PROCEEDINGS OF THE SOCIETY FOR EXPERIMENTAL BIOLOGY AND MEDICINE 158, 572-574 (1978)

Induction of Hepatic and Intestinal Flavokinase After Oral Administration of Riboflavin to
Riboflavin-Deficient Rats’ (40248)

ALFRED H. MERRILL,” RANDOLPH ADDISON,* AND
DONALD B. MCCORMICK

Section of Biochemisiry, Molecular and Cell Biology, and the Division of Nutritional Sciences, Cornell University,
Savage Hall, Ithaca, New York 14853

Flavokinase (ATP: riboflavin-5'-phospho-
transferase, EC 2.7.1.26) catalyzes the con-
version of riboflavin to the coenzyme ribo-
flavin-5'-phosphate (FMN). FMN formation
is required for activation of the FMN-de-
pendent flavoproteins, as an intermediate
step in the production of flavin-adenine di-
nucleotide (FAD), the major coenzymic form
of riboflavin, and possibly for trapping intes-
tinally absorbed riboflavin in an ionic form
(1. Flavokinase is present in most mamma-
lian tissues, the largest amount being in liver
(2).

Rats fed a riboflavin-deficient diet for 3
months have at most 50% of the flavokinase
activity of animals fed a normal level of this
vitamin (3). Since flavokinase is crucial for
the utilization of riboflavin, the present study
was undertaken to determine if a single per
os administration of riboflavin would alter
the hepatic and intestinal levels of this en-
zyme for the deficient rat.

Materials and methods. Male Sprague-
Dawley rats were maintained in wire-bottom
cages and were fed a commercially prepared
(Teklad Test Diets) riboflavin-deficient diet
for 50 days after weaning. Each rat then
received per os 50 pg (about twice the daily
requirement for the rat (4)) of riboflavin (Ald-
rich) in | ml of water. One animal was killed
by decapitation at each designated time in-
terval after administration, except at early
times (0 and 2 hr) when two animals were
used. The livers were removed, blotted,
weighed, and chilled on ice while the whole
small intestines were excised and gently
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washed with a 0.9% saline solution at 37° to
remove the contents. Each organ was minced
in a fourfold volume of cold 0.02 M potas-
sium phosphate buffer, pH 7.0, (intestines
were estimated to weigh 5 g) and homoge-
nized by six strokes in a hand-held Ten-
Broeck apparatus (Arthur Thomas Co.). The
homogenates were centrifuged for 20 min at
30,000g and the supernatants filtered through
glass wool. Liver supernatants were further
centrifuged for 1 hr at 100,000g.

Flavokinase activities were determined by
a modification of the method of McCormick
(5). Each assay contained 0.1 mM [2-"C]ribo-
flavin (Amersham/Searle, 31 mCi/mmol di-
luted to 11.1 uCi/mmol with unlabeled ribo-
flavin), | mM ATP (Sigma), | mM ZnCl,, 75
mM potasstum phosphate buffer, pH 8.0, and
from 25 to 100 ug protein for a total volume
of 0.2 ml. After 0, 15, 30, and 60 min of
incubation with shaking at 37°, 5 ul aliquots
were applied to Whatman No. 1 chromato-
graphic paper, dried to terminate the reac-
tion, and approximately 5 ug unlabeled FMN
was applied to each spot. The chromatograms
were developed with descending n-
butanol-acetic acid-water (2:1:1), air-dried,
and the FMN-containing regions detected
under uv light. These were counted in 2 ml
of scintillation fluid (PCS, Amersham/Searle,
diluted 2:1 with xylene). Initial velocities were
used to calculate flavokinase activities. One
enzyme unit produces one nmol of FMN per
hr under these assay conditions. With longer
incubation times or at higher enzyme concen-
trations, the apparent production of FMN
decreased considerably due to product hy-
drolysis by phosphatases (2). Negligible FAD
was formed under these conditions.

The amount of phosphatase contamination
was determined by conducting 2 ml assays
with FMN instead of riboflavin and omitting
ATP. After one and 2 hr of incubation, one
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ml was shell frozen and lyopholized, the res-
idue redissolved in 0.1 ml of water, and 25
pl of solution applied to Whatman 3MM
paper. After development and location of the
spots as described above, the riboflavin was
extracted from the paper with 3.0 ml of 0.02
M potassium phosphate buffer (pH 7.0). The
extracts were filtered and the riboflavin con-
tents determined by comparing the fluores-
cence (Aex 270 mm, A, 520 mm) with that for
known amounts of riboflavin treated simi-
larly.

Protein was determined by the biuret
method (6) with bovine serum albumin as the
standard.

All operations were performed in dim light
to minimize photodegradation of the flavins.
Tissue extracts were kept on ice and assayed
immediately after preparation.

Results. At the time of sacrifice, the ribo-
flavin-deficient animals weighed 137 = 6
(SEM) g, the liver weights were 6.4 + 0.3 g,
and the total protein content for each tissue
preparation was 146 + 4 mg for intestine and
476 + 20 mg for liver. The animals fed stan-
dard chow weighed 250 + 12 g, with liver
weights of 13.3 + 0.9 g, and liver and intestine
protein contents of 803 + 10 mg and 221 +
50 mg, respectively.

The flavokinase activities of liver and in-
testine, expressed as units per mg protein, are
given in Fig. 1. The specific activity for both
organs increased rapidly after riboflavin ad-
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FiG. 1. Hepatic (O) and intestinal (@) flavokinase
activities after per os administration of riboflavin to the
riboflavin-deficient rat. Each value represents the mean
+ SE of the mean for triplicate determinations. Activities
at 6 and 8 hr were significantly different (P < 0.005)
from those at 0 time as determined by the students’  test.

573

ministration, nearly doubling within 6-8 hr.
This response is also shown in Fig. 2 where
flavokinase is expressed as units per total
organ and per 100 g body wt.

For comparison, flavokinase activities were
determined for four animals of approximately
the same age as those used for this study, but
which were fed standard lab chow. Two of
these animals were administered 50 ug of
riboflavin 5 hr before sacrifice. Hepatic activ-
ities for these animals were 6.2 + 0.2 units/mg
protein, 4980 = 310 units/liver, and 1990 £
250 units/100 g body wt; intestinal activities
were 13.4 units/mg protein, 2960 + 250
units/intestine, and 1180 + 100 units/100 g
body wt. No significant difference in activity
was found between the normal animals ad-
ministered riboflavin and those without.

The amount of FMN phosphatase activity
associated with the liver preparations from
riboflavin-deficient rats with or without ribo-
flavin administration averaged 0.75 x 0.08
mmol FMN hydrolyzed/hr/mg protein, com-
pared to 0.65 + 0.05 for normal animals.
Intestinal activity was less consistent from
preparation to preparation, averaging 2.2 +
0.4 mmol FMN hydrolyzed/hr/mg, com-
pared to 1.7 £ 0.1 for normal animals. No
correlation was found between the observed
flavokinase activity and the levels of phos-
phatase, which would be expected if the phos-
phatase were interferring with the flavokinase
assay, as has been observed (2) with the stan-
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Fi1G. 2. Total flavokinase activities of liver (O) and
intestine (@) and activities per 100 g body weight (],
W) after administration of riboflavin to the riboflavin-
deficient rat. Each value represents the mean + or — SE
of the mean for triplicate determinations. Activities at 6
and 8 hr were significantly different (P < 0.005) from
those at 0 time as determined by the students’ ¢ test.
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dard flavokinase assay.

Discussion. The levels of flavokinase found
in the present work are greater than those
observed previously (2, 7), especially for the
intestine. This is partially due to removal of
a large portion of the phosphatase activity by
centrifugation. Use of ["'C]-labeled riboflavin
enables assay of smaller samples and, fur-
thermore, increases the reliability of the assay
by enabling the detection of small amounts
of FMN.

The intestinal level of flavokinase should
be relatively high if phosphorylation is nec-
essary for trapping riboflavin. For the rat,
riboflavin is absorbed by passive diffusion (1,
8) and appears in the intestine first in the
nonphosphorylated form, subsequently as
FMN, then as FAD (9. 10). Only very low
concentrations of the vitamin are accumu-
lated against a concentration gradient (11).
Additionally, the intestinal flavokinase is at
least partially responsible for forming FMN
that appears in plasma (1).

Rats maintained on a riboflavin-deficient
diet for 50 days have hepatic flavokinase
levels 25% lower than control animals when
units/mg protein are compared, but only 11%
lower levels when activity is expressed as
units/100 g body wt. Intestinal levels are
much lower for the deficient rat, both in
units/mg protein (45%) and units/100 g body
wt (25%).

The flavokinase activities of liver and in-
testine increase twofold after per os adminis-
tration of riboflavin to the deficient rat,
reaching levels slightly higher than those for
the normal animal. This increase probably
promotes more efficient utilization of the vi-
tamin. The nearly parallel increases in activ-
ity for both organs may be due to simple
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substrate-induced synthesis of new enzyme,
stabilization or activation of enzyme already
present (12), or may indicate hormonal in-
volvement (3).

Summary. Use of ["'Clriboflavin to assay
flavokinase of rat liver and intestine yields
apparent activities which are higher than
those previously reported. Rats fed a ribo-
flavin-deficient diet for 50 days after weaning
have lower intestinal and hepatic flavokinase
activities than animals fed a complete diet.
Within 6--8 hr after per os administration of
50 pg of riboflavin to the deficient rat, the
flavokinase levels of both organs have nearly
doubled. Hence, the riboflavin-deficient rat
rapidly recovers the capacity to phosphoryl-
ate riboflavin after the vitamin is reintro-
duced into the diet.
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