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Summary

Initially, it was observed that whereas the propionyl CoA car-
boxylase (PCC) activity in peripheral blood leukocytes of a 13-
month-old girl with isolated PCC deficiency who had been given
biotin supplements (4.5 mg/day) for 6 months was only 3% of
control, her BMCC activity was greatly elevated at 20 times
control activity. After biotin supplements were discontinued,
BMCC activity in leukocyte extracts declined over 3 wk to values
just above the normal range with no associated change in PCC
activity; readministration of biotin caused her SMCC activity to
rise in 3 days to the initial elevated values. These results prompted
measurement of PCC and BSMCC activities in leukocyte extracts
of three normal adults given 20 mg biotin orally per day. Their
PCC and BMCC activities increased 2- to 3-fold and 4- to 9-fold,
respectively, within 7-10 days. After biotin was discontinued, both
enzyme activities returned to normal in 4-5 wk. The effect of high
concentrations of biotin and 8MCC activities was also investigated
in cultured fibroblasts from three control subjects. PCC activity
increased only 11% in normal fibroblasts grown in medium con-
taining fetal bovine serum and high concentrations of biotin (900
ug/ml). However, PCC and SMCC activities were increased 70-
75% and 120-140%, respectively, when confluent normal fibro-
blasts were incubated in medium containing 10% human serum
and 0.1-1.0 ug/ml biotin. This stimulation was independent of the
fibroblast growth cycle. Furthermore, cycloheximide failed to in-
hibit the increase in PCC activity caused by biotin, suggesting that
the enhanced activity in fibroblasts was not due to de novo carbox-
ylase synthesis. These studies demonstrate that high concentra-
tions of biotin can stimulate biotin-dependent carboxylases in
human tissues, possibly by converting apocarboxylase to holocar-
boxylase or by activating preexisting inactive holocarboxylase.

Speculation

The stimulation of human propionyl CoA and S8-methylcrotonyl
CoA carboxylase activities in peripheral blood leukocytes in vivo
and in cultured skin fibroblasts by high concentrations of biotin
represents a promising model for investigating the cellular metab-
olism of biotin in man.

Propionic acidemia is a disorder of organic acid metabolism
caused by a deficiency of propionyl CoA carboxylase (PCC; EC
6.4.1.3) activity. PCC requires the covalently bound coenzyme,
biotin, to sequentially aceept and transfer a carboxyl group from
bicarbonate to propionyl CoA, forming D-methylmalonyl CoA
(17). Biotin has, therefore, been suggested as a possible mode of
therapy for patients with PCC deficiency (20).

Only three reported patients with propionic acidemia, however,
have been shown to be biotin-responsive (2, 9, 23). These patients
demonstrated marked clinical improvement, decreased serum pro-
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pionate, and decreased urinary propionate metabolites after biotin
therapy. Deficiencies of two closely related biotin dependent
enzymes, PCC and B-methylcrotonyl CoA carboxylase (8MCC;
EC 6.4.1.4), were demonstrated in fibroblast extracts from one of
these patients (23). Both carboxylase activities returned to normal
when these fibroblasts were grown in biotin-supplemented me-
dium (3, 23). PCC deficiency was shown in fibroblasts from a
second patient, but BMCC activity before and after biotin admin-
istration was not reported (2). The third patient had isolated PCC
deficiency with normal BMCC activity in peripheral blood leu-
kocytes and in fibroblast extracts (9). When biotin was added to
the fibroblast growth medium, an increase in PCC activity towards
the normal range was observed. Although the PCC activity of
isolated peripheral blood leukocytes was also stimulated after
biotin administration, the corresponding SMCC activity was not
reported.

To evaluate the effect of biotin on the carboxylase activities in
vivo in another patient with isolated PCC deficiency (normal
fibroblast BMCC activity), the present study was initiated. PCC
and BMCC activities in extracts of peripheral blood leukocytes
from a patient receiving high doses of oral biotin were compared
to the activities in extracts of leukocytes after biotin was discon-
tinued. Although her leukocyte extracts showed no increase in
PCC activity while receiving biotin, her leukocyte SMCC activity
was greatly elevated above the normal range. This observation
prompted further investigation of the effect of biotin on PCC and
BMCC activities in peripheral blood leukocytes from normal
individuals receiving biotin, and in normal human fibroblasts
cultured in biotin-supplemented medium.

MATERIALS AND METHODS

SUBJECTS

Patient K.K. was a 13-month-old severely developmentally
delayed white female with PCC deficiency diagnosed at 6 months
of age. PCC activity in her cultured fibroblast extracts was 3% of
control; BMCC activity was normal. She had been given oral
biotin supplements (4.5 mg/day) for 7 months before our investi-
gation. Four normal adults, two males and two females, ranging
in age from 24-44 yr, were also studied. Three of the controls (two
males and one female) received 10 mg of oral D-biotin (Sigma)
twice a day for 13 days. The second female did not receive the
biotin supplement and served as an untreated control. The controls
were allowed unrestricted diets and no adjustments were made for
low dietary biotin intake (10). Signed informed consent was
obtained from the parents of K.K. and from the four adults.

PERIPHERAL BLOOD LEUKOCYTE STUDIES

PCC and BMCC activities were measured in freshly isolated
peripheral blood leukocytes as described (11, 24, 25). Enzyme
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activities were determined in leukocytes from the four controls as
well as from the patient with PCC deficiency every 2-3 days
during the course of this study. Enzyme activities are expressed as
pmole of *CO, fixed per min per mg extract protein. Protein was
determined by a modification of the method of Lowry e al. (15).
Total white blood cell and differential counts were obtained at
regular intervals during the investigation.

SKIN FIBROBLAST STUDIES

Skin fibroblast cultures derived from two normal adult individ-
uals (not participants in the leukocyte study) and from one normal
child were grown in minimal essential medium (MEM) with
glutamine (2 mM), kanamycin (100 pg/ml) and either 10% fetal
bovine serum (FBS) or 10% human serum (HS). The biotin
concentration of basal MEM with 10% FBS or HS is 20 ng/ml
(23). Fibroblasts were plated at near confluence (5 X 10° cells/60
mm Falcon tissue culture dish). After 24 hr, cells were washed
with phosphate buffered saline, pH 7.4. Biotin, which had been
incubated with serum for 30 min, was then added to the culture
medium at concentrations of 0.01-900 ug/ml as indicated. Biotin
added directly to the medium gave similar results. Cycloheximide
(Boehringer-Mannheim), was used to inhibit protein synthesis in
fibroblast cultures under conditions previously described (26);
protein synthesis was inhibited by more than 95% after 1 hr
incubation in cycloheximide (15 ug/ml). PCC and SMCC activi-
ties in fibroblast extracts were assayed as in leukocytes. Glutamate
dehydrogenase (GDH) was measured as described by Beaufay et
al. (4). Trypan blue was used to assess cell viability (18).

RESULTS

HUMAN PERIPHERAL LEUKOCYTE STUDIES

As shown in Figure 1, patient K.K.’s PCC activity in leukocyte
extracts, while she received biotin (4.5 mg/day) was 5% of mean
normal activity, but simultaneously measured SMCC activity was
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Fig. 1. BMCC (&) and PCC (O) activities in extracts of peripheral
blood leukocytes obtained from a patient with PCC deficiency. Activities
were measured while the patient received biotin, after biotin was discon-
tinued (arrow, day 4), and after the readministration of biotin (arrow, day
22). The shaded areas represent the normal ranges for SMCC and PCC
activities.
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over 20 times normal. BMCC activity in leukocyte extracts re-
mained elevated for 1 wk after the biotin was discontinued, then
slowly decreased over the next 11 days to 50 pmole/min/mg, a
value just above the upper limit of normal. Biotin was then
restarted at the same dose and, within 3 days, leukocyte SMCC
activity returned to the initial elevated values. PCC activity re-
mained essentially unchanged throughout the entire course of the
study.

The PCC and SMCC activities in peripheral leukocytes from
the four normal adults before biotin administration were within
the control ranges determined from studies with 10 additional
normal adults shown in Figure 2. Increases in PCC and SMCC
activities in leukocyte extracts from the three individuals taking
biotin were demonstrable 2 days after starting biotin. PCC activity
plateaued after 7-10 days of biotin supplementation at 2-3 times
the mean normal activity, while SMCC plateaued at 4-9 times the
mean normal value. Biotin supplements were stopped after 12
days, but the activities remained elevated for an additional week.
Five to six wk after the biotin was stopped, both enzyme activities
were again within the normal range. PCC and SMCC activities in
leukocyte extracts from the individual not receiving biotin re-
mained within the normal ranges throughout the course of the
study (Fig. 2). The total peripheral white blood cell and differential
counts did not vary appreciably throughout the study period (data
not shown), indicating that biotin did not alter the number or type
of leukocytes in any of the individuals.

EFFECT OF BIOTIN ON CARBOXYLASE ACTIVITY IN CONTROL
FIBROBLASTS

Next, the effect of biotin supplements in culture on PCC and
BMCC activities were examined in extracts of normal cultured
human fibroblasts. PCC, BMCC, and GDH activities were assayed
in extracts of the three control lines cultured for 4 days. The results
are shown in Figure 3. Slight increases in PCC activity, no more
than 11%, were observed in extracts from fibroblasts grown in
medium containing FBS at the highest concentrations of biotin. A
more striking increase in PCC activity, 70-75%, was observed in
extracts from the cells grown in HS with high concentrations of
biotin. Maximal activity was observed in cultures grown in me-
dium with 0.1-1.0 ug/ml biotin added and this increased activity
was maintained in cultures grown at higher biotin concentrations.
An increase in BMCC activity of 120-140% was observed in
fibroblast extracts grown in medium with HS and biotin, with
maximal activity achieved, as observed for PCC activity, with 0.1-
1.0 ug/ml of biotin in the medium (Fig. 3). GDH, a mitochondrial,
nonbiotin requiring enzyme, was assayed in extracts of normal
fibroblasts under identical conditions. GDH activity, as shown in
Figure 3, did not change appreciably in cells grown in medium
supplemented with biotin.

EFFECT OF GROWTH PHASE AND LENGTH OF INCUBATION ON
BIOTIN STIMULATION OF PCC ACTIVITY IN FIBROBLASTS

Stimulation of carboxylase activity as a function of various
stages of cell growth and of the time required for maximal activity
was investigated. Fibroblasts were plated densely or sparsely in
medium containing 10% HS and biotin (1 ug/ml). The densely
plated cultures were at stationary growth phase and the sparsely
plated cultures were in logarithmic growth phase. The cells were
cultured for up to 6 days, harvested, pelleted, and frozen at —68°C.
The log phase cultures had not yet reached confluence by 6 days
as evidenced by the finding that total extract protein in these
fibroblasts was 20% less than that in the confluent fibroblasts at
the time of plating. Cell extracts were assayed for PCC activity as
shown in Figure 4. The maximal increase in activity, about 75%
was achieved in 2-4 days in both the confluent and log phase
fibroblast cultures. GDH activity in fibroblasts grown in biotin (1
pg/ml) did not show a consistent change when monitored at
intervals up to 6 days.
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Fig. 2. PCC (4) and BMCC (B) activities in peripheral blood leukocytes obtained from four control adults. Three received 20 mg biotin/d (® or
A) and one did not receive biotin (). Activities were measured before biotin was started, while the subjects received biotin (arrow, day 0), and after
biotin was discontinued (arrow, day 12). The points represent the mean activities of the three controls taking biotin. The verzical bars represent the range
of activities of these individuals. The shaded areas represent the normal ranges for PCC and BMCC activities for individuals not on vitamin supplements.

EFFECT OF CYCLOHEXIMIDE ON THE STIMULATION OF PCC
ACTIVITY IN FIBROBLASTS

PCC activity was measured in fibroblast extracts from confluent
cultures grown in medium containing biotin with and without
cycloheximide to determine if the enhanced carboxylase activity
was due to de novo protein synthesis. Cultures from three control
lines were grown in medium with 10% HS. Twenty-four hr after
the cultures were plated, the medium and serum were discarded,
and replaced with fresh medium containing 10% HS. Biotin (final
concentration, | ug/ml) was added to one set of duplicate cultures;
cycloheximide (15 ug/ml) was added to a second; to a third set
both biotin and cycloheximide were added; and to a fourth set
neither biotin nor cycloheximide was added. Cells were then
harvested after 4 days of incubation. Identical results were ob-
tained when cycloheximide was added immediately before har-
vesting to those cultures grown in its absence. Fibroblast viability
was 96-100% in all cultures. The total protein of the harvested
pellet was similar, within 4%, in all cultures. The results of three
separate experiments, each using cells from a different control line
are shown in Table 1. PCC activity in extracts from cultures grown
in medium with supplemental biotin was increased above the
activity in extracts from cells grown in medium without biotin. A
similar percent increase in PCC activity was observed in cultures
grown in medium with biotin and cycloheximide compared to
cultures grown only in medium with cycloheximide. These data
demonstrated that, although cycloheximide decreased PCC activ-

ity, this decrease was independent of the biotin content in the
medium. Thus, the increased activity in the cultures grown in
medium with biotin was not due to de novo protein synthesis.

DISCUSSION

Although biotin metabolism has been investigated extensively
in prokaryotic cells (7), there have been only a few studies in
mammalian tissues and these, for the most part, used biotin-
deficient animals (16). Carboxylase activities in tissues from bio-
tin-deficient animals were reduced significantly (1, 5, 19), but
returned to normal or even above normal values after biotin was
returned to the animal’s diet (1, 5, 19). When normal animals
received large quantities of oral biotin, their liver pyruvate car-
boxylase or acetyl CoA carboxylase activities increased above the
normal range (1, 5).

The present study demonstrates that 10 mg of oral biotin given
twice a day to normal adults (2000 times the minimum daily
requirement) was capable of stimulating both PCC and SMCC
activity in their peripheral blood leukocytes. Increases in carbox-
ylase activity of leukocytes were detectable within one day of
biotin administration; maximum increases, however, were not
achieved until 5-10 days. This delay is most certainly not due to
the time required for the gastrointestinal absorption of biotin
because Horsburgh and Gompertz (10) have shown that a single
dose of 10 mg biotin raises the plasma biotin 50-fold 1 hr after
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Fig. 4. The percent increase in PCC activity (®) in extracts from
normal fibroblast cultures incubated in stationary (—) and logarithmic
(-----) growth phase at various days of incubation in medium containing
10% HS and | pg/ml biotin. The percent increase in GDH activities (W)
in extracts from the same fibroblast cultures are also shown.

ingestion. After 8 hr, the plasma biotin concentration was still 10-
fold above preload values. Several wk were then required after
the withdrawal of biotin before the elevated activities returned to
normal. The reason(s) for the delay in initiation and termination
of the observed biotin effect in this study is not readily apparent.
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Table 1. Effect of cycloheximide on biotin stimulation of PCC
activity in control fibroblasts'

Percent de-
— Cycloheximide  + Cycloheximide  crease
— Biotin 796 + 20° 662 + 79 18 +8
+ Biotin 1123 £ 73 936 + 108 174
Percent increase 41 9 42=+5

" Nearly confluent monolayers of three different control lines were
cultured with or without biotin (1 pg/ml) and with or without cyclohexi-
mide (15 pg/ml) for 24 hr before measurement of PCC activity in cell
extracts. Identical results were obtained when cycloheximide was added,
immediately before harvesting, to those cultures grown in its absence. PCC
activity is expressed as pmole/min/mg protein.

2 All values represent mean + SD of duplicate observations on the three
cell lines.

PCC and BMCC activities were increased in fibroblast extracts
from cultures grown in medium containing high concentrations of
biotin when compared to the activities in extracts from cultures
grown in medium where the only source of biotin was the added
serum. This effect was much more pronounced in medium con-
taining human serum than in that containing an equal concentra-
tion of fetal bovine serum. No explanation for this difference
could be found. Perhaps it reflects the presence of a specific
component in human serum which modulates cellular biotin
transport, processing, or both.

These results indicate that the maximum enzyme stimulation in
normal fibroblast extracts was achieved at 0.1-1 ug/ml of biotin
in the medium, a 5- to 50-fold increase in biotin concentration
above that in serum. At higher concentrations of biotin, this
maximum activity was maintained. If it is assumed that increased
carboxylase activity reflects the intracellular biotin concentration,
then these results compare well with those of biotin transport
experiments in yeast and bacteria (7), in which small increases in
the concentration of biotin in the medium resulted in rapid
accumulation of intracellular biotin.

The observed stimulation of enzyme activity appears to be
independent of fibroblast growth phase (Fig. 4). Because 2-4 days
of incubation with biotin are required for maximum PCC activity,
the mechanism of stimulation, as in peripheral blood leukocytes,
is not immediate, and may require several metabolic steps.

Although oral biotin fed to biotin-deficient rats resulted in
increased protein synthesis of several enzymes, these cyclohexi-
mide studies suggest that the increased PCC activity in human
fibroblasts grown in high concentrations of biotin is not due to de
novo protein synthesis. There are, thus, two possible explanations
for the increased carboxylase activity seen in cell cultures. First,
preexisting apocarboxylase may be activated by supplemental
biotin to yield holocarboxylase. Although most of the carboxylase
in freshly isolated mammalian tissues is holocarboxylase (17), the
proportion of apoenzyme to holoenzyme in human tissues, and
particularly in human fibroblast cultures, in which the only source
of biotin is the added serum, is not known. Secondly, Landman
(12) demonstrated that biotin is covalently attached to the carbox-
ylases after the protomers have been assembled and suggested that
two holocarboxylase forms may exist, an active and inactive form.
This activation, as shown previously for PCC and other carboxy-
lases, may be due to direct interaction of affector molecules with
holocarboxylase (6, 8, 13, 17, 21, 22) or to enzymatic modification
of holocarboxylase, such as by phosphorylation (14). Biotin, there-
fore, may act directly, by stabilizing PCC, or indirectly, by inter-
acting with other metabolic pathways, producing substances or
stimulating enzymes which activate preexisting inactive holocar-
boxylase.

The present study represents a preliminary report of the stim-
ulation of carboxylase activity by high concentrations of biotin in
human cells both in vivo and in culture. The results suggest that
such an experimental model may be useful in the investigation of
cellular biotin metabolism in man.
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