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Thehumanholocarboxylase synthetase (HCS) catalyzes transfer
of biotin to biotin-dependent carboxylases, and the enzyme is
therefore of fundamental importance for many physiological pro-
cesses, including fatty acid synthesis, gluconeogenesis, and amino
acid catabolism. In addition, the enzyme functions in regulating
transcription initiation at several genes that code for proteins
involved in biotin metabolism. Two major forms of HCS exist in
humans, which differ at the amino terminus by 57 amino acids. In
thiswork, the twoproteinswereexpressed inEscherichiacoli, puri-
fied, and subjected to biochemical characterization. Equilibrium
sedimentation indicates that the two proteins aremonomers both
in their apo-forms andwhen bound to the enzymatic intermediate
biotinyl 5�-AMP. Steady state kinetic analyses as a function of bio-
tin, ATP, or a minimal biotin-accepting substrate concentration
indicate similar behaviors for both isoforms. However, pre-steady
state analysis of biotin transfer reveals that the full-length HCS
associates with the minimal biotin acceptor substrate with a rate
twice as fast as that of the truncated isoform.These results are con-
sistent with a role for the HCS amino terminus in biotin acceptor
substrate recognition.

Biotin protein ligases are enzymes that are required for via-
bility of all organisms. In metabolism these enzymes catalyze
covalent linkage of biotin to biotin-dependent carboxylases as
indicated in Reactions 1 and 2,

E � biotin � ATP º E � bio-5�-AMP � PPi

REACTION 1

E � bio-5�-AMP � apocarboxylase 3

E � holocarboxylase � AMP
REACTION 2

in which the adenylated derivative of biotin, biotinyl 5�-AMP
(bio-5�-AMP), is first synthesized from the substrates biotin
andATP (1). In the second step, the enzyme�adenylate complex
interacts with the biotin acceptor domain or subunit of a car-
boxylase, and the biotin is covalently linked to the �-amino
group of a specific lysine residue on the acceptor. In humans the
ligase is referred to as holocarboxylase synthetase (HCS).2

Five biotin-dependent carboxylases, including acetyl-CoA car-
boxylases 1 and 2, 3-methylcrotonyl-CoA carboxylase, pyruvate
carboxylase, and propionyl-CoA carboxylase, are the HCS sub-
strates in humans. The biotin moiety serves as the transient car-
boxylate carrier as it is transferred from a donor to an acceptor in
the reaction catalyzed by each enzyme. Biotin-dependent carbox-
ylase-catalyzedreactionscontribute to fattyacid synthesis andoxi-
dation, gluconeogenesis, and amino acid catabolism.Mutations in
the HCS gene cause multiple carboxylase deficiency, a potentially
fatal disease characterized by the concurrence of symptoms asso-
ciated with each individual carboxylase deficiency (2, 3).
In response to changes inbiotin availability,HCShasbeendem-

onstrated to function in regulating transcription of the gene that
encodes HCS itself as well as those that code for propionyl-CoA
carboxylase, pyruvate carboxylase, acetyl-CoA carboxylase 1, and
the sodium-dependent multivitamin transporter (4, 5). This tran-
scriptional regulatoryprocess is associatedwith the soluble guany-
lyl cyclase signal transduction pathway (6). It has also been sug-
gested that HCS exerts its transcriptional regulatory role by
catalyzing biotin linkage to histones (7) (Fig. 1).
Full-length HCS is a 726-amino acid polypeptide, character-

ized by amolecularmass of 81 kDa.Although residues 448–701
are homologous to the catalytic region of the Escherichia coli
ligase, BirA (8), the sequence of the amino-terminal 447 resi-
dues of HCS bears homology only to the amino-terminal
sequences of other mammalian holocarboxylase synthetases.
Although only one copy of the HCS gene is present per haploid
genome, analysis of the 5� termini of cDNAs (9), elucidation of
the structure of the HCS gene (10), and purification of HCS
from human tissue (11) indicate the existence of more than one
form of the protein. Characterization of HCS cDNAs revealed
an mRNA in which the initiator codon corresponds to methio-
nine 58 in the full-length coding sequence (9). In addition,
Western blot analysis of partially purified HCS from human
placenta revealed three species that were assigned to the full-
length HCS protein (FL-HCS) and species that initiated trans-
lation at methionine 7 or methionine 58 (58-HCS) (11).
The significanceof thesedistinctHCS forms for functional biol-

ogy is not known. It is possible that the two isoforms are charac-
terized by different catalytic activities. Alternatively, the different
forms may play distinct roles in the metabolic versus transcrip-
tional functionsof the enzyme.To investigate the enzymaticprop-
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erties of the two isozymes, we have overexpressed and purified
FL-HCS and58-HCS tohomogeneity. Sedimentation equilibrium
measurements of the two proteins indicate that each is mono-
meric in both the unliganded state and when saturated with the
intermediate in biotin transfer, biotinyl 5�-AMP. Steady state
parameters governing theoverall biotin transfer reactionusing the
model substrate p67, a fragment of propionyl-CoA carboxylase,
show that they are very similar. However, pre-steady state kinetic
analysis of the second half-reaction revealed that FL-HCS associ-
ates with p67 at a faster rate than does 58-HCS. The results indi-
cate that the two isoforms are functionally distinct and that the
amino terminus influences the kinetics of interaction of the
enzyme with the biotin acceptor protein.

EXPERIMENTAL PROCEDURES

Chemicals and Biochemicals—All chemicals used were at
least reagent grade. The stock ATP solutions were prepared by
dissolving ATP disodium salt (Sigma) into water and adjusting

the pH to 7.5. The nucleotide con-
centration was determined by UV
spectroscopy using an extinction
coefficient at 259 nm of 15,400 M

cm�1. The D-[carbonyl-14C]biotin
(GE Healthcare) was stored desic-
cated under nitrogen at �20 °C.
Biotin D-2,3,4,6-3H was purcha-
sed from American Radiolabeled
Chemicals, Inc., and stored at
�20 °C. The bio-5�-AMP was syn-
thesized and purified as described
previously (1, 12). Protein extinc-
tion coefficients were calculated
according to Gill and von Hippel
(13).
ExpressionPlasmidConstruction—

The strategy developed to over-
express FL-HCS and 58-HCS
involved constructing plasmids
that encode amino-terminal His6-
SUMO fusions of each protein
using the linearized pSUMOpro
(LifeSensors Inc.) expression vec-
tor (14). Primers containing an
Esp3I restriction site were used to
amplify the HCS coding sequences
by PCR. The coding sequence for
58-HCS was amplified from a
pGEX construct provided by Dr.
Roy Gravel. The FL-HCS cDNA
sequence (GenBankTM accession
number NM_000411.4) was pur-
chased from OriGene Technolo-
gies, Inc. After digestion of the PCR
productwith Esp3I (Fermentas), the
resulting two coding sequence frag-
ments were ligated into the linear-
ized pSUMO vector using T4 ligase
(Roche Applied Science), and the

ligationmixtures were transformed into theE. coli top10 strain.
Plasmids were verified by sequencing the entire insert.
Purification of 58-HCS and FL-HCS—The plasmids encod-

ing His6-SUMO-FL-HCS and His6-SUMO-58-HCS were
transformed into E. coli RosettaTM(DE3). Once the culture had
reached an A600 of 0.6, induction was achieved by the addition
of lactose (Difco) to a final concentration of 0.5% (w/v) and
allowed to proceed for 18–20 h at 25 °C. Cells were harvested,
resuspended in 30 ml of lysis buffer/liter of culture (50 mM

sodium phosphate buffer, pH 8, 500mM sodium chloride, 1mM

2-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride, and
5% (v/v) glycerol containing 10 mM imidazole), and lysed with
three French press passes at 800–1000 p.s.i. The cellular debris
was pelleted by centrifugation, and the supernatant was loaded
onto aNi2�-Sepharose column (GEHealthcare). After washing
extensively, 20 ml of lysis buffer containing 1 mM ATP, 0.5 mM

magnesium chloride, and 1 �M of the biotin acceptor protein
p67 was loaded on the column to remove residual biotin and

FIGURE 1. HCS function in metabolism and transcription regulation. The enzyme utilizes substrates biotin
and ATP to catalyze synthesis of bio-5�-AMP. The HCS�intermediate complex interacts with carboxylases to
transfer biotin or functions in transcription, perhaps through histone biotinylation.
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bio-5�-AMP that was associated with the enzyme. After a wash
step, the HCS protein was eluted with lysis buffer containing
400 mM imidazole. Sumo protease-1 (15) that was purified in
this laboratory using an overexpression plasmid provided by
Dr. C. Limawas added at a 1:100 (w/w) ratio to theHCS, and the
mixture was dialyzed into buffer containing 10 mM sodium
phosphate, pH 8.0, 60mMNaCl, 5% (v/v) glycerol, 5mM 2-mer-
captoethanol. Following overnight incubation, the imidazole
concentration was adjusted to 40 mM, and the sample was
loaded again onto Ni2�-Sepharose resin to remove the His6-
SUMOtag and theHis6-tagged protease. The flow-throughwas
collected and dialyzed against buffer containing 10 mM sodium
phosphate, pH 8.0, 30 mM NaCl, 1 mM 2-mercaptoethanol, 5%
glycerol. The resulting sample was loaded onto a Toyopearl
anion exchange column (Tosoh Bioscience) and eluted with a
linear gradient to 0.3 MNaCl. HCSwas concentrated and stored
in 10 mM Tris-HCl, pH 8, 200 mM sodium chloride, 10% glyc-
erol at �80 °C. The yield was 2 mg of protein/liter of bacterial
culture and the concentration of each protein was determined
spectrophotometrically using an extinction coefficient at 280
nm of 56,610 M cm�1 (13). The proteins were at least 97% pure
as judged by Coomassie Brilliant Blue staining of samples sub-
jected to SDS-PAGE.
Purification of p67—The pDest17 plasmid coding for His6-

p67 was a generous gift from Dr. Roy Gravel. Purification of
His6-p67 was carried out as described previously (16), except
for the use of an additional SP-Sepharose Fast Flow column (GE
Healthcare). This column was run with a linear KCl gradient in
50 mM Tris-HCl, pH 7.5, at 4 °C, 5% glycerol, 1 mM 2-mercap-
toethanol. The concentration was determined spectrophoto-
metrically using an extinction coefficient at 276 nm of 4350 M

cm�1. The presence of biotinylated p67 in the preparations was
undetectable, as determined by MALDI-TOF mass spectrom-
etry using the �-cyano-4-hydroxycinnamic acid matrix (17).
The same method was used to determine that all of the p67
preparation is active in accepting biotin.
Equilibrium Sedimentation Measurements—Equilibrium

sedimentation measurements were carried out in a Beckman
Optima XL-I analytical centrifuge equipped with a 4-hole
An60-Ti rotor (Beckman Coulter). Double sector 12-mm path
length cells with charcoal-filled Epon centerpieces and sap-
phire windows were used. Samples (VTOT � 140 �l) were pre-
pared at final concentrations ranging from 2 to 20 �M from
protein that had been extensively dialyzed against reaction
buffer (10 mM Tris-HCl, pH 7.50 � 0.02 at 20.0 � 0.1 °C, 200
mM KCl, 2.5 mM MgCl2). Samples that contained HCS, FL- or
58-, and bio-5�-AMP were prepared with 1.5-fold molar excess
of the ligand over the protein. Centrifugation was carried out at
speeds ranging from14,000 to 22,000 rpm for 12 h at each speed
(18), and absorbance scans were acquired at 280 or 295 nm, if
the bio-5�-AMP contribution needed to be avoided, with a step
size of 0.001 cm and five averages per step. The data obtained
for the samples run at the multiple speeds were subjected to a
global single species analysis using the program WinNonLin
(19), and the best fit value of � obtained from the analysis was
converted to molecular mass using Equation 1,

� �
M�1 � v��	2

2 RT
(Eq. 1)

in which M is the molecular mass; v� is the partial specific vol-
ume of the protein, � is the buffer density; 	 is the angular
velocity; R is the gas constant; and T is the temperature. The
value of � (1.007 g/ml) was determined pycnometrically (20),
and v� was calculated, based on the protein sequences, to be
0.7389 ml/g for 58-HCS or 0.7392 ml/g for FL-HCS using the
program SedenTerp.
Steady State Kinetic Measurements—Kinetic measurements

of the overall HCS-catalyzed reaction as a function of ATP or
p67 concentration were performed bymonitoring the incorpo-
ration of [14C]biotin into p67. The reactions were carried out in
reaction buffer at 37.0 � 0.1 °C and initiated by the addition of
enzyme to a final concentration between 50 and 150 nM. At
designated time points, a 17-�l aliquot was quenched into a
solution containing 5.1 �l of loading dye and 3.4 �l of 1% trif-
luoroacetic acid (in H2O). The loading dye was composed of 50
mM Tris-HCl, pH 6.8, 4% SDS, 30% glycerol, 0.67 mg/ml Coo-
massie Brilliant BlueG-250, 735mM 2-mercaptoethanol. Unin-
corporated [14C]biotinwas separated from the 14C-biotinylated
p67 by electrophoresis on a 16% acrylamide-SDS-Tricine gel
(21). The gelswere dried onWhatman3MMpaper and exposed
to a phosphor screen (GEHealthcare) for 3 days. The phosphor
screen image was scanned using a Storm PhosphorImager, and
the volumes of the bands corresponding to [14C]biotin-labeled
p67 were quantified using the ImageQuant software (GE
Healthcare). Initial velocities were obtained from the slope of
counts versus time plot. The initial velocity versus substrate
concentration data were subjected to nonlinear least squares
analysis using the Michaelis-Menten equation with GraphPad
Prism to obtain Vmax and Km. The Vmax and kcat values were
converted from counts/min to micromolars of biotin using the
relation between counts/min andmicromolars obtained from a
reaction containing 50 �M p67, 150 nM HCS, 10 �M biotin, and
1mMATP in standard reaction buffer incubated for 1 h to allow
complete incorporation of the biotin into the acceptor protein.
In experiments in which the Michaelis-Menten constants for
p67 were determined, the [14C]biotin and ATP concentrations
were set at saturating values of 10 �M and 1 mM, respectively.
The Km and kcat values for ATP were determined in a similar
fashion, with the exception that the reactions contained 50 �M

p67, 10 �M [14C]biotin, and variable ATP concentrations.
The biotin concentration dependences of the reactions cata-

lyzed by FL- and 58-HCS were determined by quantitating the
incorporation of [3H]biotin into p67. Each reaction contained
16.67 nM [3H]biotin and a supplement of unlabeled biotin to
obtain the desired final total biotin concentration. The p67 and
ATP concentrations were maintained at 150 �M and 1 mM,
respectively. Reactions were initiated by addition of enzyme to
5 nM final concentration, and aliquots were quenched with tri-
fluoroacetic acid added to a final concentration of 0.3% (v/v).
Quenched reactions were filtered though BA 85 Protran nitro-
cellulose membranes (Whatman), and the retained radioactiv-
ity was quantified in ProteinReady� scintillation fluid (Beck-
man) using a LS6500 Beckman counter. The measured
disintegrations/min were converted to molar quantities of bio-
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tin incorporated by multiplying by total biotin concentration/
dpm of unfiltered sample. The correction for filter retention
was achieved by using the disintegrations/min associatedwith a
filtered and unfiltered reaction in which 10 �M cold biotin and
16.67 nM [3H]biotin were fully incorporated into p67.
Steady State Fluorescence Spectra—Steady state fluorescence

spectra were acquired at 20 °C in reaction buffer using an ISS
PC1 instrument. The excitationwavelengthwas 295 or 300 nm,
and emission was monitored from 310 to 450 nm. The excita-
tion slit width was set to 4 or 8 nm, and the emission slit width
was 8 nm. Spectra were corrected for contributions from buffer
and ligand and for dilution.
Initial Rate of Bio-5�-AMP Synthesis—The rate of bio-5�-

AMP synthesis wasmeasured at 20 °C bymonitoring the intrin-
sic protein fluorescence decrease that accompanies synthesis of
the intermediate. The experiments were performed in a Kintek
2001 stopped flow instrument using an excitation wavelength
of 295 or 300 nm and monitoring the emission through a
340-nm cutoff filter (Corion Corp.). Several ATP solutions pre-
pared at concentrations ranging from25 to 800�Mwere rapidly
mixed in a 1:1 ratio with a solution of a fixed concentration of
HCS containing 30 �M biotin. Initial HCS concentrations var-
ied from 2 to 6 �M, and all solutions were prepared in degassed
reaction buffer. A minimum of five traces that spanned at least
eight half-lives of the process was collected at each ATP con-
centration. Transients were analyzed using a double exponen-
tial function with the Kintek software. The dependences of the
apparent rates of the two phases on ATP concentration are
discussed under “Results.”
Measurement of the Bimolecular Association Rate Constant

of HCS with p67—The bimolecular rate of association of HCS
with p67 was obtained bymonitoring the intrinsic fluorescence
increase of HCS upon depletion of the bio-5�-AMP�HCS com-
plex. The instrument and experimental setupwere as described
above, with the exception that one syringe contained varying
concentrations of p67, and the second syringe contained a fixed
concentration of the HCS�bio-5�-AMP complex. The HCS�bio-
5�-AMP complex concentration before mixing ranged from 1
to 3�M in different experiments. This solution was prepared by
combiningHCSwith biotin at half of the enzyme concentration
and 100�MATP and incubating for 10min to allow completion
of bio-5�-AMP synthesis. This solution was rapidly mixed with
p67, and the resulting time-dependent increase in intrinsic
HCS fluorescence was monitored. At least five traces acquired
at each [p67] were fit to single exponential to obtain apparent
rates. The observed rates as a function of p67 concentration
were subjected to further analysis as described under “Results.”

RESULTS

Purification of HCS Isoforms—The two HCS isoforms were
expressed in E. coli as His6-SUMO fusion proteins, and the
purification protocol, which included three chromatography
steps, yielded preparations that were �97% pure (Fig. 2).
Because SUMO-protease-1 leaves no exogenous amino acids
after cleavage, the final proteins correspond to native 58-HCS
andFL-HCS. In the purification, it was necessary to incorporate
steps to remove bio-5�-AMP from the preparations. This con-
tamination was revealed by the ability to detect biotinylation of

p67 in the absence of added biotin. Biotinylation was assayed as
a shift in the mass of a fraction of the p67 using MALDI-TOF
mass spectrometry. Both the E. coli and Pyroccocus horikoshii
enzymes have been purified in this laboratory, and in contrast
to the Homo sapiens enzyme, no contaminating substrate or
intermediate has ever been detected in those preparations.
Sedimentation Equilibrium Analysis of FL-HCS and 58-HCS

Oligomeric State—Sedimentation equilibrium measurements
were used to determine the oligomeric state of the two HCS
enzymes in reaction buffer at 20 °C. Scans obtained for unligan-
ded 58-HCS are shown in Fig. 3, along with the results of non-
linear least squares analysis of the data. Global analysis of data
obtained for samples prepared at two protein concentrations
and centrifuged at two rotor speeds using a single speciesmodel
indicates amolecularweight consistentwith themonomer. The
experimentally determined molecular masses were 74 � 4 and
83� 3 kDa for 58-HCS and FL-HCS, respectively. These values
agree within error with the analytical molecular masses of 74
kDa for 58-HCS and 81 kDa for FL-HCS calculated from the
amino acid sequence.
TheE. coli biotin protein ligase undergoes amonomer-dimer

transition that is dependent on bio-5�-AMP binding (20). To
investigate the effect of the intermediate on the self-association
of the two HCS enzymes, sedimentation equilibrium measure-

FIGURE 2. SDS-polyacrylamide gel of 58-HCS purification fractions. A, lane
1, low range molecular weight markers (Bio-Rad). Lane 2, crude extract after
induction. Lane 3, sample obtained from the first Ni2�-Sepharose column.
Lane 4, sample after SUMO protease 1 cleavage. Lane 5, flow-through from the
second Ni2�-Sepharose column. Lane 6, material obtained after Toyopearl
anion exchange column. B, 12% SDS-polyacrylamide gel of the pure proteins.
Lane 1, low range molecular weight markers. Lane 2, FL-HCS; lane 3, 58-HCS.

FIGURE 3. Concentration distribution for 3.8 �M 58-HCS in reaction buffer
at 20 °C. Absorbance versus radial position obtained at rotor speeds of 18,000
rpm (E) and 22,000 rpm (F). The solid lines represent the best fit of the data
acquired at 3.8 and 1.9 �M 58-HCS and the two rotor speeds to a single species
model. The residuals of the fit are provided in the bottom panel.

Interaction of HCS Isoforms with Acceptor Protein Substrate

NOVEMBER 6, 2009 • VOLUME 284 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 30865



ments were performed in the presence of excess bio-5�-AMP.
The experimentally obtained molecular masses for the inter-
mediate bound species were 79� 8 kDa for 58-HCS and 83� 7
kDa for FL-HCS, consistent with a monomeric species. Thus,
both the unliganded and intermediate-bound forms of FL and
58-HCS are monomeric.
Kinetic Analysis of the Two-step HCS-catalyzed Reaction—In

theHCS-catalyzed reaction, biotin is covalently linked to a spe-
cific lysine residue on the biotin carboxyl carrier protein
domain of five distinct carboxylases. The physiologically rele-
vant substrates contain multiple copies of this domain. To
develop a simple assay formeasuring the catalytic activity of the
purified HCS enzymes, the p67 domain of propionyl-CoA car-
boxylase was employed as the model acceptor substrate. This
protein corresponds to the carboxyl-terminal 67 residues of the
� subunit of human propionyl-CoA carboxylase, which con-
tains sufficient information for recognition by the human bio-
tin protein ligase (22).
The two kinetic assays used in this work rely on measure-

ments of incorporation of radiolabeled biotin into p67. In the
first assay, [14C]biotin incorporation into p67 was monitored.
The [14C]biotin-labeled p67 was separated from the unincor-
porated biotin by electrophoresis, and radioactivity in the
bands corresponding to p67was quantitated by phosphorimag-
ing (Fig. 4A). The initial rate at several ATP concentrations and
constant biotin and p67 concentrations exhibit the expected
increase in the rate of [14C]biotin incorporationwith increasing
ATP concentration (Fig. 4B).

The second assay for HCS catalytic activity monitors [3H]bi-
otin incorporation into p67. The [3H]biotin-labeled p67 was
separated from the unincorporated biotin by filtration through
nitrocellulose and quantitated by liquid scintillation counting
(Fig. 4C). The relatively low Km value for biotin, the detection
limit of the 14C radiation using phosphorimaging, and a new
lack of commercial availability of the [14C]biotin motivated
development of this second assay. Results of measurements of
the initial rates of HCS-catalyzed [3H]biotin incorporation at
constant ATP and p67 concentrations and varying total biotin
concentrations are shown in Fig. 4D. The time courses used for
initial rate measurements at low biotin concentrations were
carried out for a shorter time than those acquired at the higher
biotin concentration. This is due to the higher specific activity
of the substrate at the low cold biotin concentration, which
allowed acquisition of data over shorter time periods.
To investigate if the amino-terminal 57-amino acid residues

impact the basic catalytic properties of the human biotin pro-
tein ligase, the kinetic parameters associated with the process
were measured for both FL-HCS and 58-HCS. Measurements
of the initial rates of biotin transfer as a function of p67 concen-
tration are shown in Fig. 5, A and B. The results indicate Km
values of 19 and 21 �M, respectively, for FL-HCS and 58-HCS
(Table 1) and values of kcat that are similar at 0.47 and 0.35 s�1,

FIGURE 4. Kinetic assays used to determine Michaelis-Menten constants
for HCS-catalyzed biotin transfer with respect to p67, biotin, and ATP.
A, incorporation of [14C]biotin into p67 was used to determine the kinetic
constants with respect to p67 and ATP. The biotinylated p67 and free biotin
are separated on a 16% acrylamide gel. B, biotin incorporation versus time at
150 nM 58-HCS, 50 �M p67, 10 �M [14C]biotin, and a range of ATP concentra-
tions as follows: (f, 5 �M; Œ, 30 �M; �, 90 �M; �, 250 �M; F, 500 �M; �, 750 �M;
and ‚, 1000 �M ATP. C, incorporation of [3H]biotin into p67 used to determine
the kinetic constants with respect to biotin. Biotinylated p67 is separated
from unincorporated biotin by filtration through a nitrocellulose membrane.
D, initial rates of biotin incorporated measured at 5 nM FL-HCS, 150 �M p67,
16.67 nM [3H]biotin and variable unlabeled biotin concentrations as follows:
�, 20 �M; f, 10 �M; �, 7 �M; F, 3 �M; and Œ, 1 �M biotin. The inset depicts the
traces obtained for the following: ƒ, 400 nM; 	, 150 nM; and 50 nM total biotin.
B and D, the lines were obtained from linear regression of the measured biotin
incorporation versus time.

FIGURE 5. Steady state kinetic analysis of biotin incorporation into p67
catalyzed by 58-HCS and FL-HCS. Samples of steady state analysis of the
reaction catalyzed by 58-HCS (A) and FL-HCS (B) as a function of p67 concen-
tration are shown. Data were obtained as a function of ATP concentration for
58-HCS (C) and FL-HCS (D). E and F display results of steady state measure-
ments for 58-HCS and FL-HCS as a function of biotin concentration. In these
two panels each data point represents the average of the initial rate meas-
ured at each biotin concentration in three independent experiments. The
error bars represent the standard deviation of each three points. In each panel
the solid line represents the best fit of the data to the Michaelis-Menten
equation.
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respectively. The magnitudes of kcat/Km are, within error,
identical.
A similar analysis as a function of ATP concentration (Fig. 5,

B and D) provides Km values for ATP of 41 and 47 �M for
58-HCS and FL-HCS, respectively. The magnitude of kcat asso-
ciatedwith ATP obtained fromdirect fitting of the data is lower
than that obtained from measurements of the p67 concentra-
tion dependence of the reaction. This is attributable to the
necessity, due to the appearance of a doublet for the labeled p67
at high concentrations, of using an acceptor protein concentra-
tion of 50 �M in the ATP concentration dependence measure-
ments. Normalization of the resolved kcat values obtained from
analysis of the ATP concentration dependence of the reactions
to those obtained from the measurements of the p67 concen-
tration dependence reveals that they are identical (Table 1).
The FL-HCS and 58-HCS enzymes were subjected to

Michaelis-Menten analysis of the biotin concentration depend-
ence of the reaction using [3H]biotin. The results of measure-
ments of the initial rates versus biotin concentration indicate
that both FL- and 58-HCS-catalyzed reactions are well
described by a Michaelis-Menten model (Fig. 5, E and F). The
initial rate at each biotin concentration represents the average
of at least three independent measurements. Results of nonlin-
ear least squares analysis of the data indicate that the two
enzymes are similar with respect to their rate versus biotin con-
centration profiles. The kcat values resolved from the analysis
are 
3-fold lower than those obtained from analysis of data
obtained using SDS-PAGE to separate products from reactants.
Because p67 and ATP concentrations used in the measure-
ments were saturating, the differences in the values of kcat
reflect differences intrinsic to the two assays.
Pre-steady State Analysis of Bio-5�-AMP Synthesis—The

overall reaction catalyzed by HCS can be classified as a ping-
pong mechanism, which allows measurement of the two indi-
vidual half-reactions. Upon bio-5�-AMP synthesis, decreases in
intrinsic protein fluorescence of
14% for FL-HCS and 23% for
58-HCS are observed (Fig. 6A). A stopped flow experiment was
developed to investigate the first half-reaction, in which biotin-
bound HCS was rapidly mixed with ATP. Measurement of the
time dependence of the fluorescence decrease revealed that it
was well described by a double exponential model (Fig. 6A,
inset). A loss in amplitude with increasing ATP concentration

was observed, which was attributed to the faster phase becom-
ing increasingly fast and outside of the dead time of the stopped
flow instrument. The apparent rates for the two phases were
plotted as a function of ATP concentration (Fig. 6B). The
observed linear dependence of the faster phase onATP concen-
tration and the saturable slower phase are consistent with
Reaction 3,

HCS � biotin � ATP L|;
k1

k�1

HCS � biotin � ATPO¡
kcat

HCS � bio-5�-AMP � PPi

REACTION 3

in which the slope of the linear dependence of the apparent
rate of the fast phase on nucleotide concentration provides
an estimate of the rate of association of ATP with the
HCS�biotin complex, k1 (Table 2). Nonlinear least squares
analysis of the concentration dependence of the second
phase using theMichaelis-Mentenmodel yielded kcat andKm
values for the reaction. The parameters obtained for 58-HCS

FIGURE 6. Pre-steady state analysis of bio-5�-AMP synthesis. A, fluores-
cence emission spectra of 1.5 �M HCS and 15 �M biotin before (solid line) and
after (dashed line) addition of 100 �M ATP. Inset, representative stopped flow
fluorescence trace obtained upon mixing 2 �M HCS and 30 �M biotin with 25
�M ATP. B, dependence of the apparent rate of bio-5�-AMP synthesis on ATP
concentration. The line is the fit to the Michaelis-Menten equation. Inset,
dependence of the apparent rate of ATP association with HCS-biotin on ATP
concentration.

TABLE 1
Kinetic parameters for the overall HCS-catalyzed reaction
The kinetic parameters were determined as described under “Experimental
Procedures.”

HCS form Substrate Km kcat kcat/Km

�M s�1 �104 M�1 s�1

58 p67 19 � 4a 0.35 � 0.02a 1.8 � 0.4
ATP 41 � 10a 0.33 � 0.02a,b 0.8 � 0.2

(0.24 � 0.01)a,c 0.6 � 0.1
Biotin 0.7 � 0.3d 0.11 � 0.01d 16 � 7

FL p67 21 � 2a 0.47 � 0.01a 2.2 � 0.2
ATP 47 � 8a 0.45 � 0.02a,b 1.0 � 0.2

(0.32 � 0.01)a,c 0.7 � 0.1
Biotin 0.8 � 0.2d 0.17 � 0.01d 21 � 5

a The errors correspond to the standard deviation of two independent experiments.
b The calculated value is based on the experimentally obtained kcat at 50 �M p67.
c Experimentally obtained kcat was at 50 �M p67.
d The error represents the standard error obtained from globally fitting data from
three independent experiments.
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and FL-HCS from these two analyses are similar in magni-
tude (Table 2).
Single Turnover Analysis of the Biotin Transfer Reaction—

The second half-reaction, transfer of biotin from bio-5�-AMP
to p67, was also measured using stopped flow fluorescence. An
increase in intrinsic protein fluorescence, which reports on
depletion of the enzyme-intermediate species, occurs upon
addition of p67 to the pre-formed HCS�bio-5�-AMP complex
(Fig. 7A). In the measurements, HCS was first allowed to syn-
thesize bio-5�-AMP from ATP and biotin. To ensure single

turnover conditions, the biotin concentration used was half
that of theHCS concentration.Moreover, because atmicromo-
lar protein concentrations HCS is at stoichiometric conditions
with respect to bio-5�-AMP binding, virtually all of the inter-
mediate is associated with HCS. The HCS�intermediate com-
plex was rapidly mixed with varying concentrations of p67
under pseudo first-order conditions, and the resulting time-de-
pendent increase in fluorescence was well described by a single
exponential model (Fig. 7A, inset). The amplitudes of the tran-
sients displayed no dependence on p67 concentration, indicat-
ing that the reaction goes to completion at all concentrations.
Measurements performed over a large range of p67 concentra-
tions up to 100 �M yield apparent rates that show no indication
of leveling off (Fig. 7B). As a result, the fluorescent signal was
interpreted as reporting on the initial p67 binding event that is
governed by k1 in Reaction 4,

HCS � bio-5�-AMP � p67L|;
k1

k�1

HCS � bio-5�-AMP � p67O¡
kcat

HCS � bio-p67 � AMP
REACTION 4

The slope of the line relating the dependence of the apparent
rate on p67 concentration provides a bimolecular rate constant
for association of p67 with FL-HCS that is
2-fold greater than
for 58-HCS (Table 3).

DISCUSSION

Elucidation of the biochemical details of human holocarbox-
ylase synthetase function has implications for understanding
the mechanism of the metabolic disorder, multiple carboxylase
deficiency, as well as how this metabolic enzyme functions in
transcription regulation. The significance of the existence of
multiple forms of the enzyme for its distinct roles also merits
further study. The results presented in this work indicate that
although the two HCS isoforms catalyze the first of the two
half-reactions in post-translational biotin addition with similar
rates, they differ in the second half-reaction. Thus, the 57 ami-
no-terminal residues appear to be involved in biotin acceptor
protein recognition.
FL-HCS and 58-HCSAreMonomeric—Results of sedimenta-

tion equilibriummeasurements indicate that in themicromolar
concentration range both enzymes are monomeric regardless
of ligation state. This result contrasts with that obtained for the
E. coli enzyme, which homodimerizes in response to the adeny-
late binding (20). However, homodimerization of the E. coli
enzyme is associated with the site-specific DNA binding func-

FIGURE 7. Single turnover measurements of biotin transfer from bio-5�-
AMP to p67. A, fluorescence emission spectra of 1 �M 58-HCS, 0.5 �M biotin,
and 100 �M ATP before (solid line) and after (dashed line) addition of 10 �M

p67. Inset, representative stopped flow fluorescence trace obtained upon
mixing 1 �M 58-HCS, 0.5 �M biotin, and 100 �M ATP with 20 �M p67.
B, dependence of the apparent association rate of FL-HCS-bio-5�-AMP (F) or
58-HCS-bio-5�-AMP (f) with p67 on acceptor protein concentration. Error
bars represent the mean � S.E. of at least five measurements performed at
each [p67].

TABLE 2
Kinetic parameters for ATP dependence of bio-5�-AMP synthesis
The kinetic parameters were determined by mixing a complex of HCS-biotin with
ATP as described under “Experimental Procedures.”

HCS form k1 Km kcat kcat/Km

�103 M�1 s�1 �M s�1 �103 M�1 s�1

58 4.9 � 0.7a 50 � 30a 0.12 � 0.02a 2 � 1
(0.39 � 0.06)b 8 � 5

FL 6 � 1c 50 � 20c 0.11 � 0.02c 2 � 1
(0.36 � 0.06)b 7 � 3

a The errors correspond to the standard deviation for two independent experiments.
b The calculated kcat values were obtained at 37 °C assuming that the rate doubles
every 10 °C.

c The errors correspond to the standard deviation for three independent
experiments.

TABLE 3
Bimolecular association rate constants for HCS�bio-5�-AMP with p67
The kinetic parameters were determined as described under “Experimental
Procedures.”

HCS form k1
�103 M�1 s�1

58 7.6 � 0.6a
FL 14 � 1a

a The errors correspond to the spread of the values obtained from two independent
experiments.
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tion of the enzyme, a function that the human enzyme does not
possess. Studies of a number of simple monofunctional bacte-
rial biotin protein ligases that do not possess a DNA binding
domain indicate that they can exist as monomers or constitu-
tive dimers. The structures of the dimeric enzymes, which uti-
lize a surface distinct from that used by the E. coli enzyme to
homodimerize, reinforce the idea that linkage of dimerization
of the E. coli enzyme to bio-5�-AMP binding is idiosyncratic to
its additional role in site-specific DNA binding.
Sedimentation analysis of the two HCS isoforms indicates

that theHCS amino terminus plays no role inmediating homo-
oligomerization of the protein. Several eukaryotic biotin pro-
tein ligases have been characterized at the sequence level. How-
ever, very few have been purified. Among these are the
Saccharomyces cerevisiae and one of the twoArabidopsis thali-
ana enzymes. The chloroplastic A. thaliana enzyme has been
overexpressed in and purified from E. coli and found to be
monomeric in its native form (23). No characterization of the
oligomeric state of the yeast enzyme was reported. Like the
human enzyme, these eukaryotic enzymes are characterized at
the primary structure level by a carboxyl terminus that is
homologous to the monofunctional bacterial enzymes and the
central and carboxyl-terminal domains of the bifunctional bac-
terial enzymes. Furthermore, they all possess amino-terminal
segments of varying lengths. One potential role for these ami-
no-terminal segments is in self-association of the protein.How-
ever, the characterization of the purified human and plant
enzymes indicates that this is not the case.
Steady State Analysis of the Overall HCS-catalyzed Reaction—

The FL- and 58-HCS isoforms exhibit similar kinetic properties
in the overall biotin transfer reaction. However, the kcat values
for FL-HCS are consistently larger than those measured for the
truncated protein. For example, the kcat values of 0.35 � 0.02
and 0.47 � 0.01 s�1 for 58-HCS versus FL-HCS, respectively,
were resolved from measurements of the p67 concentration
dependence of the reaction. Similarlymodest differences in kcat
are observed inmeasurements of the dependence of the rate on
ATP and biotin concentrations.
The values of the kinetic constants for two of the three sub-

strates compare reasonably well with those reported previously
for the human enzyme. However, the caveat to any comparison
is that all previous measurements were performed in cellular
extracts. Previously reported values of the Km for biotin range
from 15 nM to 1 �M and thus are in the same range as the values
of 700–800 nM reported in this work (24–27). The Km values
for ATP measured for FL-HCS and 58-HCS are 
40–50 �M,
although previously reported values range from 190 to 250 �M

(24, 25). Finally, theMichaelis constants for p67 reported in this
work cannot be compared with any other values because none
exist in the literature.
Analysis of HCS Two Half-reactions—Results of the pre-

steady state measurements of the first half-reaction indicate
that the two forms synthesize bio-5�-AMP with similar rates
andKm for ATP. Furthermore, theMichaelis constants forATP
for the half-reaction are the same as the values obtained for the
overall reaction. Because the fluorescence signal at this temper-
ature was more reliable, measurements of the half-reactions
were performed at 20 °C. Assuming that the rate doubles every

10 °C, the values of kcat for the first half-reaction at 37 °C are
predicted to be 0.39� 0.06 s�1 for 58-HCS and 0.36� 0.06 s�1

for FL-HCS. These values agree with those obtained from
measurements of the overall reaction and therefore indicate
that bio-5�-AMP synthesis is the rate-limiting step in the two-
step reaction.
Stopped-flow fluorescence measurements of second half-re-

action, which report only on association of p67 with the
enzyme�intermediate complex, indicate that FL-HCS associ-
ates with the acceptor protein at a rate twice that measured for
58-HCS. Furthermore, the absence of a leveling off of the rate as
p67 concentration is increased is consistent with the conclu-
sion that bio-5�-AMP synthesis is the rate-limiting step in the
two-step reaction. Simulations of the kinetic time courses in the
context of themodel used for the analysis (see Reaction 4) indi-
cate a lower limit for the rate of biotin transfer and product
release of 1 s�1, a value significantly greater than the kcat value
of 0.1 s�1 determined for the first half-reaction.
The distinct rates of association of FL- and 58-HCS with p67

are qualitatively consistent with the results of previous studies
in which a series of truncation proteins of 58-HCS were char-
acterizedwith respect to their abilities to catalyze biotin linkage
to the biotin acceptor domain of the human propionyl-CoA
carboxylase, p67, and the E. coli biotin carboxylase carrier pro-
tein fragment, BCCP87, of acetyl-CoA carboxylase (28). Those
studies indicate that the amino-terminal region of the enzyme
functions in dictating the relative specificity of the enzyme for
the alternative acceptor protein substrates. However, in those
studies, the physiologically relevant HCS forms, FL and 58,
were not compared, and no time dependence was investigated.
Implications of the Distinct Rates of Association of 58-HCS

and FL-HCS with p67—The most significant difference
observed between FL-HCS and 58-HCS lies in the parameters
describing their association with p67, with FL-HCS associating
with the biotin acceptor substrate at a rate 
2-fold faster than
58-HCS. Although this difference is small, it may have conse-
quences for the metabolic activities of carboxylases. The low
biotin concentration in human tissue (nanomolar range) limits
the supply of the HCS�bio-5�-AMP complex (29, 30). Once the
complex is formed, biotin utilization by the carboxylases
depends, in part, on the efficiency with which it is transferred
from the intermediate to the acceptor protein substrates. There
are five biotin-dependent carboxylases present in mammalian
cells that are involved in a variety of distinct metabolic pro-
cesses. A hierarchy of recognition of these carboxylases byHCS
may exist, depending on how vital the reaction is to the survival
of the cell. In addition, there is currently no information about
the relative abundance of FL- and 58-HCS, eachwith its distinct
rate of association with acceptor protein targets. Tissue-spe-
cific variation in the availability of the two isoforms could
potentially provide ameans of regulating activities of biotin-de-
pendent carboxylases.
Other possible roles exist for distinct forms of the HCS. The

function of HCS in transcription regulation is consistent with a
nuclear role for the enzyme. Indeed, immunofluorescence
studies indicate that the enzyme is localized to both the cytosol
and the nucleus (31). The alternative HCS forms could be func-
tionally distinct with regard to nuclear localization and, conse-
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quently, their relative significance for metabolism and tran-
scription regulation.
In conclusion, the work presented here has established that

two naturally occurring isoforms of HCS behave similarly in
most respects, but they have distinct activities in biotin accep-
tor substrate binding, thus indicating a role for the amino-ter-
minal amino acids in carboxylase recognition.
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