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SUMMARY. Flavin peptides derived from monoamine oxidase, free from succinate
dehydrogenase flavin, were obtained by digestion of outer membranes of beef
liver mitochondria with trypsin and chymotrypsin and purification by various
chromatographic methods. The flavin peptides show the same hypsochromic shift
of the optical absorption spectrum as flavin peptides from succinate dehydro-
genase: the 370 mu band of the neutral oxidized flavin is shifted to 340 my,
whereas the cation shows a peak at 370 mu. The ESR spectrum of the monoamine
oxidase flavin cation radical also resembles that of succinate dehydrogenase
flavin in that the total width is reduced from 49 G (in riboflavin) to at
least 45 G, and the line width from 3.8 G (in riboflavin) to 2.3 G. The co-
valently bound flavins of monoamine oxidase and succinate dehydrogenase dif-
fer, however, in that the former shows the same fluorescence intensity be-
tween pH 3.4 and 8, while the latter is quenched with a pK of 4.5 * 0.1.
These observations indicate that the FAD of monoamine oxidase is covalently
linked to the peptide chain through the 8a-CH3 group of riboflavin but histi-
dine is not the immediate substituent, as in succinate dehydrogenase. Hy-
drolysis of flavin peptides from monocamine oxidase in 6 N HCl at 95° yields

a derivative chromatographically distinct from free flavins which is ninhy-
drin-positive and thus contains an amino acid bound to the 8a-positionm.

INTRODUCTION

Recent studies have elucidated the structure of the covalently-bound FAD
at the active center of succinate dehydrogenase (SD) as a substitution of the
peptide chain in the 8c-position of riboflavin (1-3) via an imidazole nitro-
gen of histidine (4). Histidyl-8a-riboflavin has been synthesized (5,6) and
the peptide sequence around the flavin determined (7).

Although SD appears to be the only source of covalently-bound flavin in
some cell types (e.g., heart, aerobic yeast (8)), there have been several re-
ports in the literature that monoamine oxidase from liver and kidney mitochon-

dria contains riboflavin in covalently-bound forxm (9-12). The evidence pre-
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sented for the presence of tightly bound flavin in this enzyme (10-12) has
been substantially the same as in early studies on SD (13): the flavin was
not released in free form by any combination of denaturation methods but was
solubilized on proteolytic digestion as a flavin peptide, whose concentration
was then determined spectrophotometrically or fluorometrically. Unfortunate-
ly, published purification proceduresfor monoamine oxidase are such that they
would tend to inactivate but not necessarily remove SD, so that the possibi-
lity cannot be ruled out that the properties so far reported for monoamine
oxidase flavin are in part due to the presence of flavin originating from SD.
SD contamination could not be ruled out from studies of homogeneity either,
for the enzywne appears to have been isolated in several polymeric forms (11,
12), with different specific activities, so that the purity of any grown
preparation is open to question.

In order to circumvent these difficulties we have elaborated a procedure
for the large scale preparation of outer membranes of beef liver mitochondria
virtually free from SD (an inner membrane enzyme). Flavin peptides isolated
from this source material permitted the unambiguous demonstration that the
prosthetic group of monoamine oxidase is FAD covalently linked to the peptide
chain via the 8a-position but, unlike in SD, not through an imidazole nitro-
gen. Future papers will describe the purification of the enzyme from this
source by a relatively simple procedure.

MATERIALS AND METHODS

Outer membrane preparations were isolated by an adaptation of the proce-
dure of Sottocasa et al. (14). About 15 g of washed fresh liver mitochondria,
suspended in 0.01 M Tris-P;, pH 7.4, at 20 mg/ml were allowed to swell for 10
min at 0°; 0.33 vol. of 1.8 M sucrose-2 mwM ATP-2 mM Mg SO, were added and af-
ter 10 min the suspension was gently sonicated. The sucrose concentration
was brought to 0.75 M and the protein to 10 mg/ml and the suspension was cen-
trifuged for 20 min at 34,700 x g. The supernatant, stored overnight at 0°,

was recentrifuged for 30 min at 44,000 x g. The supernatant, diluted with 1
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vol. of 10 mM Tris - P;, was centrifuged for 30 min at top speed in the Spinco
No. 50.1 rotor. The resulting pellet contained about 40% of the monoamine
oxidase of the mitochondria 5 to 6 fold purified and 2 to 3% of the SD. Fla-
vin peptides were isolated by a procedure to be detailed in a later publica-
tion, involving the following steps: heat and trichloroacetic acid treatment
to remove free flavins, CHClj-methanol (2:1, v/v) extraction of lipids and
acid-acetone treatment, trypsin + chymotrypsin digestion, chromatography of
the liberated flavin peptides on Florisil, Sephadex G-25, phosphocellulose,
and DEAE-cellulose, and further purification by thin layer and paper chroma-
tography.

Monoamine oxidase activity was determined with benzylamine as substrate
(15). Spectrophotometric, fluorometric, and ESR methods were as in previous

work (1,2).

RESULTS AND DISCUSSION
At the outset of this work it was ascertained that preparation of mono-
amine oxidase, membrane-bound or extracted, which were essentially free from

SD, contained substantial quantities of flavin which was not released in free
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Flg. 1 Optical spectra of flavin peptides from monoamine oxidase. Light
path, 1 cm; curve 1 in water, 2 in 6 N HCL.
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Fig. 2 ESR spectra of cation radicals of riboflavin (1) and of histidyl-8a-
riboflavin (2) in 6 N HCl. The flavins (1 mM) were reduced with TiCl3 and
measured at room temperature with a Varian E-9 spectrometer at 9.47 GHz reso-
nance frequency, 8 my power, 0.25 G modulation amplitude, 100 KHz modulation
frequency, 1 sec time constant, 8 min scanning time.

®
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Fig. 3  ESR spectra of cation radicals of two flavin peptides derived from
monoamine oxidase. The flavin concentration was 1 mM and conditions as in
Fig. 2.

form by thermal or acid denaturation, and that a correspondence existed be-
tween the bound flavin content and monoamine oxidase activity on purification
of the enzyme (16). This confirmed studies by Yasunobu (9,10) and Hellerman
(11) and their coworkers that the flavin of mitochondrial monoamine oxidase

is indeed covalently bound. The first question to be answered, therefore,
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was the site of attachment of the peptide chain on the flavin ring system.
Past studies in this laboratory, in collaboration with those of Ehrenberg and
Hemmerich (1,2),have shown three parameters to be the most useful in assign-
ing the site of substitution in this type of compound: optical spectra, ESR,
and chemical stability. In each of these techniques reliance is made on the
properties of model flavins substituted in known positions (for a review of
the relevant studies on model flavins cf. ref. (1,2,17))

Experience with the flavin of SD has shown that, as far as the optical
spectrum is concerned, the most characteristic features are detected in the
second (370 mpy) band of riboflavin in various states of protomation. In SD
this is shifted to 345 to 355 mp in the neutral and 370 my in the cation
state of the oxidized flavin (1, 17). Literature reports on monoamine oxi-
dase claim the presence of a 375 my band from difference spectra of the en-
zyme and absolute spectra of the flavin peptide in the neutral form (9-11)
while a recent report shows a broad band at 350 mpu (12). The fluorescence
excitation maximum, which should be relatively free from interfering impuri-
ties, has been variously reported to be at 360 to 375 mp (10-12). The cation
spectrum has not been examined.

We have found (Fig. 1) that partially purified preparations of the fla-
vin peptide at the monophosphate level exhibit a clear maximum at 340 myu,
while the cation form shows a peak at 370 mp, both as in SD. These facts sug-
gest that the substitution is in the 8a-position. .

This assignment is confirmed by the ESR hyperfine spectrum of monoamine
oxidase radical cation. As reference patterns, Fig. 2 shows the hyperfine
spectra of riboflavin and of histidyl-8a-riboflavin (SD-flavin) cation radi-
cals. As previously reported (1,2,17), the total number of partly resolved
hyperfine lines of riboflavin (14 lines, spacing = 3.8 G, and total spectral
width = 49 G) changes dramatically upon substituting one main hyperfine coup-
ling proton of the 8a-group with the bulky histidine to result in 20 lines,
2.3 G spacing, and 44 G total width. TFig. 3 shows the ESR hyperfine patterns

of two flavin peptides isolated from monoamine oxidase in the cation radical
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form. As may be seen, the spectra are well resolved, particularly near the
center. As in the case of riboflavin and histidyl-8a-riboflavin, these spec-
tra are asymmetric, with some resulting uncertainty in the determination of
the exact number of hyperfine lines. The maximum number of lines possible is
20, as in histidyl-8a-riboflavin, the minimum 17, still considerably differext
from riboflavin itself. '

The spacing between the hyperfine lines (2.3 G) is the same as in histi-
dyl-8a-riboflavin, as is also the total spectral width (44 G), taking 20 lines
as the basis of calculation. The differences in spectral intensities of the
corresponding lines in the two samples of Fig. 3 might be the result of a
small contamination of one of the two preparations with a radical arising
from an impurity.'

Taken together, the results in Figs. 1 and 3 strongly suggest that mono-
amine oxidase flavin, like SD flavin, is substituted in the 8a-position.

As regards chemical étability, the flavin of monoamine oxidase once a-
gain resembles SD-flavin: it is stable to heat and strong acids. Overnight
hydrolysis of the peptide in 6 N HC1 at 95° in vacuo did not shift the opti-
cal spectrum to that of normal flavins. Subsequent TLC chromatography in bu-
tanol-acetic acid-Hy0 (4:2:2, v/v ) and in NH, 0H-ethanol (7:3) revealed a
ninhydrin-positive compound, migrating differently from riboflavin, FMN, and
histidyl-riboflavin and well separated from free amino acids, showing that
the 8a-position was still substituted with an amino acid. A secondary fluor-
escent spot was also detected. It is not clear whether the presence of two
flavin spots indicates breakdown or incomplete hydrolysis.

Despite the many similarities with SD, the flavin of monoamine oxidase
is different in one important respect: it shows the same fluorescence in the
pH range of 3.5 to 8.0; hence substitution through an imidazole is ruled
out. The fluorescence intensity is the same as that of riboflavin.

The normal pH-fluorescence behavior of monoamine oxidase flavin elimi-
nat®s this enzyme as the one responsible for the low turnover number of SD

in liver, which is based on the fluorometric determination of bound flavin
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(8), since in such analyses the difference in fluorescence between pH 3.4
and 7.0 is used for calculations.

In other experiments flavin peptides obtained from purified preparations
of the oxidase from beef and rat liver mitochondria were shown to contain the
flavin in the dinucleotide form, since on acid hydrolysis to the mononucleo-
tide level the fluorescence increased in the expected manner. This confirms

the report (10) that the flavin is a dinucleotide.
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