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Holocarboxylase synthetase (HLCS) 
-catalyzes the covalent binding of 

biotin to histones. Biotinylated histones 
are gene repression marks and are partic-
ularly enriched in long terminal repeats, 
telomeres and other repeat regions. The 
effects of HLCS in gene regulation are 
mediated by its physical interactions 
with chromatin proteins such as histone 
H3, DNMT1, MeCP2 and EHMT-1. 
It appears that histone biotinylation 
depends on prior methylation of cyto-
sines. De-repression of long terminal 
repeats in biotin- or HLCS-deficient cell 
cultures and organisms is associated with 
genome instability.

Background

The human holocarboxylase synthe-
tase (HLCS) gene was characterized in 
1994.1 Originally it was believed that 
the role of HLCS is limited to that as a 
biotin:carboxylase ligase, catalyzing the 
covalent binding of the vitamin biotin 
to 3-methylcrotonyl-CoA carboxylase, 
propionyl-CoA carboxylase, pyruvate car-
boxylase and acetyl-CoA carboxylases 1 
and 2 in humans.2,3 Subsequently, it was 
demonstrated that HLCS and its micro-
bial ortholog BirA can also biotinylate his-
tones.4,5 To date, at least five biotinylation 
sites have been identified in histones H3 
[lysine (K)-4, K9, K18 and probably K23] 
and H4 (K8, K12 and probably K16).4,6,7 
K9 and K13 in histone H2A might also be 
biotinylated,8 but the abundance of these 
two marks appears to be very low.9 Studies 
with synthetic HLCS substrates provide 
unambiguous evidence that biotinylation 
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of histones by HLCS is a substrate-specific 
process,10 contrary to claims that histone 
biotinylation is a random event.11

Biotinylation of Histones  
is a Real Epigenetic Mark

The existence of biotinylated histones was 
recently questioned by Healy et al.12 but 
three independent laboratories, in addi-
tion to ours, confirmed that biotinylation 
is a natural histone modification.13-15 These 
studies included analysis of histone bioti-
nylation by mass spectrometry and sug-
gested that, at least in Candida albicans, 
up to 50% of histones might be biotinyl-
ated.14 In contrast, histone biotinylation 
is a comparably rare event in humans 
(<0.1% of histones are biotinylated),15 but 
the abundance of an epigenetic mark is no 
marker for its importance. For example, 
serine-14 phosphorylation in histone H2B 
and histone poly(ADP-ribosylation) are 
detectable only after induction of apopto-
sis and major DNA damage, respectively, 
but the role of these epigenetic marks in 
cell death is unambiguous.16,17 The abun-
dance of histone biotinylation marks is 
much greater in confined genomic loci 
compared with bulk histones. For exam-
ple, about one out of three molecules of 
histone H4 is biotinylated at K12 in telo-
meric chromatin.18

Cellular Distribution of HLCS  
and Regulation of Expression

Consistent with its role as carboxylase 
and histone biotinyl ligase, HLCS can be 
found in both extranuclear and nuclear 
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by treating cells with 5-aza-2'-deoxycyt-
idine;21 in contrast, depletion of bioti-
nylated histones does not affect cytosine 
methylation, suggesting that methylation 
is the primary loading factor. The local 
enrichment of another repression mark, 
H3K9me2, depends on prior enrichment 
of H4K12bio.21,22,32,33 Importantly, pre-
liminary evidence suggests that HLCS 
physically interacts with the maintenance 
DNA methyltransferase DNMT1, the 
methyl-CpG-binding domain protein 2 
(MeCP2) and the H3K9 methyltransfer-
ase EHMT-1 (Xue J, et al. unpublished; 
Li Y, et al. unpublished).

Causal links between histone biotinyl-
ation and the teratogenic effects of biotin 
deficiency remain to be demonstrated.46,47 
Note that the human biotin requirement 
is unknown and that recommendations 
for biotin intake are based solely on the 
typical intake of biotin in the general, 
apparently healthy, population.48 This 
approach is flawed in the case of biotin 
where dietary intake data are only crude 
estimates. Currently, no studies are avail-
able that quantified biotin in foods by 
using chemically specific assays,49 and it is 
not clear whether intake estimates exceed 
or underestimate the true biotin intake. 
Also, the “normal state” is defined by using 
biotin-dependent carboxylases or urinary 
metabolites as markers, while ignoring the 
apparently subtle changes occurring at the 
chromatin level.
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