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We have studied the enzymatic formation of the xylene ring
of riboflavin using cell extracts from the flavinogenic yeast
Candida guilliermondii. 5-Amino-6-ribitylamino-2,4(1H,3H)-pyrimi-
dinedione or its 5'-phosphate could serve as substrates. In
addition, a pentose phosphate or pentulose phosphate was
required. Experiments with [14C]ribulose 5-phosphate gave
evidence for the incorporation of the ribulose carbon atoms
except C-4 into the xylene ring of the vitamin.

The terminal step in the biosynthesis of riboflavin (3)
(Fig. 1) is well understood and involves a dismutation of 6,7~
dimethyl-8-ribityllumazine (2) (for review see Refs. 1, 2). Thus,
the xylene ring of the vitamin is ultimately formed by a dupli-
cation of carbon atoms 6a, 6, 7, and 7o of the lumazine. The
biosynthetic origin of these 4 lumazine carbon atoms has been
under investigation since the pioneering work by Plaut (3, 4).
Eventually a considerable number of precursors have been dis-
cussed such as diacetyl, acetoin, a tetrose, a pentose and the
ribityl side chain of the pyrimidine 1 (for review see Refs. 5-
7). We have recently performed incorporation studies with a
variety of 13c-1abeled precursors (7-10). The results were con-
sistent with the incorporation of carbons 1, 2, 3 and 5 from a

pentose into the pyrazine ring of 2. However, carbon atom 4 of
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Fig. 1 Biosynthesis and photochemical degradation of riboflavin

the pentose had no equivalent in the pyrazine ring. It was
further shown that this carbon atom is eliminated in the course
of an intramolecular rearrangement. Whether this reaction actu-
ally occurs at the biosynthetic level of a pentose or some bio-

chemical equivalent is not yet known.

Logvinenko and coworkers (l1) have recently reported on the
in vitro formation of riboflavin from GTP and ribose 5-phosphate
by cell extracts from the flavinogenic yeast Candida

guilliermondii. Glucose 6-phosphate and fructose 6-phosphate were

less efficient substrates, and unphosphorylated sugars were
inactive. Nothing is known about the chemical details of this
reaction. We present evidence on the enzymatic formation of
riboflavin from ribulose S-phosphate with l4c-1abel in different
positions. The data confirm the elimination of carbon atom 4 of
the pentose during the formation of the xylene ring of the

vitamin.
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MATERIALS AND METHODS

5-Amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione (4) and
its 5'-phosphate (1) were synthesized as described (12, 13).
Radiochemicals were purchased from Amersham, enzymes from

Boehringff, and ribulose 5-phosphate from Sigma.
[5--*C]Glucose 6-phosphate and [4,6-14C]glucose 6-phosphate

were prepared from [2-14C]glycerol and [1,3-14C]glycerol, respec-
tively (14). [2-14C]Glucose 6-phosphate and [6-14C]glucose 6-
phosphate were obtained by enzymatic phosphorylation of the
appropriate glucose with hexokinase. Each respective glucose 6-
phosphate was converted to 6-phosphogluconate by glucose 6-phos-
phate dehydrogenase. The product was purified by chromatography
on a column of Dowex 1 x 8 (formate form, elution with 30 mM

ammonium formate containing 0.1 M formic acid pH 3.2). Each
phosphogluconate sample was subsequently converted to ribulose 5=

phosphate by 6-phosphogluconate dehydrogenase. The product was
again purified by chromatography on columns of Dowex 1 x 8 as

described above.
Lactobacillus casei ATCC 7469 was a gift of Dr. B.

Mailznder, Pfizer Inc., Karlsruhe. Candida guilliermondii ATTC
9058 was obtained from the American Type Culture Collection and
was grown as described previously (15). Cells were harvested and
disrupted with an X-press. The cell extract was centrifuged and
dialyzed against 25 mM Tris hydrochloride pH 8.0 containing 5 mM
MgCl,.

RESULTS
We have studied the formation of riboflavin from synthetic
5-amino-6-ribitylamino~2,4(1H,3H)~pyrimidinedione (4) and its 5'-

phosphate 1, respectively, by cell extracts from Candida guil-

liermondii. Riboflavin was monitored by bioassay with Lacto-

bacillus casei.

The formation of 2 from the pyrimidine precursor requires a
second substrate. The highest yield of riboflavin was observed
with ribose 5-phosphate and xylulose 5-phosphate (Table 1). Ribu-
lose 5-phosphate and arabinose 5-phosphate were less efficient
precursors. Hexose phosphates and unphosphorylated carbohydrates
gave values in the range of background level.

Riboflavin could be formed enzymatically from both the phos-
phorylated pyrimidine 1 and from unphosphorylated 4. The yield of

riboflavin was somewhat lower with 4 as substrate. Addition of
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Table 1 Enzymatic formation of riboflavin by cell extract from
Candida guilliermondii

Substrate (0.95 mM) Riboflavin (uM)
none 1.6
Arabinose 5-phosphate 6.1
Fructose 1.7
Fructose 6-phosphate 1.9
Glucose 1.7
Glucose 6-phosphate 1.9
Ribose 1.6
Ribose 5-phosphate 10.6
Ribulose 1.5
Ribulose 5-phosphate 7.0
Xylulose 5-phosphate 9.8

The reaction mixture contained 0.72 mM 1, 38 mM Tris hydrochlo-
ride pH 8.0, 3.8 mM MgCl,, 10 mM dithiocerythritol, 0.95 mM of the
respective carbohydrate and 0.6 mg of protein; total volume, 400
pl. Incubation at 37 ©c for 1 h.

EDTA to the assay mixture abolished the formation of riboflavin
completely. Enzyme activity of cell extract dialyzed against
buffer containing EDTA could, be partially restored by the
addition of 10 mM Mg*t. The addition of NAD, NADH, NADP, NADPH,
thiamine pyrophosphate, or ATP did not enhance the formation of

riboflavin.

The incorporation of radioactivity from various l4c-1abeled
ribulose 5~phosphate samples into riboflavin was studied with the
pyrimidine phosphate 1 as substrate. Riboflavin was isolated from
the reaction mixture by adsorption on Florisil followed by HPLC
(16). Riboflavin was photochemically converted to lumichrome (5)
which was again purified by HPLC. Results are shown in Table 2.
Radiocactivity was efficiently incorporated into riboflavin from
[1-14C]ribulose 5-phosphate, [5—14C]ribulose 5-phosphate, and
[3,5—14C]ribulose 5-phosphate. On the other hand, little radiocac-

tivity was incorporated from [4-14C]ribulose S-phosphate.
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Table 2 Enzymatic formation of riboflavin from l4c.jabeled
ribulose 5-phosphate samples

Substrate Specific activity (dpm/nmol)

Ribulose Riboflavin (3) Lumichrome (5)
5-phosphate

[1-14¢C]Ribulose 403 516 504
5-phosphate

[3,5-14c]Ribulose 457 535 499
5-phosphate

[4-14C]Ribulose 290 9.6 9.1
5-phosphate

[5-14c)Ribulose 194 238 220
S5-phosphate

Assay mixtures contained 38 mM Tris hydrochloride pH 8.0, 3.8 mM
MgCl,, 10 mM dithioerythritol, 0.95 mM ribulose 5-phosphate, 0.82
mM 1, and 3 mg of protein; total volume, 2 ml, Samples were incu-
bated at 37 °C for 1 h.

DISCUSSION

The formation of 1 as an intermediate of the biosynthesis of
riboflavin in yeast has been shown conclusively (17). On the
other hand it is known that the last biosynthetic step requires
unphosphorylated 2 as substrate (18). This reaction yields de-
phosphorylated 1 as second product. In the present study, for-
mation of riboflavin was observed with both 1 and 4 as sub-
strates. It is thus conceivable that the enzyme can process both
the free pyrimidine and the phosphoric acid ester. This opens the
possibility for the recycling of dephosphorylated 1 which is
produced as a byproduct of the riboflavin synthase reaction. Our
results do not rule out the possibility that the unphosphorylated
pyrimidine 4 is the only substrate for the formation of 2, and
that the phosphate 1 is hydrolyzed by the action of phosphatase

present in the cell extract prior to the conversion to 2.
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Formation of 2 from 4 has been reported with enzymes from

Escherichia coli (18). This enzyme system required pyridine

nucleotides and 4 as the sole substrate. It was therefore pro-
posed that the ribityl side chain of 4 served as the source of
the 4C~unit by dismutation. Our data suggest a pentose or pentu-
lose phosphate as a second substrate in agreement with the data
of Logvinenko et al. (11l). The possibility that fungi and bac-
teria may use different pathways should be considered.

We have shown that carbons 1, 3 and 5, but not C-4 from
ribulose phosphate can be incorporated into the isoalloxazine
moiety of riboflavin. This finding is in excellent agreement with
the results of in vivo studies with 13c-1abeled precursors
suggesting the loss of C-4 from a pentose precursor or its bio-
chemical egquivalent by an intramolecular rearrangement (7, 10).
The details of this intriguing reaction are presently under

study.
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