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Intramolecular Hemiacetal Formation in 8-Formylriboflavinet

Dale E. Edmondson

ABSTRACT: Reports in the literature suggest that the flavine
site of Chromatium cytochrome css, contains a covalent ad-
duct in which a cysteine residue is linked to 8-formyl-FAD in a
thiohemiacetal linkage. This indication of a biological function
for 8-formylflavines and the lack of published information on
their chemical and physical properties prompted the present
study of three 8-formylflavine analogs. It was found that a rib-
ityl hydroxyl group forms a stable hemiacetal with the 8-for-
myl group in 8-formylriboflavine. Acid hydrolysis of 8-formyl-
riboflavine converts it from a species which gives a negative
2,4-dinitrophenylhydrazine test to one which gives a positive
test. On standing in aqueous solution it reverts to the original
species.  8-Formyltetraacetylriboflavine and  8-formyl-3-
methyllumiflavine have hydroquinone absorption spectra char-

Studies on the covalently bound flavine of Chromatium cyto-
chrome c¢ss; (Hendricks et al., 1972, Kenney et al., 1972,
1973) strongly suggest that the flavine (FAD) is bound by way
of a thiohemiacetal linkage to a cysteine residue in the poly-
peptide chain. Since the flavine component of this adduct is 8-
formyl-FAD, a biological role is established for 8-formylflay-
ines. Although 8-formylflavines have been synthesized and
used as intermediates in the syntheses of other 8a-substituted
flavines (Salach et al., 1972; McCormick, 1970), there is little
or no information in the literature on their chemical and physi-
cal properties. Information of this kind is of value for further
studies of the Chromatium flavine.

This paper reports a comparison of the physical and chemi-
cal properties of three 8-formylflavine analogs. The results
show that in the case of 8-fRF,! a side-chain hydroxyl group
(most likely that in the 5 position) forms a hemiacetal with the
8-formyl group. This intramolecular interaction profoundly af-
fects the oxidationdshreduction potential and circular dichroic
(CD) properties of the 8-formyl-substituted isoalloxazine ring.
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acterized by maximal absorption at 520 and 392 nm, while re-
duced 8-formylriboflavine has little or no absorption in this
spectral region. All three flavine analogs give identical absorp-
tion spectra when overreduced with TiCl; in 6 N HCL. The oxi-
dation-reduction potential of 8-formylriboflavine is —0.159 V,
which is raised after acid hydrolysis to ~0.090 V. The respec-
tive oxidation-reduction potentials of 8-formyltetraacetylribo-
flavine and 8-formyl-3-methyllumiflavine are —0.006 and
—0.045 V. The circular dichroism spectrum of 8-formylribofla-
vine is drastically altered with respect to riboflavine, whereas
the spectrum of 8-formyltetraacetylriboflavine is very similar
to that of tetraacetylriboflavine. Studies with molecular models
suggest that the 5’-hydroxyl group is involved in hemiacetal
formation.

Experimental Section

Flavine Analogs. 8-FRF was synthesized by acid hydrolysis
(6 N HC], reflux for 2 hr) of 8a-dibromotetraacetylriboflavine.
The dibromo compound was prepared by prolonged heating of
tetraacetylriboflavine with excess bromine in the presence of
dibenzoy! peroxide (Ghisla et al., 1970). 8-fRF was also syn-
thesized according to the procedure outlined by McCormick
(1970). In the early part of this work, the samples of 8-fRF
used were gifts from Dr. G. Blankenhorn, University of Cali-
fornia, Davis, Calif., and from Dr. Peter Hemmerich, Universi-
ty of Konstanz, Germany.

8-Formyi-3-methyllumiflavine was synthesized as described
by Salach et al. (1972). The sample of 3-methyllumiflavine
used in this synthesis was a gift from Dr. S. Ghisla, the Univer-
sity of Michigan. 8-fAcsRF was observed to be a degradation
product of 8a-cysteinyltetraacetylriboflavine upon prolonged
storage of the thioflavine in aqueous solution (1 week or long-
er). Purification of the formylflavine involved preparative high-
voltage electrophoresis (pH 1.6) and subsequent descending
paper chromatography in solvent A (see below).

Homogeneity of all flavine analogs was monitored by thin-
layer chromatography on cellulose plates (Eastman Kodak
13255), using l-butanol-acetic acid-H,0, either 4:2:2, v/v
(solvent A) or 4:1:5, v/v (upper layer) (solvent B), for develop-
ment.

Methods. Anaerobic spectrophotometric titrations with di-
thionite solutions were performed under helium in a glass titra-
tion cell slightly modified from the design of Burleigh er al.
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FIGURE 1: Anaerobic dithionite titration of 8-fRF in 0.1 M sodium
phosphate (pH 7.0). Curve 1 is the spectrum before the addition of di-
thionite, curves 2-7 are the intermediate spectra during reduction, and
curve 8 is the spectrum after the addition of 1.1 mol of dithionite/mol
of flavine. The inset shows the graphical plot of this titration.

(1969). Dithionite solutions were standardized by anaerobic
spectrophotometric titrations of 3-methyllumiflavine solutions.
Absorption spectra were recorded using a Cary 14 spectropho-
tometer. 8-Formylflavine concentrations were estimated using
the molar absorption coefficient of 9000 M~! cm~! at 450 nm
(Salach er al., 1972).

Oxidation-reduction potential measurements were obtained
by reductive, anaerobic spectrophotometric titrations of solu-
tions of the appropriate 8-formyiflavine in the presence of ei-
ther indigodisulfonate (£, 7 = —0.116 V) or indigotetrasulfo-
nate (En7 = —0.046 V) (Clark, 1960) at 25°, as previously de-
scribed (Edmondson and Singer, 1973). Under conditions in
which the reduced 8-formyiflavine had an absorption maxi-
mum at 520 nm, dye reduction was measured at 630 nm, while
flavine reduction was measured at 540 nm, after correction for
the contribution of the oxidized dye to the absorbance.

Flavine photoreductions were performed by irradiation of
the appropriate flavine solution in the presence of 0.05 ™
EDTA and 0.t M P; (pH 7.0), in an anaerobic quartz
Thunberg cuvet at room temperature. The samples were irra-
diated at a distance of 10 cm from two 15-W fluorescent
lamps.

CD spectra were measured at 25° with a Jasco UV-5 instru-
ment equipped with a Sproul SS-10 modification. Cylindrical
quartz cells of 10-mm path length were used in all measure-
ments.

Results

Qualitative Studies. The initial observation that differen-
tiated 8-fRF from either 8-fAcsRF or 8-formyl-3-methyllumi-
flavine was its reactivity with 2.4-dinitrophenylhydrazine. 8-
fRF forms a hydrazone only on boiling the aldehyde with the
reagent in 2 N HCI while the latter two formyiflavines form
hvdrazones at room temperature. The reactivity of 8-fRF
toward 2,4-dinitrophenylhydrazine parallels that of the other
two formylflavine analogs if it is first refluxed with 6 N HCl.

In an effort to clarify this unexpected behavior, 8-fRF was
refluxed in the presence of 6 N HCl and, at intermittent times,
samples were taken for thin-layer chromatography in solvent
B. The flavine migration changed from an Ry value of 0.42-
0.37 during refluxing. This change was complete in 90 min.
The species migrating with the lower Ry value gave a positive
2.4-dinitrophenylhydrazine test, whereas that initially present
gave a negative test. The flavine solution was then dried in
vacuo and redissolved in H,O. Chromatography at this point
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FIGURE 2: Absorption spectral properties of 8-fAcsRF in its oxidized
form (~ - -), after reduction by light-EDTA (~ ~ -). and after the addi-
tion of 1.4 mol of dithionite/mol of flavine (——) in 0.1 M sodium
phosphate (pH 7.0). The inser shows the absorption at 450 nm (O) and
at 540 nm (@) vs. the amount of dithionite added.

indicated that this procedure had resulted in substantial rever-
sion (~70%) to the original form of the flavine, since the major
spot had an Ry value of 0.41 and the 2,4-dinitrophenylhydraz-
ine test was negative.

It was also observed that 8-fRF is very stable to storage in
aqueous solution at room temperature in the dark, while 8-for-
myl-3-methyllumiflavine and, to a lesser extent, 8-fAcsRF
gradually decompose, forming substantial amounts of 8-hy-
droxy- and 8-carboxyflavines under the same conditions. These
products were identified by high-voltage electrophoresis and by
thin-layer chromatography. The mechanism and rate of this
breakdown have not been investigated, but these observations
emphasize the need to use freshly prepared solutions of §-
formylflavine, in order to avoid contamination with breakdown
products.

Oxidation-Reduction Properties. Reduction of 8-fRF by di-
thionite results in a 2-electron uptake and a reduced spectrum
very similar to that of other 8a-substituted flavines (Edmond-
son and Singer, 1973) (Figure 1). Identical spectral properties
were observed upon photoreduction in the presence of EDTA.
Atmospheric oxidation of the reduced flavine produced by ci-
ther method restores the original absorption spectrum.

The absorption spectrum of 8-fAc4RF, after reduction by di-
thionite or by the light-EDTA procedure, was very dilferent
from that of reduced 8-fRF (Figure 2). The spectral properties
of reduced 8-formyl-3-methyllumiflavine (not shown) were
identical with those of reduced 8-fAc;RF. Reduction of acid-
hydrolyzed 8-fRF gave an absorption spectrum (not shown)
with a band at 520 nm, the intensity of which was only 20-30%
of that given by 8-fAcsRF. The spectrum of reduced 8-fAcsRF
in Figure 2 shows absorption maxima at 520 and at 392 nm,
with molar absorption coefficients of 6700 and 11,900, respec-
tively. The spectral properties of these reduced flavines arc
quite different from those of any known flavine (Hemmerich ez
al., 1971) and most probably reflect the conjugation of the 8-
formyl group with the isoalloxazine ring system. Alternate
possibilities, such as flavine semiquinone or dimer formation,
are eliminated since the molar absorption coefficients of spec-
tral bands are not influenced by concentration over a 50-fold
range and the reduced flavines do not give any electron spin
resonance (esr) signals.



HEMIACETAL FORMATION IN 8-FORMYLRIBOFLAVINE

—0.05+

—0.10

E, (VOLTS)

-0.15

T T T T T
-1.0 -0.5 0 +0.5 +1.0

LOG OX/RED

FIGURE 3: Oxidation-reduction titrations of 8-formylflavine analogs
in 0.1 M sodium phosphate (pH 7.0) at 25°, and in the presence of ei-
ther indigodisulfonate or indigotetrasulfonate: (W) 8-fRF, (O) 8-fRF
after acid hydrolysis, (A) 8-formyl-3-methyllumiflavine, and (@) 8-
fAcsRF. The solid lines are for a theoretical N = 2 at each of the vari-
ous £,y values.

Figure 2 shows some differences in extinction when 8-
fAc4RF is reduced by dithionite or by the light-EDTA proce-
dure. As illustrated in the inset, on titration with dithionite the
absorbance at 540 nm reached a maximum before the 450-nm
band reached a minimum. Well-defined isosbestic points at
489, 422, 370, and 335 nm were observed during photoreduc-
tion. These isosbestic points, however, were not as well defined
during titration with dithionite. These data suggest the forma-
tion of an additional flavine species upon reduction by dithion-
ite which is likely to be a sulfite adduct of the 8-formyl group.
On thin-layer chromatography, however, the dithionite-re-
duced 8-fAcsRF (1.5 mol of dithionite/mol of flavine) showed
the same mobility as the untreated compound. This observation
indicates that modification of the flavine aldehyde is probably
a reversible process and supports the idea that residual sulfite
(a product of the oxidation of dithionite) forms an adduct with
the 8-formyl group.

The fact that the 540-nm absorbance was maximal before
complete bleaching of the 450-nm band (Figure 2) suggests
that the unsubstituted flavine aldehyde has a higher redox po-
tential than the flavine aldehyde-sulfite complex. It also shows
that addition to the 8-formyl group disrupts the conjugation re-
sponsible for the long-wavelength absorption. This explains
why during the reduction of 8-fRF no 520-nm band is seen
(Figure 1). On the basis of these chemical and spectral obser-
vations, it seemed likely that if the formyl group is complexed
in 8-fRF, it should have a lower oxidation-reduction potential
than either 8-fAc4RF or 8-formyl-3-methyllumiflavine.

The data in Figure 3 provide evidence for this hypothesis.
Anaerobic titration of 8-fRF with dithionite in the presence of
indigodisulfonate and analysis of the data (Edmondson and
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Singer, 1973) showed an oxidation-reduction potential of
~0.159 V. This value is close to the potentials of other 8x-sub-
stituted flavines (Edmondson and Singer, 1973) but is much
lower than the potentials of other 8-formylflavine analogs. The
oxidation-reduction potentials of 8-fAcsRF, 8-formyl-3-
methyllumiflavine, and acid-hydrolyzed 8-fRF were obtained
by anaerobic titration of each flavine with dithionite in the
presence of indigotetrasulfonate. To avoid spectral overlap with
the reduced flavine, dye reduction was monitored at 630 nm.
Because of aldehyde addition by residual sulfite or, in the case
of 8-fRF, partial reversion to a dinitrophenylhydrazine nega-
tive species, flavine reduction was monitored by the increase in
absorbance at 540 nm, after correction for the absorbance due
to the oxidized dye. The plots (Figure 3) were consistent in all
cases with a 2-electron reduction. The oxidation-reduction po-
tential for “uncomplexed” 8-fRF is —0.090 V, for 8-formyl-3-
methyllumiflavine, —0.045 V, and for 8-fAcsRF, —0.006 V.
On the basis of the known potentials of their unsubstituted an-
alogs, one would expect that “uncomplexed” 8-fRF would have
an oxidation-reduction potential similar to that of 8-fAcsRF.
The difference observed shows that ribityl side-chain modifica-
tion has a greater influence on the oxidation-reduction poten-
tials of 8-formyiflavines than on those of 8-methylflavines.

CD Studies. The above chemical and oxidation-reduction
studies clearly show that in 8-formylflavines in which the rib-
ityl hydroxyl groups are either missing or are acetylated, the
8-formyl group is chemically reactive. Where ribityl hydroxyl
groups are present (8-fRF), the formyl group exhibits anoma-
lous behavior. Any visible CD bands exhibited in riboflavine
arise from interaction of the optically inactive isoalloxazine
ring with the optically active ribityl side chain (Tollin, 1968;
Edmondson and Tollin, 1971). If the anomalous behavior of 8-
fRF is the result of hemiacetal formation between the 8-formyl
group and a ribityl hydroxy! group, a large difference between
the CD spectra of riboflavine and 8-fRF would be expected.
Changes in optical activity would result from two effects: (a)
the generation of an optically active carbon at the 8« position
and (b) the rigidity of the ribityl side chain, induced by attach-
ment to the isoalloxazine ring at two positions (N-10 and 8«).
The former effect may not be as important as the latter, since
hemiacetal formation could occur from either side of the ring,
yielding both optical isomers of the asymmetric 8« carbon.

The CD spectra in Figure 4 show that 8-fRF exhibits consid-
erably more optical activity than does riboflavine, in agreement
with the postulate of an intramolecular hemiacetal bond. The
spectrum of an 8-fRF sample (not shown), in which 70% was
estimated to be in the hemiacetal form, was 61% as intense in
the 450-nm region as the spectrum shows in Figure 4. The CD
spectrum of 8-fRF shows positive bands at 505 and at 296 nm
and more intense negative bands at 452, 370, and 320 nm (Fig-
ure 4). The previous finding that the intensity of flavine di-
chroic bands in the 450-nm region is sensitive to the degree of
interaction of ribityl hydroxyl groups with the isoalloxazine
ring (Edmondson and Tollin, 1971) is further substantiated, as
the 452-nm band is the most intense of the CD bands in the
visible spectral region. The CD spectrum of 8fAc4yRF (not
shown) is very similar in shape and intensity to that of tetraa-
cetylriboflavine (Edmondson and Tollin, 1971), indicating sim-
ilar side-chain mobility for both flavine analogs.

Reduction of 8-Formylflavines in Acid Media. The cation
flavoquinone spectrum of 8-fRF in 6 N HCI (Figure 5), with a
maximum at 373 nm and a shoulder at 420 nm, is quite similar
to those of 8-fAcsRF and 8-formyl-3-methyllumiflavine. Re-
duction with approximately a stoichiometric amount of TiCl3
gave a species with an absorption maximum at 475 nm, which
is attributed to the cation semiquinone species (Figure 5), since
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FIGURE 4: Circular dichroism spectra of riboflavine (- - -) and 8-fRF
(—)in 0.1 M sodium phosphate (pH 7.0) at 25°.
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FIGURE 5: Absorption spectra of 8-fRF in 6 N HCIl: (—) oxidized
form, (- »-) after the addition of approximately 1 equiv of TiCls, (-« -)
after the addition of slightly more than 1 equiv of TiCls, and (- - -)
after the addition of excess (~1 mMm) TiCls.

other 8«-flavine semiquinone cations exhibit similar spectral
properties (Salach et a/., 1972). Further reduction with TiCls
decreased the absorption at 475 nm, while appreciable absorp-
tion developed in the 550- to 600-nm region (Figure 5). Addi-
tion of excess TiClj to any of the three 8-formylflavine analogs
produced a reduced flavine species with absorption maxima at
605, 565, 410, and 390 nm. These spectral characteristics are

due to the 8-formylflavine hydroquinone cation, as the inter- .

mediate semiquinone species has a quite different absorption
spectrum (Figure 5). This unusual spectrum for a flavine hy-
droquinone cation is not due to complex formation with Ti’* or
Ti**, since anaerobic addition of HCI to a dithionite-reduced
neutral solution of 8-fRF produced a spectrum identical with
that obtained with excess TiCl; at the same acid (2 M) concen-
tration.

The absorption band at 565 nm is dependent on acid concen-
tration, as shown in Figure 6A. A molar absorption coefficient
of 24,700 is estimated at infinite hydrogen-ion concentration
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at different HCI concentrations for 8-RF reduced with excess (~1
mM) TiCla. (B) Plot of FH> to FH;* (where F = ¥-fRF) vs. 1/{H*)
using the extrapolated extinction of 24.700 (A) to calculate FH:* con-
centration.
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from the Benasi-Hildebrand plot (Benasi and Hildebrand,
1949). If one assumes the 565-nm absorption to be a measure
of only the flavohydroquinone cation, the calculated ratio of
[8-fRFH;] to [8-fRFH3*] vs. 1/[H*] gives a linear plot, with
the intercept at the origin (Figure 6B), as expected for a single
proton ionization. The slope (6.69) is equal to the dissociation
constant, indicating a pK of —0.825.

The identical spectral properties shown by all three 8-
formylflavine analogs in their hydroquinone cation forms show
that the intramolecular hemiacetal of 8-fRF is hydrolyzed
under these conditions. In agreement with this conclusion, the
CD spectrum of 8-fRF, reduced with TiCl;, shows little or no
optical activity. The hemiacetal bond is still intact in the oxi-
dized form in 6 N HCI at ambient temperature, since the CD
spectrum shows two negative bands in the visible spectral re-
gion, with maxima at 440 and at 370 nm, and with intensities
(Q¢) of =3.5 and —9.0 M~ cm~!, respectively. For compari-
son, the CD spectrum of the riboflavine cation shows a single
positive band at 395 nm with an intensity of +6.3 M~! cm~!
(Tollin, 1968).

Discussion

The unusual properties of 8-fRF documented in this paper,
as compared with other 8-formylflavines lacking free ribityl
hydroxyl groups, strongly suggest intramolecular hemiacetal
formation between a ribityl hydroxyl group and the 8-formyl
group. CD spectral data and thin-layer chromatographic re-
sults show the bond to be quite stable in the oxidized form of
the flavine in both neutral and acidic aqueous solution at ambi-
ent temperature. Absorption spectral data indicate that the
bond is stable in the flavine hydroquinone form at neutral pH
(Figures ! and 2), but not under acidic conditions (Figure 5).
While the 8-fRF hydroquinone cation has little or no optical
activity and has the same spectral properties as the other §-
formylflavine analogs, the neutral form shows a positive CD
band at 370 nm, with an intensity three times that of reduced
riboflavine (which has a broad, negative band at 335 nm).

These results may be rationalized if one considers that the
electron-deficient, oxidized isoalloxazine ring promotes hemi-
acetal formation by decreasing the electron density ol the ¥-
formyl group. Reduction of the flavine increases the electron
density and thus labilizes the hemiacetal bond. A neutral,
aqueous environment is not sufficient to hydrolyze the bond,
which is hydrolyzed only under acidic conditions.

The question as to which of the four ribityl hydroxyl groups
participates in the hemiacetal bond is still open for further in-
vestigation. Molecular models (Corey-Pauling type) indicate
that the 5-hydroxyl group is involved, since sterically it is the
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only one close enough to the 8-formyl group to form the hemi-
acetal bond. A molecular model, built in this manner, shows
the ribity! side chain to be held in a very rigid conformation,
with the rotation of the 2’- and 4/-hydroxyl groups severely re-
stricted.

Such rigid conformation is, in fact, evident from the CD
spectrum of 8-fRF (Figure 4). The intensities observed are as
great as those observed for flavoenzymes (Edmondson and Tol-
lin, 1971), in which the flavine is tightly bound to an asymmet-
ric protein environment. The near-ultraviolet dichroic bands
are of interest in that they are not readily apparent in the ab-
sorption spectrum (Figure 1). The wave number difference be-
tween the 370- and 320-nm bands (4250 cm™!) makes it un-
likely that they are vibronic components of the same electronic
transition. Previous CD (Edmondson and Tollin, 1971) and
magnetic CD (Tollin, 1968) results, as well as molecular orbit-
al calculations (Fox er al., 1967; Song, 1968), support the exis-
tence of two electronic transitions in this spectral region for un-
substituted flavines. Further work is required to assess the in-
fluence of 8 substitution on the electronic transitions in this
spectral region.

The unusual absorption spectra of the reduced cationic
forms of 8-formylflavines can serve as an intrinsic property for
their detection since no other flavine analog tested shows this
spectral behavior. Previous observations (Walker er al., 1971)
that overreduction of 8a-cysteinylriboflavine or of 8a-hydroxy-
riboflavine by TiCl; in acid media yields a blue color (Amax
565-605 nm) could not be confirmed with carefully purified
preparations of these flavines. It seems likely that these previ-
ous observations were due to the presence of 8-fRF in the sam-
ples.

The last point to be discussed is the relevance of these obser-
vations to the flavine thiohemiacetal of Chromatium cyto-
chrome ¢ss;. The enzyme-bound flavine is in the dinucleotide
form (Kenney et al., 1973) and thus the 5’-ribityl hydroxyl
group is substituted. It is probable, therefore, that the relative
stability of the 8a-flavine-cysteine bond is not the result of
mixed acetal formation, for steric reasons, with other hydroxyl
groups of the ribityl chain. Instead, the thiohemiacetal bond in
the Chromatium flavine peptide is probably stabilized by inter-
action with a tyrosyl residue (Kenney et al., 1973). The inter-
action of the ribityl side chain with the isoalloxazine ring is
also less in the Chromatium flavine peptic, as compared with
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8-fRF, as judged from the relative intensities of their CD
bands in the 450-nm region (Figure 4) (Kenney et al., 1973).
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