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INTRODUCTION

The discovery of biotin and the eventual elucidation of its structure and role in
metabolism involved diverse investigations spanning many decades. Kogl &
Tonnis (80) isolated crystalline biotin from egg yolk. Subsequently Du Vig-
neaud et al (34) determined the chemical structure. Harris et al (61) chemical-
ly synthesized biotin from cysteine and chloroacetic acid. Biotin was shown
to be a (+)-cis-hexahydro-2-keto-1,H-thieno-(3,4)-imidazole-4-valeric acid.
Only the (+)-stereoisomer of biotin exhibits significant biological activity.
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The molecular weight of biotin is 244.3 g/mol and it is soluble in water
(0.02% wiv), ethanol (0.08% w/v), and dilute alkali. The reaction sequence
for the synthesis of biotin by E. coli was reported by Eisenberg (37).

Various aspects of the function of biotin (104), biotin enzymes (106, 165),
acetyl-CoA carboxylase (2, 22, 91), and pyruvate carboxylase (131, 144)
have been reviewed. The proceedings of an international conference on biotin
have been published (29). Inheritable biotin-treatable disorders were reviewed
by Sweetman & Nyhan (140) in this series. The present review is primarily
devoted to a discussion of the recent advances in the dietary and hormonal
regulation of biotin enzymes. In view of the significant progress in the clinical
management of the multiple carboxylase deficiency syndrome, a discussion of
the enzymes of biotin metabolism is also included.

BIOTIN DEFICIENCY AND BIOTIN REQUIREMENT

Spontaneous deficiency of biotin in humans is quite rare, perhaps because the
vitamin is so widespread in foodstuff (141). Biotin deficiency in humans has,
until recently, only been observed after prolonged ingestion of raw egg white
(18). However, marginal biotin deficiency has been observed in various
clinical cases. Mock et al (105) reported three patients who acquired biotin
deficiency during parenteral alimentation rather than as an inborn error of
metabolism such as multiple carboxylase deficiency. Other direct evidence
for the existence of biotin deficiency comes from the study of epileptic
patients on long-term therapy with anticonvulsants (83). Patients on primi-
done, phenytoin, carbamazepine, or phenobarbital, but not those on valproic
acid, excrete increased amounts of organic acids, as has been observed in
carboxylase deficiency. They have significantly low levels of circulating
biotin. Anticonvulsants having a carbamide group may be competing with
biotin for a biotin-binding protein in circulation. An analogous situation has
been observed with patients on long-term hemodialysis. Yatsidis et al (168)
studied nine patients undergoing chronic hemodialysis for 2-10 years and
suffering from dialysis dementia and peripheral neuropathy. Addition of 10
mg of biotin per day, given in three doses, to the diet markedly improved
clinical symptoms in all patients within three months of treatment.

Plants and certain bacteria can synthesize biotin and represent the ultimate
source for humans. Earlier reports indicated that various cell lines do not
require biotin for growth of cells. The high content of biotin in bovine serum
used to culture cells might have masked the biotin requirement of these cells.
Recent studies with the biotin-depleted serum demonstrated the absolute
requirement of biotin for the growth of various cell lines (30). The quantita-
tive dietary requirement for biotin in humans is not known with any degree of
certainty. The daily intakes of biotin in typical West European and North
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American diets have been calculated to be 50-100 and 150-300 ug respec-
tively. A recommended dietary allowance for biotin has not been established.
However, 50 ng/1000 kcal of dietary energy is expected to provide an
adequate intake of biotin (111a).

There have been conflicting reports about the intestinal absorption of biotin
in different species (14, 136). Various studies (21, 125) indicate that the
transport of biotin was higher in the jejunum than in the ileum and was
minimal in the colon. Along with the earlier observation (133) that biotin was
better absorbed when given orally than when instilled into the colon, this
would suggest that although biotin is synthesized by colonic microflora it
might not be a significant source of biotin nutrition for the host. The biphasic
transport of biotin and biocytin in the rat small intestine reported by us (31)
suggests that, at the expected low concentration of biotin in the gut, the
saturable mechanism would operate. If such a system indeed operated in
humans it would have tremendous advantage in the context of fluctuating
amounts of biotin ingested in the diet. This is borne out by the rarity of
primary biotin deficiency in humans.

BIOTIN ENZYMES

The essential requirement for biotin by the higher organisms arises from its
obligatory involvement in carbohydrate and lipid metabolism and in the
further utilization of the deaminated residues of certain amino acids. There are
only four biotin enzymes in mammalian tissues—acetyl-CoA carboxylase,
pyruvate carboxylase, propionyl-CoA carboxylase, and (-methylcrotonyl-
CoA carboxylase. Each of the biotin-dependent carboxylases catalyzes an
ATP-dependent CO, fixation reaction, and biotin functions as a CO, carrier
on the surface of the enzymes. Acetyl-CoA carboxylase is a cytosolic enzyme
whereas the other three are mitochondrial enzymes. Biotin is covalently
linked to the e-amino group of lysine in all carboxylase. The amino acid
sequence near the biotin of pyruvate carboxylase from sheep, chicken, and
turkey livers (124), from transcarboxylase of Propionibacterium shermanii
(101), and from acetyl-CoA carboxylase of E. coli (138) shows a great deal of
homology in this region. In all cases, an Ala-Met-Bct-Met (Bct is the
abbreviation for biocytin) sequence occurs, and in the pyruvate carboxylase
and transcarboxylase the identity extends to Ala-Met-Bct-Met-Glu-Thr. It has
been suggested that this conservation provides evidence that these biotin
carboxylases and transcarboxylase may have evolved from a common an-
cestor (165). Furthermore, the sequence may be involved in activating the
biotin and/or orientating it so that it is an effective carboxyl carrier between
the substrate sites. The sequence may also be important in designating the
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specific lysine of the protein that is to be biotinated posttranslationally by the
apoenzyme synthetase (167).

Acetyl-CoA carboxylase (EC 6.4.1.2) catalyzes the ATP-dependent
carboxylation of acetyl-CoA, which leads to the formation of malonyl-CoA
and is recognized to be a regulatory enzyme of lipogenesis. Homogeneous
acetyl-CoA carboxylase has been purified from bovine adipose tissue (108),
rat liver (70), rat mammary gland (1), rabbit mammary gland (60), chicken
liver (10), porcine perirenal adipose tissue (16), and rat adipose tissue (119).
All sources yield an enzyme preparation with a protomeric molecular weight
between 400 and 500 kilodaltons (kD). Earlier studies indicated that acetyl-
CoA carboxylase was composed of two different polypeptides. However,
recently developed fast purification procedures using polyethyleneglycol pre-
cipitation and affinity chromatography on avidin-sepharose column indicates
that it contains two identical subunits of between 220 and 260 kD. The
enzyme contains one mole of biotin per mole of subunit as the prosthetic
group. The pure enzyme has been shown to exist in an equilibrium between
the inactive protomeric form and a high-molecular-weight (4 to 10 million
daltons) active polymeric form (107).

Pyruvate carboxylase (EC 6.4.1.1) is a key regulatory enzyme of glu-
coneogenesis in liver and kidney, where it catalyzes the first step in the
synthesis of glucose from pyruvate. It is also present in lipogenic tissues
(liver, adipose, lactating mammary gland, and adrenals) and participates in
fatty acid synthesis by transporting acetyl groups, as citrate, and reducing
groups, as malate from the mitochondria to cytosol (6). In all tissues it has an
anapleurotic role in the formation of oxaloacetate. Pyruvate carboxylase is
present solely in the mitochondrial matrix (147) and catalyzes the forma-
tion of oxaloacetate from pyruvate and HCO;~ and utilizes ATP (145). It
is a homopolymer of identical subunits, with a subunit M; of about 125,000
™.

Propionyl-CoA carboxylase (EC 6.4.1.3) is a key enzyme in the catabolic
pathway of odd-chain fatty acids, isoleucine, threonine, methionine, and
valine (122). The enzyme catalyzes the conversion of propionyl-CoA to
methylmalonyl-CoA, which in turn enters the tricarboxylic acid via succinyl-
CoA. The native enzyme is composed of two nonidentical subunits—an «a
subunit (M, = 70,000-72,000) and a B8 subunit (M, = 54,000-56,000) (52,
71). The « subunit contains the biotin ligand. The human enzyme has a
sedimentation coefficient of 17.4S and a molecular weight of 540,000, which
indicates an a4f3, structure. This is in contrast to the sheep enzyme found to
be 730-840 kD with a proposed structure of a3 (48). The enzyme is found
in the mitochondrial matrix. The rat B8 chain has been shown to be synthesized
as a precursor some 7500 daltons larger than the mature polypeptide (85).

B-Methylcrotonyl-CoA carboxylase (EC 6.4.1.4) catalyzes the conversion
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of B-methylcrotonyl-CoA to B-methylglutaconyl-CoA, a key reaction in the
degradative pathway of leucine. This enzyme has been purified from
Achromobacter and shown to have a molecular weight of 760,000 (3, 64). It
contains four biotins per molecule. This enzyme contains two different
polypeptides of molecular weight 78,000 and 96,000 respectively and biotin
is bound to the larger peptide (128).

Of the four mammalian biotin enzymes only two, acetyl-CoA carboxylase
and pyruvate carboxylase, have regulatory features. Short- and long-term
modulations of both enzyme activity and the amount of the enzyme protein by
dietary factors and hormonal status are known to occur for these enzymes.
Apart from the effects of dietary deficiency and genetic factors altering
individual or all carboxylases, there is no report of changes in the activities of
propionyl-CoA carboxylase and 8-methylcrotonyl-CoA carboxylase. Neither
of these enzymes are rate limiting in the pathways with which they are
associated.

REGULATION OF ACETYL-CoA CARBOXYLASE

Liver, adipose tissue, and the lactating mammary gland are the major sites of
lipogenesis in mammalian species. It is well known that the rate of lipid
synthesis is decreased during starvation and while on a fat-rich diet.
Lipogenesis is markedly enhanced during refeeding of a fat-free, carbohy-
drate-rich diet to starved animals. Katsurada et al (72) compared the effects of
individual dietary nutrients on substrate and effector levels as well as on fatty
acid synthesis from tritiated water and the activities of lipogenic enzymes.
They found that fatty acid synthesis corresponded more closely to acetyl-CoA
carboxylase activity than to other lipogenic enzyme activities and concluded
that under conditions of dietary nutrient manipulation acetyl-CoA carboxylase
would be the rate-limiting enzyme of fatty acid synthesis. Hormonal, de-
velopmental, and genetic conditions that alter lipogenesis also affect this
rate-limiting step in the fatty acid synthetic pathway.

Long-Term Regulation

The concentration of acetyl-CoA carboxylase in the liver is highly dependent
on the type of dietary energy consumed. However, the mechanism by which
specific dietary constituents regulate the level of acetyl-CoA carboxylase is
difficult to ascertain by nutritional studies because the direct action of a
nutrient as an inducer or inhibitor of enzyme synthesis cannot be differenti-
ated from an indirect effect caused by dietary manipulations on hormonal
levels. Long-term regulation of acetyl-CoA carboxylase involves changes
in the amount of the carboxylase through modification of the rates of syn-
thesis and/or degradation of the enzyme protein (100, 110). Majerus &
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Kilbum (100) showed that the rate of synthesis of rat liver acetyl-CoA
carboxylase was stimulated 5- to 10-fold when previously fasted rats were fed
a fat-free diet. When fasted rats were given actinomycin D prior to refeeding,
there was no rise in fatty acid synthetic activity upon refeeding, which
indicates that protein synthesis is required to produce the increase in acetyl-
CoA carboxylase activity. Immunochemical studies suggest that the varia-
tions in acetyl-CoA carboxylase activity in liver cytosol from rats under
different dietary conditions are accompanied by proportionate changes in the
immunoprecipitable, enzymatically active protein (110).

Nakanishi & Numa (110) provided evidence that the relative rate of synthe-
sis of acetyl-CoA carboxylase in rat liver was decreased 1.9-fold and 1.7-fold
by fasting and diabetes respectively, while the rate of degradation was
essentially the same in normal and diabetic rats. Analogous studies revealed
that the elevated content of acetyl-CoA carboxylase in genetically obese mice
can be attributed principally to changes in the rate of synthesis of the enzyme
(111). The adipocytes of female rats are more insulin sensitive than those
from male rats. Fatty acid synthesis and, presumably, the key lipogenic
enzymes are significantly higher in both inguinal and retroperitoneal depots of
the female as compared to the male rat (57). Flint et al (40) suggested that
progesterone may be implicated in insulin binding capacity of rat adipocytes.

Dietary fructose is as active as glucose in increasing hepatic production of
fatty acids in spite of its weak action on insulin secretion (170). Dietary
fructose, but not glucose, stimulates lipogenesis in the diabetic rat. Thus,
there is no insulin requirement for this enzyme induction. A number of
lipogenic enzymes, including acetyl-CoA carboxylase, are induced in the
liver of diabetic rats following fructose or glycerol feeding. This might result
from the buildup of intermediates of carbohydrate metabolism (135). It is
possible that cGMP might affect the induction in a manner similar to how it
affects glucoleinase induction (134). The biotin status of the animal also seems
to play a role in the synthesis of acetyl-CoA carboxylase. In the adipose tissue
of the biotin-deficient rat there is a significant accumulation of the apoenzyme
of acetyl-CoA carboxylase (32) that cannot be ascribed to a decrease in the
rate of degradation of the enzyme.

The complex physiological interactions imposed on cells in vivo make it
difficult to assess the direct role of hormones in the long-term regulation of
fatty acid synthesis. Cell cultures provide a useful system for studying the
regulation of fatty acid synthesis under defined conditions. Studies carried out
with cultured hepatocytes (JTC-25 P3) indicated that the addition of fatty
acids to the culture medium caused a decrease in the rate of synthesis of
acetyl-CoA carboxylase and had no effect on its rate of degradation (77).
Acetyl-CoA carboxylase was stimulated two-fold when rat hepatocyte cul-
tures were exposed to insulin (0.1 uM), and this insulin-dependent induction
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of acetyl-CoA carboxylase activity was prevented by the addition of a-
amanitin or cordycepin, which suggests a transcriptional regulation of the
enzyme level (44, 74). The synthesis of acetyl-CoA carboxylase in human
skin fibroblasts (132) and chicken liver cells (39) grown in lipid-free medium
was stimulated by insulin. It has been shown in isolated adipocytes that
insulin and epidermal growth factor stimulate lipogenesis and acetyl-CoA
carboxylase activity (62). In primary cultures of rat hepatocytes, dexa-
methasone had a permissive effect on insulin induction of acetyl-CoA car-
boxylase (126). The dependence on glucocorticoid for the insulin induction of
acetyl-CoA carboxylase is similar to the permissive effect of glucocorticoids
in the insulin induction of glucokinase (129).

Results of our investigation with HeLa cells indicate that when the cells are
cultured in a medium containing lipid-free fetal bovine serum or in Way-
mouth’s serum-free medium acetyl-CoA carboxylase activity is increased
over that of cells cultured in medium containing fetal bovine serum. This
increase was associated with a corresponding increase in the relative synthesis
of acetyl-CoA carboxylase. Addition of glucagon to the HeLa cell culture
medium caused a 50% decrease in acetyl-CoA carboxylase activity. This was
accompanied by a concordant decrease in the relative synthesis of acetyl-CoA
carboxylase as measured by immunochemical techniques (15). Klandorf et al
(78) pointed out that during starvation the plasma concentration of glucagon is
significantly higher in biotin-deficient than in biotin-supplemented chickens.
Plasma insulin was equally suppressed in both groups of birds. It is not known
whether this observation is confined to the avian species. Also, the role of
biotin in the secretion of glucagon has not been elucidated.

Thus, changes in amount of acetyl-CoA carboxylase caused by dietary,
nutrient, and hormonal manipulations have been ascribed to alterations of
enzyme synthetic rates rather than degradation (73). Similar regulation of
malic enzyme of chick liver cells in culture under the influence of insulin,
triiodothyronine, and glucagon was also correlated with alterations in the
relative rate of synthesis of the enzyme, while the rate of degradation re-
mained unaffected (49).

Short-Term Regulation

Apart from the regulation of the amount of the enzyme protein, the activity of
acetyl-CoA carboxylase is regulated by a variety of other factors, for example
the functional levels of substrate, effectors, and the phosphorylation state of
the enzyme. There is much contention regarding the relative physiological
significance of each of these and the mechanism of action of various hor-
mones that brings about short-term changes in the activity of acetyl-CoA
carboxylase.

The activity of acetyl-CoA carboxylase is greatly increased in vitro by the
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addition of citrate. The work of Beaty & Lane (11, 12) showed that citrate
induces a conformational change in the enzyme leading to its activation and
that dimerization of the active enzyme is the second and rate-limiting step in
the polymerization sequence. Carboxylation of the biotinyl group of the
polymerized enzyme leads to depolymerization. Hence the competition be-
tween citrate and malonyl-CoA in regard to the protomer-polymer equilibrium
of acetyl-CoA carboxylase. There is debate about whether the cytosolic
concentration of citrate is high enough to activate the enzyme and also about
the concordance of citrate levels with the activity state of the enzyme (22, 76).
Acetyl-CoA carboxylase is inhibited by long-chain fatty acyl-CoA. This
results in enzyme depolymerization (115). The K; for palmityl-CoA is about 5
nM, which is far lower than its critical micellar concentration. This suggests
that regulation of enzyme activity by long-chain acyl-CoA might be physio-
logically relevant. This again has been questioned on the basis that the
whole-cell concentration of long-chain acyl-CoA in the the range 50-150 uM
is several orders of magnitude greater than required for in vitro inhibition of
acetyl-CoA carboxylase activity (169). However, Carlson & Kim (24) re-
ported that the dephosphorylated acetyl-CoA carboxylase requires only one
tenth as much citrate for maximal enzyme activity and is more resistant to
inhibition by fatty acyl-CoA. Thus, allosteric control of the enzyme is possi-
ble by metabolites at their physiological concentration ranges. Another major
regulator of acetyl-CoA carboxylase activity is the coenzyme A activation of
acetyl-CoA carboxylase, which lowers the K, for acetyl-CoA (169).

Regulation by Covalent Modification

Since the early report of Carlson & Kim (23), inactivation of acetyl-CoA
carboxylase by phosphorylation has been actively examined in various labora-
tories. Hormones involved in cAMP generation as well as insulin have been
examined for their role in the short-term control of acetyl-CoA carboxylase.
Witters et al (154) indicated that cAMP-dependent phosphorylation played a
major role in regulating acetyl-CoA carboxylase activity in rat liver and
adipose tissue. More recently, protein phosphatase isolated from rat liver (68)
was shown to dephosphorylate and activate acetyl-CoA carboxylase from rat
and rabbit mammary gland and rat liver (69). Evidence that hormones such as
epinephrine inhibit acetyl-CoA carboxylase via a direct phosphorylation
mechanism has been presented (109). However, insulin and epidermal growth
factor also cause an increase in acetyl-CoA carboxylase activity in hepato-
cytes and adipocytes in conjunction with increased phosphorylation (62). The
principal sites phosphorylated in adipocytes exposed to insulin were quite
distinct from those exposed to epinephrine (65). However, Bothwick et al
(19) report that the major changes in phosphopeptide profiles in rat epididym-
al adipose tissue, previously exposed either to insulin or the S-adrenergic
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agonist isoproterenol, represent changes in phosphorylation of the same
phosphoprotein. Thus, the role of cAMP-dependent phosphorylation of
acetyl-CoA carboxylase as the only direct regulator of this enzyme activity in
all tissues is still in question. Earlier reports (46, 96) indicate that purified rat
liver acetyl-CoA carboxylase could not be phosphorylated and inactivated in
the presence of the catalytic subunit of cAMP-dependent protein kinase. A
cAMP-independent protein kinase has been isolated from rat liver. This is
CoA dependent, and it phosphorylates and inactivates acetyl-CoA carboxy-
lase (82). We reported a similar regulation of porcine adipose tissue acetyl-
CoA carboxylase via phosphorylation by a cAMP-independent and CoA-
dependent protein kinase (16).

Hardie et al (59) have pointed out that insulin and epidermal growth factor
bring about the breakdown of phosphatidylinositol bisphosphate in cell mem-
brane, which then releases second messengers such as inositol trisphosphate
that cause release of intracellular calcium. This could activate calmodulin-
dependent multiprotein kinase, which phosphorylates acetyl-CoA carboxyl-
ase. The site phosphorylated on acetyl-CoA carboxylase is within the same
tryptic peptide as the site phosphorylated in intact cells in response to insulin.
The physiological significance of this phosphorylation is not known as yet.

Kim (76) suggested that adenylate energy charge alters phosphorylation
and activation of acetyl-CoA carboxylase. At high levels of ATP the
phosphorylation and inactivation of acetyl-CoA carboxylase catalyzed by the
endogenous protein kinase are inhibited. An excess of AMP (and also cAMP)
accelerates this. The potential significance of alterations in intracellular nucle-
otide concentration on acetyl-CoA carboxylase activity needs to be de-
termined (153).

Phosphorylation/dephosphorylation seems to have other effects on lipogen-
ic enzymes. Under conditions favoring lipogenesis a high-molecular-weight
species of acetyl-CoA carboxylase was isolated that did not cosediment with
the in vitro polymerized enzyme. ATP-citrate lyase, acetyl-CoA carboxylase,
and fatty acid synthetase were all associated as a high-molecular-weight
complex. Phosphorylation of the isolated complex dissociated the complex.
This could be yet another factor in regulating lipogenesis (45).

REGULATION OF PYRUVATE CARBOXYLASE

Short-term regulation of pyruvate carboxylase has been studied in detail. This
does not involve changes in the rate of synthesis of enzyme protein. The
enzyme is activated by K*, Mg?*, its substrate pyruvate, and positive
effector acetyl-CoA (102, 103, 130, 146). It is inhibited by the product
MgADP (102) and SO, 2 (130). Attwood & Wallace (4) have shown that
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regulation by a positive effector, acetyl-CoA, involves changes in the enzyme
molecule to a tight, tetrahedron-like conformation.

Long-term regulation of pyruvate carboxylase is influenced by the insulin
status of animal. The enzyme activity increases in the liver of diabetic (150)
and hyperthyroid (149) rats. Thyroidectomy decreases enzyme activity (149).
Changes in catalytic activity observed in these states were shown to be
directly related to intracellular concentration of enzyme, which in turn is
regulated at the level of enzyme synthesis. It was further shown that under
these conditions the rate of enzyme degradation was not altered. These
observations are consistent with the view that gluconeogenesis in liver may be
regulated by changes in the intracellular levels of pyruvate carboxylase (20).

The 3T3-L1 subline differentiates in the resting state into a cell line having
the characteristics of mammalian adipocyte (55, 56, 123). During this process
there is a large increase in cytosolic triglyceride. These changes are accom-
panied by parallel changes in the activities of many lipogenic enzymes,
including acetyl-CoA carboxylase (99), ATP-citrate lyase (99), malic enzyme
(87), fatty acid synthetase (137, 152), and glycerol-3-phosphate acyltrans-
ferase (88). It has been shown that the activity of pyruvate carboxylase
increases 20-30-fold during differentiation and is due to an increase in the
intracellular concentration of the enzyme (25, 42, 43, 98). Furthermore, the
turnover of pyruvate carboxylase in differentiated cells was similar to that in
undifferentiated cells. The turnover of the apoenzyme was not different from
that of the holoenzyme. These results suggest that pyruvate carboxylase is
regulated at the level of enzyme synthesis and is independent of its cofactor,
biotin, as shown for alanine aminotransferase and tyrosine aminotransferase
(93). Thus, induction of pyruvate carboxylase in this cell line is consistent
with its role in lipogenesis.

RECOMBINANT c¢DNA FOR BIOTIN ENZYMES

Recombinant cDNA clones for three biotin enzymes have been isolated from
mammalian sources and are very useful in elucidating the process and factors
involved in the regulation of these genes. Bai et al (5) recently isolated a
1.2-kilobase cDNA clone for acetyl-CoA carboxylase from rat mammary
gland. They showed that acetyl-CoA carboxylase mRNA is about 10 kilo-
bases (kbase) in size. This cDNA hybridizes to two main RNA species: one is
10 kbase and the other is a somewhat diffuse band of 3.0 kbase. They offer no
information as to the nature of the 3.0-kbase RNA species. Using a 32P-
labelled insert, it has been shown for the first time that the increased amount
of acetyl-CoA carboxylase in rat liver occurring after eating a fat-free diet is
mainly due to an increased amount of acetyl-CoA carboxylase mRNA (5).
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This confirms the earlier notion that long-term regulation of acetyl-CoA
carboxylase involves transcriptional control.

A cDNA clone 0.85 kbase in length for human pyruvate carboxylase has
been isolated (41). This probe revealed that pyruvate carboxylase mRNA
from human, baboon, and rat liver was 4.2 kbase pairs in length. Pyruvate
carboxylase gene was localized on the long arm of human chromosome 11. It
was further demonstrated in 3T3-L1 cells that pyruvate carboxylase mRNA
content increased 23-fold in seven days after the onset of differentiation.

Complementation studies of fibroblasts deficient in propionyl-CoA car-
boxylase indicate that there is considerable range of genetic heterogeneity
(53, 164). Two principal groups were identified through complementation
analysis and designated pccA and pccBC respectively. They represent defects
in two different structural genes (155, 161). It was shown that members of the
pecA group failed to complement each other but complemented mutants of all
other groups. The pccBC group has been further divided into subgroups pccB
and pccC. These subgroups complemented each other in addition to pccA
mutants, but they did not complement pccBC mutants (54, 162). The occur-
rence of two complementation groups suggested involvement of two structur-
al genes in the expression of « peptide by the pccA group and 3 peptide by the
pccBC group. Complementary DNA clones coding for « and B polypeptides
of human propionyl-CoA carboxylase a and B chain respectively were 2.9
and 2.0 kbase in length. Propionyl-CoA carboxylase a- and B-chain genes
have been assigned to independent chromosomes 13 and 3 respectively. This,
together with the assignment of pyruvate carboxylase to chromosome 11,
indicates the independent nature of the genes coding for the various biotin-
dependent enzymes. Furthermore, several pccA mutants were deficient in
propionyl-CoA carboxylase a-chain mRNA but had normal B-chain mRNA
(90), which strongly supports the earlier observation that pccA mutants
involve the defect at pccA locus (89).

Although molecular cloning for biotin enzymes has only just started, this
approach shows considerable promise for investigation of biotin enzymes.
Complementary DNA clones will help in the isolation of genes (genomic
DNA) for these enzymes. This will further elucidate the #rans- and cis-acting
elements involved in dietary, hormonal, developmental, and tissue-specific
expression of biotin enzymes. Furthermore, the nature of mutations leading to
carboxylase disorder will be precisely defined.

SINGLE AND MULTIPLE CARBOXYLASE DEFICIENCY

Biotin deficiency or dependency, an entity that was once virtually ignored in
clinical medicine, is atiracting much interest now because of the progress
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made in the study of inborn metabolic disorders (142). Since 1976, the
incidence in infants of organic acidemia has been investigated with new
analytical techniques. The acidemia has been attributed to a lack of one or
more of the biotin carboxylases. Inherited disorders of individual biotin
carboxylases have been reported and are distinct from the biotin-responsive
multiple carboxylase deficiency because these patients do not respond even to
pharmacological doses of biotin.

Single Carboxylase Deficiency

Inherited deficiency of each of four carboxylases has been reported in hu-
mans. These deficiencies arise from the synthesis of abnormal biotin carboxy-
lases and patients do not respond to biotin therapy.

Blom et al (17) reported an acetyl-CoA-carboxylase-deficient patient.
Biochemical abnormalities observed in this patient were accumulation of
2-ethyl-3-ketohexanoyl-CoA, 2-ethyl-3-hydroxyhexanoic acid and 2-ethyl-
hexaedioic acid. Patients with isolated B-methylcrotonyl-CoA carboxylase
deficiency can be divided into two categories: a biotin-responsive group to
which most of the previously published patients belong (17, 47, 75, 94, 95)
and a group of biotin-resistant patients (8, 13). These patients excreted in
urine large amounts of 3-methylcrotonylglycine and 3-hydroxyisovaleric
acid. The clinical manifestation, treatment, and diagnosis of pro-
pionicacidemia (propionyl-CoA carboxylase deficiency) are reviewed else-
where (162). The biochemical abnormalities are elevated concentrations of
propionic acid and lactic acid in blood and elevated levels of secondary
metabolites such as 3-hydroxypropionic acid, 2-methylcitrate, and pro-
pionylglycine in urine. Pyruvate carboxylase deficiency causes an elevation
of lactic acid, pyruvic acid, and alanine levels in blood (33, 121).

Multiple Carboxylase Deficiency

Attention has recently been focused on the condition referred to as multiple
carboxylase deficiency, in which deficiencies of all three mitochondrial car-
boxylases are seen in the patient. Two distinct types of multiple carboxylase

" deficiencies have been recognized based on the age of onset as well as the

nature of the clinical presentation. This disease manifests itself in either a
neonatal or infantile form (caused by the deficiency of holocarboxylase
synthetase) and a late-onset or juvenile form (caused by the deficiency of
biotinidase) (117, 139, 156, 157). The incidence of biotinidase deficiency is
estimated to be about 1 in 41,000 newborns (with 95% confidence limits of 1
in 12,000 to 1 in 240,000) (159). This places the incidence of biotinidase
deficiency well within the range of that of other metabolic disorders that are
currently included in many screening programs. However, no direct evidence
exists for a holocarboxylase synthetase deficiency (neonatal form of multiple
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carboxylase deficiency) because the assay procedures for holocarboxylase
synthetase are so tedious.

ENZYMES OF BIOTIN METABOLISM
Biotin Holocarboxylase Synthetase

Biotin carboxylases are synthesized in the form of the apoproteins that
undergo posttranslation covalent modification by the addition of biotin, the
prosthetic group, to the e-amino group of lysine of the apoproteins. This
covalent attachment of biotin to a specific lysine in the apoenzyme is cata-
lyzed by biotin holocarboxylase synthetase in a two-step reaction:

ATP + biotin — 5'-adenylate-biotin + PPi 1.
5'-adenylate-biotin + apoenzyme — holoenzyme + AMP 2.

Holocarboxylase synthetase is responsible for the formation of the holo-
form of B-methylcrotonyl-CoA carboxylase (66), acetyl-CoA carboxylase
(97), propionyl-CoA carboxylase, and pyruvate carboxylase (92) from their
respective apoenzymes. Holocarboxylase synthetase has recently been re-
viewed (51).

Eisenberg et al (38) purified this enzyme to homogeneity from E. coli and
showed that apart from biotinating the apocarboxylases this enzyme regulates
the gene(s) for biotin metabolism. They have drawn a parallel between the
reactions involved in aminoacyl-tRNA synthesis and biotin holoenzyme syn-
thesis, in the light of the regulatory role proposed for aminoacyl-tRNA (36). It
was suggested that the holoenzyme synthetase when bound to biotinyl-5'-
AMP functions as the co-repressor for the biotin operon. In the #rp operon, the
most extensively studied system (116), the trp-tRNA acts as a negative
modulator at the attenuator site, terminating transcription of the trp operon
under conditions of tryptophan excess or as a substrate for protein synthesis
when the levels are low. In the biotin operon, the biotinyl-5'-AMP complex
either inhibits initiation of transcription by binding to the operator site or
utilizes the active form of the biotin complex that is common to both reac-
tions. Biotin operon from E. coli has been extensively studied and has been
sequenced (37, 67).

Eisenberg et al (38) have shown that E. coli holocarboxylase synthetase is a
single polypeptide of M, = 34,000. Wood et al (166) found that the native
enzyme from Propionibacterium shermanii had a M, of 29,000 = 5,000. The
enzyme from Bacillus strearothermophilus is reported to have a M; of 40,000
(92). There is very little information available on the eukaryotic holocarbox-
ylase synthetase. Even basic information like molecular weight and intra-
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cellular localization is not precisely known. Hopner & Knappe (66) reported
M, = 50,000-100,000 for the animal synthetase. In experimental biotin
deficiency there is continued synthesis of the various apoenzymes, and the
tissues contain a mixture of apo- and holocarboxylases. The tissue distribution
of the apo- and holoenzymes and the response, in terms of apo- and holoen-
zyme conversion following biotin administration to the biotin-deficient rat,
suggest the possibility of an uneven tissue distribution of the holocarboxylase
synthetase (32).

Biotinidase

Acid hydrolysis of biotin proteins releases free biotin whereas proteolytic
hydrolysis results in the formation of biotin peptides. The smallest among
these peptides is biocytin, N-e-(d-biotinyl)-L-lysine. Biotinidase (biotin-
amide aminohydrolyase, EC 3.5.1.12) releases biotin from the proteolytic
degradation product of carboxylases or biocytin so that biotin can be reuti-
lized. This enzyme has been detected in most mammalian tissues, with high
activities being present in liver, kidney, serum, intestine, and adrenal glands
(118). It has been localized in the microsomal fraction of hepatocytes (63,
118). This enzyme was recently purified to homogeneity from human serum
(26, 28). Purified enzyme is a single polypeptide of M, = 68,000 and is a
glycoprotein (26). The pl of this enzyme is 4.6 (28).

Various assays for biotinidase are available. The colorimetric determina-
tion of 4-aminobenzoate released from the synthetic substrate N-(d-biotinyl)-
4-aminobenzoate has generally been used to assay biotinidase (79). Wolf &
McVoy (163) developed a radiochemical assay in which the release of
[**C]carboxyl-4-aminobenzoate from N-(d-biotinyl)-[**C]carboxyl-4-amino-
benzoate was measured. A fluorometric assay measuring the release of 6-
aminoquinoline has been described (148). These are all synthetic substrates.
A fluorometric assay based on the release of lysine from the natural substrate
biocytin has been reported (35).

Several questions about the function of biotinidase remain unanswered.
First, where does the enzyme primarily function? Biotinidase has been de-
tected in various tissues. Baumgartner et al (9) have shown that in biotinidase-
deficient patients there is an increase in renal clearance of biotin; this suggests
a role for biotinidase in renal absorption. Biotinyl peptides originating from
degraded carboxylases are not recycled in the cells, but in the extracellular
compartment (43, 63). It is suggested that serum biotinidase is a product of
the active secretory function of liver (118, 151). Human serum biotinidase is a
sialoglycoprotein; however, the sialyl group on the protein moiety is not
required for enzyme activity. Sialylation might be a general mechanism of
transport of secretory proteins from liver. Based on these results it was
proposed that biotinidase is a secretory enzyme that releases biotin from the
products of carboxylase degradation that reach the blood (158). We do not
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know the primary site of the physiological action of biotinidase. It may be the
liver, kidney, or plasma compartment.

The second question concerns the nature of the substrate utilized by biotini-
dase. Biotinidase does not appear to be a typical peptidase or esterase. It does
not liberate the biotin from holocarboxylases (50). The natural substrate for
biotinidase is probably biocytin since (Streptomyces griseus) protease (112,
113) releases biocytin from rat liver propionyl-CoA carboxylase (81). We
have shown that [?H]-biotin was not released by the action of biotinidase on
[*H]-biotinylated ribonuclease and polylysines (M, = 100,000-3,000) (26).
Craft et al (28) studied the action of biotinidase on polypeptides of various
length (number of residues = 5-123) having the carboxylase-conserved
sequence around biocytin. The activity of biotinidase increased as the peptide
chain length decreased but was significantly lower than for biocytin. These
results suggest that biotin-containing proteins must be digested by proteases
and peptidases to biocytin before the biotin can be recycled by the action of
biotinidase.

Another question that needs to be examined is whether biotinidase is a
binding or carrier protein for biotin in blood. Using various chromatographic
techniques we have shown that, in human serum, biotinidase is the only
protein that binds biotin; it does so with a K3 of 50 nM (27). This high binding
is analogous to other vitamin-binding proteins. For example, thiamine-
binding protein binds thiamine with a K3 of 5.5 X 107’M (112). Epileptic
patients receiving a high daily dose of anticonvulsant (containing a carbamide
group) have lower serum biotin levels than those receiving a low dose, which
suggests that in these patients anticonvulsants possibly compete with biotin
for biotin-binding protein in serum (83). We have shown in vitro with human
serum and purified biotinidase that this is indeed the case (27). Our biotin-
binding studies with human serum support the notion that biotinidase is a
biotin carrier protein in human serum.

Finally, does biotinidase have a role in the intestinal absorption of biotin?
The physiological significance of biotinidase in the intestinal uptake of biotin
is speculative at present. Recent studies indicate that biotin transport in rat
intestine is a carrier-mediated process at the low concentration range. At high
concen¥ations transport is by simple diffusion (21, 125). Similarly, in ham-
ster intestinal mucosal cells biotin is taken up via facilitated diffusion (50). As
most of the biotin in foods such as meat and cereals is protein bound (58, 127,
143), enzymatic hydrolysis in the gastrointestinal tract would result in the
release of biocytin (or biotinylpeptides) rather than of free biotin. High
biotinidase activity has been reported in the rat stomach and small intestine
(160). We have shown that the biphasic uptake of biocytin in rat intestine is
similar to biotin uptake. Our results suggest that a single protein function in
the cytosol and brush border is present in which biotinidase activity co-
migrates with the biotin-binding activity (31). The implied role of biotini-
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dase in transport of biotin will have to be confirmed using biotinidase
antibody.

CONCLUSION

The role of biotin as the prosthetic group of biotin-dependent CO, fixation
enzymes is well recognized. In mammalian tissues there are only four en-
zymes containing biotin as the prosthetic group, namely acetyl-CoA carboxyl-
ase, propionyl-CoA carboxylase, pyruvate carboxylase, and [-methylcro-
tonyl-CoA carboxylase. The effects of biotin deficiency in animals, including
humans, are quite severe involving various systems and might be explained
on the basis of the participation of biotin in the regulation of certain proteins.
Of the biotin-containing enzymes, only acetyl-CoA carboxylase and pyruvate
carboxylase are regulated on both a short-term and long-term basis by dietary,
nutritional, and hormonal manipulations. The molecular mechanisms of these
regulations are currently being unravelled. Complementary DNA clones for
three biotin enzymes were isolated and it was shown conclusively that long-
term regulation of pyruvate carboxylase and acetyl-CoA carboxylase is at the
mRNA level. Of the enzymes of biotin metabolism, biotinidase has been
isolated. It seems to be the only protein in serum capable of binding specifi-
cally to biotin. Its role in biotin absorption from the gut and transport in the
extracellular compartment are being investigated. To date, the biotin holocar-
boxylase synthetase has not been isolated from a nonbacterial source. We also
do not as yet have reliable information on the human requirement and mode of
uptake of biotin. Development in these areas would lead to a better un-
derstanding of biotin nutrition.
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