxyflavins (Mayhew et al.,
1974), 8-hydroxyflavins (Ghisla & Mayhew, 1976), and 8-
mercaptoflavins (Massey et al., 1979), which all give infor-
mation concerning the electrostatic or solvent nature of the
flavin binding site. The second class consists of flavins with
chemically reactive substituents, which react either with a
protein functional group at the active site or with solvent-borne
reactants. Examples of this class are 8-chloro- (Moore et al.,
1979; Schopfer et al., 1981) or 8-fluoroflavins (Kasai et al.,
1983), 8-mercaptoflavins (Massey et al., 1979), 2-thioflavins
(Biemann et al., 1983; Claiborne et al., 1982), 4-thioflavins
(Massey et al., 1984a,b), and 5-deazaflavins (Vargo et al,,
1981). A third class, which can be defined loosely as mech-
anism probes and which can involve members of any of the
other classes as well, relies largely on the oxidation—reduction
potential of the flavin derivative (Abramovitz & Massey, 1976;
Light & Walsh, 1980; Stewart & Massey, 1985; Hille et al.,
1981) or on the substitution of carbon for nitrogen at the flavin
positions 5 or 1 (Edmonson et al., 1972; Jorns & Hersh, 1975;
Fisher et al., 1976; Spencer et al., 1977). Finally, we have
the so far very small class of photoaffinity flavins. The first
of these carried an azido function in the adenine moiety of
FAD (Koberstein, 1976) and thus is not expected to give
information on the immediate environment of the isoalloxazine
ring system, since the available X-ray crystallographic data

! Abbreviations: FAD, flavin adenine dinucleotide; FMN, flavin
mononucleotide; NADP?, nicotinamide adenine dinucleotide phosphate;
NADPH, reduced nicotinamide adenine dinucleotide phosphate; HPLC,
high-performance liquid chromatography.

© 1986 American Chemical Society



8096 BIOCHEMISTRY

show that FAD appears to bind to flavoproteins in the extended
configuration (Schulz et al., 1982; Wierenga et al., 1979;
Karplus & Herriott, 1982). Recently we have reported studies
with 8-azidoflavoproteins (Fitzpatrick et al., 1985), and in the
previous ‘paper in this series we have reported the synthesis
and some properties of 6-azidoflavins (Ghisla et al., 1986).
The availability of a chemically reactive and photoreactive
substituent at the flavin 6-position was of interest in terms of
expanding information on the protein environment around this
position, by virtue of its proximity to the catalytically important
N(5)-position. In this paper we report results obtained with
five representative flavoproteins substituted with the potential
photolabel 6-azidoflavin and compare their properties with the
same proteins substituted with 6-aminoflavins.

EXPERIMENTAL PROCEDURES

Materials. The flavin derivatives and apoproteins used were
obtained as described in a previous paper (Ghisla et al., 1986).
NADP*, glucose 6-phosphate, and glucose-6-phosphate de-
hydrogenase were from Sigma Chemical Co., St. Louis.
Phenol, p-chlorophenol, and p-nitrophenol were from Nakarai
Chemicals, Kyoto.

Instrumentation. Absorption spectra were recorded with
a Shimadzu UV-250 spectrophotometer at 20 °C, when not
otherwise indicated. HPLC analysis was done with a Shi-
madzu LC-4A instrument using a Develosil (30 X 0.7 cm)
RP,; column and the elution conditions given previously
(Ghisla et al., 1986). Alternatively, where noted, elution was
carried out at 40 °C with isocratic systems of 30 parts
methanol /70 parts 0.01 M phosphate (pH 6.0) or 20 parts
methanol /80 parts 0.01 M phosphate (pH 6.0).

Light irradiation of 6-N;-flavins bound to specific flavo-
proteins was carried out essentially as described previously
(Fitzpatrick et al., 1985). The samples were irradiated with
a commercial “sun gun” with intensity controlled by a rheostat,
and the samples were held in a Pyrex glass bath, with tem-
perature maintained at 20 °C by periodic addition of crushed
ice. As the Pyrex glass cuts off light of wavelengths lower than
320 nm, the photochemical events that occur come from ex-
citation of the flavin chromophore not the protein.

RESULTS AND DISCUSSION

Binding of 6-Aminoriboflavin and 6-Azidoriboflavin to
Riboflavin-Binding Protein and Effect of Light. 6-Azido-
riboflavin binds tightly to the apoprotein of hen egg white
riboflavin-binding protein, with a K value of 10 M at pH
7.0, 20 °C (Figure 1). By standardization of the apoprotein
with pure riboflavin, one can then determine the extinction
coefficients of both the free and the protein-bound 6-N,-
riboflavin. As shown in Figure 1, the free flavin has a A,
at 423 nm and an extinction coefficient of 19000 M~' cm™.
When it binds to riboflavin-binding protein, the A, shifts to
432 nm and the extinction coefficient falls to 15100 M~ em™.
Similar shifts in A, and decreases in extinction coefficient
are features common to the binding of all flavins to this protein
(Choi & McCormick, 1980). Similar results were obtained
with 6-NH,-riboflavin (\_,, 428 nm, ¢ = 18000 M~! cm™),
which exhibits shifts on binding to a A,,, of 439 nm and ¢ =
14500 M~! cm™ (results not shown). These results indicate
that the flavin binding site of this protein is able to accomodate
fairly bulky substituents at the flavin 6-position without any
obvious change in the general properties of the flavoprotein.
This conclusion is further substantiated by the tight binding
of 6-thiocyanato- and 6-mercaptoriboflavin, as will be docu-
mented in the following paper (Massey et al., 1986). It should
also be noted that these results are consistent with the finding
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FIGURE 1: Titration of 6-azidoriboflavin with the apoprotein of hen
egg white riboflavin-binding protein. A 1.0-mL sample of 6-N,-
riboflavin in 0.05 M potassium phosphate buffer (pH 7.0) at 20 °C
(top curve with A, 423 nm) was titrated with 15-uL aliquots of
riboflavin-binding protein (succeeding curves). The concentration
of the protein was determined in a similar cxPeriment by titration
of pure riboflavin and found to be 4.09 X 10~ M. The inset shows
the A3, corrected for dilution, vs. the volume of riboflavin-binding
protein added. From this it is clear that binding is very tight, with
an upper limit for K of 10 M. From the end point, and the known
concentration of the riboflavin-binding protein, €;,; of free 6-Nj-
riboflavin can be calculated to be 19000 M~ cm™.
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FIGURE 2: Effect of light irradiation on 6-azidoriboflavin bound to
riboflavin-binding protein. The solution at the end of the titration
of Figure 1 was irradiated at 20 °C with a light intensity of ~5 X
10° erg cm2 57!, Curve with A, at 432 nm was obtained before light
irradiation; succeeding curves were obtained after 1, 2, 3, 4, 6, 8, 10,
15, 20, 25, and 35 min of irradiation.

of Choi and McCormick (1980) that isoriboflavin (which has
methyl groups at positions 6 and 7 of the isoalloxazine ring
system instead of positions 7 and 8 in riboflavin) binds to
riboflavin-binding protein with a K of 2.7 X 10® M vs. 2.1
X 107 M for riboflavin. The study of Choi and McCormick
indicates that while the pyrazine ring of the bound flavin is
exposed to solvent, the dimethylbenzene ring is buried within -
the folded protein molecule. This conclusion was also sub-
stantiated with our later studies of riboflavin-binding protein
complexed with 2-thioriboflavin, 4-thioriboflavin, and 8-
mercaptoriboflavin (Claiborne et al., 1982; Massey et al.,
1984b; Schopfer et al., 1981).

In keeping with the benzene ring portion of the bound flavin
being buried, light irradiation of 6-azidoriboflavin-binding
protein was found to be a slow process; considerable light
exposure was required for destruction of the azido function,
as shown in Figure 2. Irradiation results in major spectral
changes, which are essentially isosbestic. The final product
is also completely nonfluorescent. At intermediate times the
presence of remaining 6-azidoriboflavin was detected by de-
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FIGURE 3: Spectral changes on light irradiation of 6-N;-FMN fla-
vodoxin. The holoprotein (curve with A_,,, 428 nm) was obtained by
titration of 6-N3;-FMN with apoflavodoxin, followed by overnight
dialysis vs. 0.05 M potassium phosphate buffer, pH 7.0. The suc-
ceeding curves to that with A _,, of 442 nm were obtained by irradiation
at 20 °C with a light intensity of ~3 X 10¢ erg cm™2 s™! for 2-min
periods for a total of 10 min. The sample was then dialyzed for 2
days with shaking vs. 25 mL of 8 M guanidine hydrochloride, pH
7, the volume adjusted to 1 mL with dialysate, and the spectrum
recorded against dialysate in the reference cuvette (@).

naturation of the protein with 15% trichloroacetic acid, fol-
lowed by neutralization and further light irradiation of the
supernatant, after the denatured protein was centrifuged off.
With the benzene ring of the bound flavin being buried, we
had expected that the light-irradiation product of Figure 2
would be a flavin covalently bound to the protein. However,
this does not appear to be the case. The light-modified flavin
is removed quantitatively from the protein by denaturation
with trichloroacetic acid or with 4 M guanidine hydrochloride.
The released flavin is highly fluorescent and migrates in all
HPLC systems considerably faster than 6-N;- or 6-NH,-
riboflavin. Its absorption spectrum is also shifted ~10 nm
to shorter wavelengths than the light-irradiation product of
Figure 2. The released flavin also binds strongly to fresh
apoprotein, with complete quenching of the fluorescence and
a return to the spectral characteristics of the light-irradiation
product of Figure 2. The nature of the product has not been
determined. Conceivably it could be one of the ring-expansion
derivatives of the flavin discussed in Scheme II of Ghisla et
al. (1986). We hope to test this possibility in future studies.
Whatever the nature of the product, it appears clear that the
6-azido function of the bound flavin, even though not exposed
to bulk solvent, is located in a hydrophobic pocket of the flavin
binding site and not in contact with protein residues with which
the photoactivated flavin [presumably the nitrene—cf. Bayley
and Knowles (1977) and Chowdhry and Westheimer (1979)
for reviews] could react.

Properties of 6-Amino-FMN Flavodoxin and 6-Azido-FMN
Flavodoxin. 6-Amino-FMN binds tightly to the apoflavodoxin
from Megasphaera elsdenii, with a shift in the A,,, from 429
to 434 nm and a decrease in extinction coefficient from 18 000
to 14200 M~ cm™. Similarly, 6-N,-FMN also binds tightly,
with a shift in Ay,, (423 to 428 nm) and a decrease in ex-
tinction coefficient (19000 to 16800 M~ ¢cm™). These
changes are similar to those that occur on binding of FMN
(Mayhew, 1971). The modified flavins remain with the protein
in 0.05 M phosphate (pH 7.0) either when dialyzed overnight
or when passed through a Sephadex G-25 column. Figure 3
shows the effect of light irradiation on the 6-N;-FMN protein.
Again fairly large fluxes of light are required to bring about
the spectral changes. As was the case with riboflavin-binding
protein, the light-irradiation product is nonfluorescent while
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FIGURE 4: Conversion of 6-azido-FMN OIld Yellow Enzyme to the
6-amino-FMN enzyme by reduction and catalytic turnover. To a
0.9-mL sample of 6-N;-FMN enzyme that had been dialyzed overnight
vs. 0.05 M potassium phosphate buffer, pH 7.0, in an aerobic cuvette
at 20 °C (curve 1) were added, in succession, 3 uL of 10> M NADP*,
10 uL of 0.1 M glucose 6-phosphate, and 5 L of a glucose-6-phosphate
dehydrogenase solution containing 2 mg of protein/mL. After an
initial substantial drop in absorbance in the 430-nm region, curve 2
was recorded 9 min after addition of the NADPH-generating system.
Curve 3 was recorded at 23 min and curve 4 at 50 min, after mixing
again with air.

still protein bound. In this case a small amount of covalent
fixation of the flavin to the protein is obtained. Figure 3 shows
the residual absorbance remaining after dialysis for 2 days vs.
8 M guanidine hydrochloride at pH 7.0. The absorbance at
430 nm of the dialyzed protein in this experiment was 15%
that of the initial 6-N3;-FMN flavodoxin. In a similar ex-
periment where the light-irradiated protein was dialyzed vs.
2M KBrin 0.1 M acetate at pH 3.8, conditions that resolve
FMN from the native protein (Mayhew, 1971), 7% the initial
Ao was retained with the protein. The small amount of
covalent labeling is consistent with the X-ray crystallographic
studies of the related flavodoxin from Clostridium MP
(Burnett et al., 1974), which put the flavin molecule close to
the surface of the protein, and with the 7,8-dimethyl residues
exposed to solvent.

Properties of 6-Amino-FMN and 6- Azido-FMN Bound to
the Apoprotein of Old Yellow Enzyme. 6-Amino-FMN is
bound reasonably tightly to the apoprotein of Old Yellow
Enzyme, with a K in 0.05 M phosphate, pH 7.0, at 20 °C,
of 1077 M. This value is, however, considerably larger than
that of 10 M estimated for binding of the native coenzyme
FMN (Theorell & Nygaard, 1954). The spectral properties
of the bound 6-NH,-FMN are also somewhat unusual, since
the A, of 430 nm is hardly changed from that of free 6-
NH,-FMN (429 nm). This should be compared with the
15-20-nm shift to longer wavelengths found with binding of
FMN and a series of modified FMN’s (Abramovitz &
Massey, 1976; Massey et al., 1984a). The long-wavelength
band of 6-NH,-FMN (555 nm) does, however, shift in the
expected fashion (A, 580 nm).

The binding of 6-N;-FMN is surprisingly much tighter, with
a K, value in 0.05 M phosphate, pH 7.0, at 20 °C, of <10~%
M. As was the case with 6-NH,-FMN, there was no sig-
nificant shift in A, on binding, the latter remaining at 422
nm (cf. Figure 4). There was, however, a significant decrease
in extinction coefficient, to a value of 15400 M~ cm™ (cal-
culated from the titration of 6-N3;-FMN with apoenzyme;
results not shown).

In previous studies with 8-azidoflavins (Fitzpatrick et al.,
1985), we showed that N, was eliminated readily on reduction
of the flavin, with formation of the 8-aminoflavin. While the
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similar conversion of 6-Nj-riboflavin to 6-NH,-riboflavin was
observed on reduction with dithionite and reoxidation with air,
the elimination from the reduced flavin was very much slower
than with the corresponding 8-N,-flavin, taking hours at pH
7.0, 20 °C, rather than seconds with the 8-substituted flavin.
However, a considerable enhancement in the rate of this re-
action occurs with 6-N;-FMN bound to apo-Old Yellow En-
zyme (Figure 4). Within seconds of the addition of a sub-
stoichiometric concentration of NADP* and a NADPH-
generating system to an aerobic solution of 6-N3;-FMN enzyme
there was substantial bleaching of the 422-nm absorption,
followed within minutes by the appearance of the spectrum
shown by curve 2. As O, in the cuvette was consumed by
catalytic turnover, the enzyme became practically fully re-
duced, as shown in curve 3. After the solution was mixed
several times with air, all of the glucose 6-phosphate of the
NADPH-generating system was exhausted, and the spectrum
returned to that shown in curve 4. This is identical with that
obtained on binding of 6-NH,-FMN to the apoenzyme.
Further confirmation that the product was 6-NH,-FMN was
obtained by demonstration of the release of the flavin by
denaturation with trichioroacetic acid and by the finding of
a single peak in HPLC analysis with the same retention time
as that of 6-NH,-FMN. These results indicate that the
conversion of 6-N;-flavin to 6-NH,-flavin by reduction occurs
in a fashion analogous to that suggested for 8-azidoflavins
(Fitzpatrick et al., 1985). These suggested reactions are shown
in Scheme I. The spectral characteristics of Figure 4, curve
2, could be due to an intermediate in the reaction or to binding
of NADPH.

The results described in Figure 4 also show that all three
flavin forms of the enzyme possess catalytic activity; from the
time taken to exhaust the amount of added glucose 6-phos-
phate, an average NADPH:O, oxidoreductase activity of 24
min~! can be calculated under the suboptimal conditions of
Figure 4.

Like native enzyme (Abramovitz & Massey, 1976) and
many flavin-substituted forms of Old Yellow Enzyme (Massey
et al., 1984a), both 6-NH,-FMN enzyme and 6-N;-FMN
enzyme bind a variety of phenolates. In the case of 6-N3-FMN
Old Yellow Enzyme, phenol, p-chlorophenol, and p-nitrophenol
give the typical long-wavelength bands that are characteristic
of the native enzyme, which are attributable to charge-transfer
complexes between the bound phenolate as donor and the
oxidized flavin as acceptor (Abramovitz & Massey, 1976;
Massey et al., 1984a; Stewart & Massey, 1985). With 6-
NH,-FMN enzyme, while phenolates clearly bind, as judged
by changes in the absorption spectrum of the enzyme, the
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FIGURE 5: Effect of light irradiation on 6-azido-FMN bound to Old
Yellow Enzyme. The holoenzyme (upper solid curve with Ap,, 422
nm) was prepared by addition of a slight excess of apoprotein to
6-N;-FMN in 0.05 M potassium phosphate buffer, pH 7.0, followed
by ultrafiltration via centrifugation through an Amicon Centricon
10 membrane and redissolution of the protein fraction in 1 mL of
buffer. The sample was then irradiated at 20 °C for 2 min with light
of intensity ~1 X 10% erg cm™ s~ (dashed curve). The light changes
were essentially complete after a 30-s irradiation. The sample was
then dialyzed for 2 days vs. 200 mL of 2 M KBr in 0.1 M potassium
phosphate buffer, pH 5.5, containing 1 g of activated charcoal in the
dialyzing fluid. The charcoal adsorbs released flavin and eliminates
the necessity of changing the dialysis fluid in the preparation of
apoprotein. The sample was then dialyzed for a further 1 day vs. 200
mL of 0.05 M potassium phosphate buffer, pH 7.0, to remove KBr
and made up to a volume of 1.0 mL, and the spectrum was recorded
(solid curve with A ,, 435 nm). To this solution was added glucose
6-phosphate and glucose-6-phosphate dehydrogenase as described in
the legend to Figure 4, followed by aliquots of 107> M NADP*. The
spectrum shown in the lowest curve was obtained rapidly on addition
of 12 uM NADP* and did not change significantly with time or with
further addition of NADP*.

spectral changes are not necessarily attributable to charge-
transfer transitions, as they mainly involve intensification and
small shifts of the already existing long-wavelength band of
the uncomplexed enzyme. p-Nitrophenol binds very tightly
(K4 < 1 uM) with both the 6-N;-FMN and 6-NH,-FMN
enzymes. This phenol provides a good test case for phenolate
binding, since at pH 7 the added phenol in free solution is
largely in the un-ionized form, but binding to the enzyme as
the phenolate is accompanied by a large extinction increase,
~18000 M! cm™! (Massey et al., 1984a).

Figure 5 shows the effect of light irradiation on 6-N;-FMN
Old Yellow Enzyme. In distinction to the slowly produced
changes already described for riboflavin-binding protein and
flavodoxin, the photoreaction with Old Yellow Enzyme is very
facile, with the changes shown in Figure 5 being complete
within the shortest period of irradiation given (30 s). Now,
also, photoirradiation results in approximately 50% covalent
fixation of the flavin to the protein. This value was found
consistently either by denaturation of the protein with tri-
chloroacetic acid or 8 M guanidine hydrochloride or by dialysis
at pH 5.2 vs. 2 M KBr, conditions known to resolve FMN from
the native enzyme without denaturation (Abramovitz &
Massey, 1976). The resulting covalently bound flavin is no
longer able to bind phenols, as judged by lack of spectral
changes even on the addition of high concentrations of phenol,
p-chlorophenol, or p-nitrophenol. It would appear likely,
therefore, that light irradiation results in reaction of the
photogenerated flavin-6-nitrene with the active-site base re-
sponsible for binding of phenolates to the native enzyme
(Massey & Schopfer, 1986). The binding of NADPH to the
light-irradiated enzyme is not abolished, however. Figure 5
shows that addition of an approximately stoichiometric con-
centration of NADP* and a NADPH-regenerating system
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results in a perturbation of the spectrum of the covalently
bound flavin but not in its reduction. Hence it may be con-
cluded that the covalent fixation of the flavin to the enzyme
does not prevent tight binding of NADPH but that reduction
is prevented. This may result from a distortion of the active
site so that NADPH is not able to position itself so as to permit
hydride transfer to the flavin. Alternatively, the phenolate
binding site may itself play an important role in reduction of
the flavin. The stability of the flavin—protein linkage should
be compared with the labile linkage found with p-amino acid
oxidase (cf. next section) and presumably implies reaction of
the flavin with an amino or guanidino function, which might
be expected to be stable.

The formation of a covalent linkage between flavin and
protein as a result of light irradiation may, in principle, result
from either of the two pathways shown in Scheme II. The
left-hand pathway is that to be expected from the usual
photochemistry of aryl azides, involving N, elimination in the
photochemical event, followed by attack of the resulting nitrene
on any available protein-X-H residue to give the insertion
reaction shown. However, such a reaction would be expected
to be quite nonspecific, with the nitrene reacting equally well
with any available H,O molecules. The high yield of covalent
linkage found with Old Yellow Enzyme (>50%) and with
D—amino acid oxidase (Z90%; cf. next section) suggests the
possibility of an alternative pathway, as shown on the right-
hand side of Scheme II. We observed that nucleophiles such
as sulfite and thiols brought about the conversion of 8-azi-
doflavins to 8-aminoflavins (Fitzpatrick et al., 1985); similar
reactions have been found with 6-azidoflavins. Thus, at pH
8.5, 20 °C, the addition of 10 mM dithiothreitol to 6-azido-
FMN results in the quantitative conversion to 6-NH,-FAD
with a #;,, of 20 min (results not shown). Indeed, such a dark
reaction occurs with 6-N3-FMN lactate oxidase at pH 7, where
a protein thiolate residue appears to bring about conversion
to the 6-NH,-FMN enzyme (cf. later section). With the
known ability of flavins and flavoproteins to undergo photo-
chemical reactions, it is thus conceivable that a dark reaction
such as that shown in Scheme II, right-hand side, would be
very much accelerated by light irradiation, thus leading to a
high yield of specific covalent labeling. The stability of the
covalent linkage would of course depend on the nature of X;
if X were N or C, a stable linkage would be expected. On the
other hand, if X-H were S~H or an acidic O-H, the bond
might be sufficiently weak to be stable against hydrolysis only
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FIGURE 6: Effect of substrate and benzoate on the spectrum of
6-NH,-FAD p-amino acid oxidase. The 6-NH,-FAD enzyme, in 0.02
M pyrophosphate buffer, pH 8.5, 20 °C (solid curve) was treated either
with 107* M benzoate (dashed curve) or with 10 mM D-alanine
(dot—dashed curve). For more details, see text.
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when protected by the native protein structure.

Properties of 6-Amino-FAD and 6-Azido-FAD D-Amino
Acid Oxidase. As is the case with native enzyme, which binds
FAD with only medium affinity, K4 ~ 107 M at pH 8.5, 20
°C (Massey et al., 1966; Okuda et al., 1979), the binding of
6-NH,-FAD and of 6-N;-FAD to apo-p-amino acid oxidase
is weaker than with the other proteins so far discussed. On
titration of 6-N3;-FAD with the apoprotein there is a shift in
the X.x from 428 to 421 nm, with essentially no change in
extinction coefficient (17 500 M~! ecm™!; Ghisla et al., 1986).
On gel filtration through Sephadex G-25, in 0.02 M pyro-
phosphate, pH 8.5, 22 °C, 71% of the flavin remained asso-
ciated with the protein. Similar experiments with 6-NH,-FAD
showed only slight shifts in the spectrum on binding to the
apoprotein (565-nm band shifted to 555 nm and 432-nm band
shifted to 437 nm) and little change in the extinction coeffi-
cient. The 6-NH,-FAD enzyme is readily reduced by p-ala-
nine, as shown in Figure 6. An intermediate with increased
absorption in the 470—-600-nm region and a A_,, of ~530 nm
is observed and is sufficiently stable to be recorded under
aerobic turnover conditions. At pH 8.5, 20 °C, it decays to
the spectrum shown in Figure 6 with a £, ; of less than 3 min.
By analogy with native enzyme, this probably represents a
reduced enzyme-imino acid charge-transfer complex (Yagi
et al., 1967; Massey & Ghisla, 1974). The 6-NH,-FAD en-
zyme, like native enzyme (Yagi & Ozawa, 1962; Quay &
Massey, 1977), also binds benzoate tightly, with a K value
of <1073 M. The spectral changes induced by benzoate are,
however, somewhat unusual, as shown in Figure 6. In the case
of native enzyme, the main visible absorption band is shifted
by ~10 nm to longer wavelength, while in the present case
the A, is actually lowered to 432 nm and the spectral reso-
lution usually observed is quite absent. By contrast, benzoate
binding to 6-N;-FAD enzyme (K; < 107> M) gives a well-
resolved spectrum, with a double maximum, 432 and 488 nm
(results not shown).

Like 6-N3-FMN Old Yellow Enzyme (cf. previous section),
6-N3;-FAD Dp-amino acid oxidase is rapidly converted to the
6-NH,-FAD enzyme by substrate. When 4.4 uM 6-N,-FAD
enzyme was reacted aerobically with 55 uM D-alanine, by the
time the first spectrum could be recorded, the long-wavelength
band typical of the 6-NH,-FAD enzyme was present, and after
5 min a stable spectrum was obtained, which is identical with
that obtained on titration of 6-NH,-FAD with the apoprotein.
The identity of the modified flavin as 6-NH,-FAD was con-
firmed by release with trichloroacetic acid and HPLC analysis.
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FIGURE 7: Effect of light irradiation on 6-N;-FAD Dp-amino acid
oxidase. The 6-N;-FAD enzyme was obtained by incubation of
approximately equimolar flavin and apoprotein for 40 min at 20 °C,
followed by removal of a small amount of free flavin by centrifuging
for 70 min at 5000g through a Centricon 10 membrane and redis-
solution of the protein in 1 mL of 0.02 M pyrophosphate, pH 8.5 (solid
curve). The spectrum after 30 s of light irradiation at an intensity
of ~1 % 10° erg cm™2 57! is shown by the dashed curve. Solid KBr
was then added to 2 M, and the solution was centrifuged for 70 min
through a Centricon 10 ultrafiltration membrane. The protein was
redissolved in | mL of 2 M KBr/0.02 M pyrophosphate, pH 8.5, and
centrifuged again, before being redissolved in 1 mL of 0.02 M py-
rophosphate, pH 8.5 (dot-dashed curve).

The turnover-modified enzyme also behaved identicalfy with
respect to benzoate binding and reduction with excess D-alanine
as already described for the 6-NH,-FAD enzyme.

The effect of light irradiation on the 6-N;-FAD enzyme is
shown in Figure 7. The photoreaction is very rapid, being
complete with the shortest period of irradiation employed (30
s). While the spectral characteristics of the light-irradiated
enzyme are generally similar to those of the 6-NH,-FAD
enzyme, there are several important differences. First, there
is a substantial increase in absorption to a new species with
a A, of 440 nm and an extinction coefficient of ~23000 M™!
cm™!. This should be compared with the 6-NH,-FAD enzyme,
with a A, of 437 nm and an extinction coefficient of 20 200
M cm™. Second, while the 6-NH,-FAD enzyme is readily
reduced by excess D-alanine even without the removal of
dissolved O, (i.e., the O, is removed by catalytic turnover),
the light-irradiation product is not reduced by D-alanine over
a 20-h period even under anaerobic conditions. Third, while
benzoate induces the distinct spectral changes with 6-NH,-
FAD enzyme shown in Figure 6, addition of benzoate is
without effect on the spectrum of the light-irradiation product.
Fourth, at least 85% of the flavin remains associated with the
protein when treated with 2 M KBr and subjected to ultraf-
iltration twice through an Amicon Centricon 10 membrane.
Under the same conditions >95% of the FAD of the native
enzyme or the 6-NH,-FAD of the 6-NH,-FAD enzyme is
removed into the ultrafiltrate.

The properties listed above argue strongly for an almost
quantitative covalent labeling by the flavin-excited state of a
catalytically important protein residue (cf. Scheme II). This
could be either the base responsible for benzoate binding (and
presumably also substrate binding; Yagi & Ozawa, 1962;
Quay & Massey, 1977) or the base presumed to be responsible
for proton abstraction from the substrate a-carbon, a primary
step in the catalytic mechanism (Yagi et al., 1970; Walsh et
al., 1971). Either of these possibilities would account for the
observed properties of the covalent product. Attachment of
the flavin to the protein through another reactive group in the
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FIGURE 8: Effect of rebinding to fresh apo-D-amino acid oxidase the
flavin obtained from denaturation of the light-irradiated 6-N;-FAD
enzyme. (—) Covalently linked flavin obtained by light irradiation
of 6-N;-FAD enzyme and KBr ultrafiltration, as in Figure 8. (—-)
Spectrum of the flavin released by addition of 10 volumes of methanol
at room temperature, filtered for removal of the protein, evaporated
to dryness under reduced pressure, and redissolved in the original
volume of H,O. (—--) Spectrum obtained by addition of fresh
apoprotein and 107 M benzoate. (---) Same treatment as the previous,
except that 10 mM p-alanine was added aerobically, instead of
benzoate. It should be noted that neither substrate nor benzoate had
any effect on the spectrum of the light-irradiation product from
6-N;-FAD enzyme (—) before denaturation.

active site is not ruled out, since such a linkage could interfere
either with ligand binding or with proton abstraction through
distortion of the active site. Unfortunately, it will not prove
easy to determine which of these possibilities applies, since the
covalent linkage formed is quite unstable to denaturation of
the protein. Thus, any of the common methods of protein
denaturation, such as trichloroacetic acid, sodium dodecyl
sulfate, 8 M guanidine hydrochloride, heat, or methanol
treatment, release the flavin from the protein.

Given this instability, we considered it essential to obtain
further evidence for the proposed flavin—protein covalent
linkage. If the proposed linkage was unstable to denaturation
of the protein, then presumably the flavin released would have
different properties from that covalently linked to the protein.
The flavin released by precipitation of the protein with
methanol was found to have HPLC mobilities indistinguishable
from those of 6-NH,-FAD. However, it was simple to show
that the product was not 6-NH,-FAD, since on rebinding to
fresh apo-D-amino acid oxidase, the resulting holoprotein had
quite different properties from either 6-NH,-FAD enzyme or
the light-irradiation product from 6-N;-FAD enzyme. These
are illustrated by comparison of Figures 8 and 6. In Figure
8 it is shown that the flavin released by methanol denaturation
has a A, of 432 nm, identical with that of 6-NH,-FAD. On
rebinding to fresh apoenzyme, the A\, is located at 435 nm,
not significantly different from that of the 6-NH,-FAD en-
zyme, 437 nm (results not shown). The properties of the new
holoenzyme are, however, quite different from either 6-
NH,-FAD enzyme or the light-irradiation product from 6-
N;-FAD enzyme. On the addition of D-alanine, there is a
rapid change in spectrum with considerable bleaching of the
435-nm band and a shift in the long-wavelength absorption
to a maximum at 525 nm. This behavior is similar to that
found with 6-NH,-FAD enzyme, but whereas the long-
wavelength absorption with that enzyme subsequently disap-
pears with a ¢, ; of ~3 min, that of the new holoenzyme has
a t;; for decay on the order of hours. The second very dif-
ferent behavior is that shown on addition of benzoate, which
shifts the A, to 450 nm (Figure 8). This should be compared
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with the value of 432 nm for the 6:NH,-FAD enzyme and with
the lack of any spectral change for the light-irradiation product
of the 6-N;-FAD enzyme. Thus it is clear that the light-ir-
radiation product is indeed a covalent linkage between the
flavin and the protein, which on denaturation of the protein
is hydrolyzed to a flavin with properties similar to, but not
identical with, those of 6-NH,-FAD. A likely candidate for
the released flavin is 6-NHOH-FAD, which might have
spectral and HPLC migration properties similar to those of
6-NH,-FAD. Unfortunately, we have not yet succeeded in
synthesis of 6-NHOH-flavins and so cannot test this hypothesis
directly. The lability of the covalent linkage suggests that the
protein residue involved might be a thiol, a carboxyl, or possibly
an arginine (cf. Scheme II).

When the light irradiation of the 6-N;-FAD enzyme is
carried out in the presence of benzoate, the same final product
is obtained as in the absence of benzoate but considerably more
light exposure is required. For example, while the light-ir-
radiation changes shown in Figure 7 were complete within the
shortest time of irradiation employed (30 s), it took over 4 min
of irradiation for the same changes to occur in the presence
of 3.5 X 10™* M benzoate. On ultrafiltration with 2 M KBr,
the modified flavin remains associated with the protein and
has the same spectral properties and lack of reactivity with
either substrate or benzoate as already described for the
light-irradiation product obtained in the absence of benzoate.
These results indicate that benzoate binding in fact prevents
the light reaction from occurring and that covalent labeling
occurs only with the free enzyme, which is in dynamic equi-
librium with its benzoate complex.

Properties of 6-Amino-FMN and 6-Azido-FMN Lactate
Oxidase. Both 6-NH,-FMN and 6-N;-FMN bind quite
tightly to the apoprotein of the L-lactate oxidase of Myco-
bacterium smegmatis. While we have not determined the K
values or extinction coefficients, because of the instability of
the apoprotein, most of the flavin stays associated with the
protein on ultrafiltration or dialysis. Spectra of the holo-
enzymes isolated in this manner at pH 5.6 are shown in Figure
9, curves 1 (6-N;-FMN enzyme) and 4 (6-NH,-FMN en-
zyme). It is necessary to prepare the 6-N;-FMN enzyme at
low pH, since at pH 7 it converts slowly and spontaneously
to the 6-NH,-FMN form. This is probably due to reaction
with an active-site thiolate residue, first detected in studies
with the enzyme substituted with 4-thio-FMN (Massey et al.,
1984) and substantiated with enzyme in which the native flavin
was replaced by 6-thiocyanato-FMN (Massey et al., 1986).
The 6-N;-FMN enzyme is stable for at least 3 days at pH 5.6,
and all of the studies reported here were carried out at this
pH value.

The effect of light irradiation on the 6-N;-FMN enzyme
appears to be different from that on the other proteins studied,
in that most of the spectral change that occurs does so in a
subsequent slow dark reaction. Figure 9, curve 2, shows the
effect of 2 min of light irradiation followed by overnight dark
incubation (¢, of dark reaction, ~30 min at 20 °C). No
further changes occur on further irradiation and subsequent
dark incubation. The decreases in absorbance in the 430- and
500-nm regions are associated mainly with the light reaction,
while the increase in absorbance in the 600-nm region occurs
mainly in the dark. Inview of many similar properties between
D-amino acid oxidase and L-lactate oxidase, including reaction
mechanism [see Massey and Ghisla (1983) for a review], we
had expected that covalent labeling of the flavin with a cat-
alytically important residue of the protein would have occurred.
However, the light-irradiation—dark-decay product from the
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FIGURE 9: Effect of light irradiation on 6-N;-FMN lactaic oxidase,
and comparison of properties with those of 6-NH,-FMN enzyme.
Curve 1, spectrum for 6-N;-FMN enzyme obtained by mixing freshly
prepared apoenzyme with an approximately 1.5-fold excess of 6-
N;-FMN in 0.1 M acetate buffer, pH 5.6, followed by incubation
at room temperature for 15 min and gel filtration with Sephadex G-25
equilibrated with 0.1 M acetate, pH 5.6. Curve 2, spectrum obtained
after 2 min of light irradiation at an intensity of ~1 X 10° erg cm™
sec™! and 16 h in the dark. Curve 3, spectrum obtained 10 min after
the aerobic addition of 10 mM L-lactate. The reaction was followed
at 430 nm; during the first 3 min there was very little decrease in
A3, but then, as the dissolved O, in the cuvette became exhausted
through turnover, the absorbance fell sharply, to the spectrum shown.
Curve 4, spectrum of 6-NH,-FMN lactate oxidase, obtained as de-
scribed for curve 1, except that the enzyme was dialyzed instead of
being freed of excess flavin by gel filtration. Curve 5, spectrum
obtained 10 min after aerobic addition of 10 mM L-lactate. As with
the experiment of curve 3, approximately 3 min elapsed before the
dissolved O, was consumed and the A3, reading dropped sharply
toward that of the reduced enzyme.

6-N;-FMN enzyme is readily reduced by L-lactate, as shown
in Figure 9, curve 3. The spectral changes are quite unusual
in that the long-wavelength band is not bleached and is shifted
by 30 nm to 600 nm. This behavior should be compared with
that shown by the 6-NH,-enzyme, where both the 420-nm and
the long-wavelength absorbances are bleached on reduction.

So far we have not been able to determine whether any
covalent linkage between the flavin and protein occurs as a
result of the light irradiation. However, it would appear likely
that a covalent linkage to the protein is in fact formed in the
light reaction and that this subsequently hydrolyzes to give
the spectral changes associated with the dark reaction. Thus,
in spite of the apparently large differences between the light
reactions with 6-N;-FMN lactate oxidase and 6-N;-FAD
D-amino acid oxidase, the two proteins probably react in a
parallel manner, with the difference that the linkage formed
with lactate oxidase is even more unstable than that with
D-amino acid oxidase, hydrolyzing slowly even when protein
bound. This implies that the protein-X residue (cf. Scheme
IT) is possibly a thiol or carboxyl residue, which would be
expected to be unstable. In fact, there is evidence for a thiol
residue located near the flavin 6-position (Massey et al., 1986).
On hydrolysis such a linkage would form the 6-NHOH-flavin
and regenerate the original protein residue. The spectral
properties of 6-NHOH-flavins would be expected to be
somewhat similar to those of 6-NH,-flavins, consistent with
the results shown in Figure 9. We plan in future studies to
explore these possibilities further. In the meantime it is clear
that, despite many similarities in properties between D-amino
acid oxidase and L-lactate oxidase, there are also quite sig-
nificant differences in the active site around the flavin 6-
position, and in particular it appears that the function reacting
with the azide is different.
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CONCLUSIONS

Although we have so far studied only a small number of
flavoproteins in which the native flavin has been substituted
by the appropriate 6-N-flavin, the results of light irradiation
suggest that this may be a very useful way of probing the
active-site region of flavoproteins close to the catalytically
important N(5) center. The results should be contrasted with
those obtained with 8-N,-flavins (Fitzpatrick et al.,, 1985),
where in most cases only a small extent of covalent labeling
to individual flavoproteins was found, consistent with solvent
accessibility to the flavin 8-position. The results of light ir-
radiation of 6-N;-FMN flavodoxin, giving very little covalent
labeling, are also consistent with solvent accessibility to the
flavin 6-position, where reaction of the photogenerated nitrene
with water seems to be the predominant event. In contrast,
the extensive covalent labeling of the protein obtained on light
irradiation of 6-N;-FMN Old Yellow Enzyme, 6-N;-FAD
D-amino acid oxidase, and probably also 6-N;-FMN lactate
oxidase argues for limited solvent access to the flavin 6-position
in these proteins, in general agreement with the results ob-
tained with other chemically reactive 6-substituted flavins
(Massey et al., 1986). The high degree of covalent labeling
found with 6-Nj;-flavin-substituted Old Yellow Enzyme and
with D-amino acid oxidase is in fact unusual for photoreactions
of protein-bound aryl azides and suggests the possibility of
specific nucleophilic attack of protein residues on the azide
linkage, which might be greatly accelerated photochemically
(cf. Scheme II).
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