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ABSTRACT

The objective of this thesis was to determine the molecular basis of neonatal multiple

carboxylase deficiency (MCD) produced by an impairment in holocarboxylase synthetase (HCS)

activity and the origin of the biotin-responsiveness that characterizes this disease. To determine

RCS activity, 1 developed a peptide substrate and used the biotinylation system of E. coli to

determine its properties. C-terminal fragments of the a subunit of human propionyl-CoA

carboxylase (pCC-a) were expressed in E. coli and site-directed mutagenesis was used to define

the residues required for biotinylation by the bacterial biotin ligase, BirA. These experiments

showed that the biotin region of PCC-a can act as an autonomous domain for biotinylation and

suggested its use as substrate for human HCS. For the molecular characterization of MCD, 1

isolated severai cDNA clones encoding human HCS by functional complementation of an E. coli

mutant with a temperature-sensitive BirA. Comparison of the predicted amino acid sequence

of RCS with bacterial biotin ligases alIowed the identification of the putative biotin-binding

domain of this proteill. Mutation analysis of DNA from HCS deficient patients showed that

most of the changes in the RCS sequence are c1ustered in the biotin-binding demain. AIl the

patients tested in this study showed deficiency of RCS activity as determined using the PCC-a

peptide as substrate for biotinyIation. The biotin-responsiveness was demonstrated by obtaining

a stimulation of RCS activity of MCD cells at high biotin concentrations while remaining

unstimulated in extraets of normal cells. Together with the mutation studies, these results

showed that neonatal MCD is caused by mutations in the biotin binding domain of RCS which

reduce the affinity of the enzyme towards biotin. This change in the kinetic properties of HCS

resuIts in the inefficient biotinylation of carboxy1asl::3 at physiological concentrations of biotin.
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The defcct can be overcome by incrcasing the amount of the vitamin in such a way as to rcach

the concentration required by the mutant HCS to restore the pool of ~·,tive carboxylases.
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RÉSUMÉ

L'objectif du travail décrit dans cette thèse était de comprendre la nature moléculaire de la

déficience multiple néonatale des carboxylases (DMC), causée par une déficience en activité

holocarboxylase synthétase (RCS) et l'origine de la dépendance en biotinc qui caractérise cette

maladie. Pour déterminer l'activité de HCS, j'ai développé un substrat peptidique et en ai testé

l'efficacité en utilisant le système de bictinylation de E. coli. Pour ce faire, des fragments c

terminaux de la sous-unité 0< de la propionyl-CoA carboxylase humaine (PCC-a) ont été

exprimés dans E. coli et une analyse par mutagénèse dirigée a permis de préciser quels résidus

sont requis pour en permettre la biotinylation par BirA, l'analogue bactérien de HCS. Ces

expériences ont montré que la région de PCC-a qui porte la biotine se comporte comme un

domaine autonome pour la oiotinylation et en ont suggéré l'utilité comme substrat pour l'enzyme

humaine. Afin de permettre la caractérisation moléculaire de la DMC, j'ai isolé plusieurs clones

d'ADNc codant pour l'HCS humaine par complémentation fonctionnelle d'une mutation

thermosensible de BirA d'E. coli. La comparaison de la séquence prédite pour HCS avec celle

des analogues bactériens a permis d'identifier un site possible de liaison de la biotine sur HCS.

L'analyse des mutations présentes chez les patients atteints d'une déficience en HCS a révélé que

la plupart des mutations peuvent être regroupées près de ce domaine de liaison de la biotine.

Tous les patients testés lors de cette étude ont montré une déficience en HCS lorsque le peptide

PCC-o< était utilisé comme substrat. La dépendance en biotine a été mise en évidence par une

stimulation de l'activité HCS d'extraits de cellules de patients en présence de concentrations

élevées de biotine, alors que l'activité n'était pas stimulée dans des extraits de cellules normales.

Ces résultats, associés à la caractérisation des sites mutés dans le DNA des patients, montrent



•

•

•

que la DMC est causée par des mutations dans HCS au site de liaison de la biotine, réduisant

l'affinité de l'enzyme envers la biotine. Ce changement des propriétés cinétiques de HCS résulte

en une biotinylation inefficace des carboxylases aux concentrations physiologiques en biotine.

Ce défaut peut être compensé en augmentant la concentration de la vitamine de façon à permettre

une activité HCS suffisante pour activer les carboxylases.

.'
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CHAPTER 1

GENERAL INTRODUCTION AND BACKGROUND
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1. BIOTIN Ml> BIOTIN-DEPE!'ol>ENT CARBOXYLASES

A. Biotin as Prosthetic Group of Carbo"'Ylases

Biotin is a water soluble enzyme cofactor that belongs to the vitamin B complex (1,2).

It was first isolated and characterized by Kogl in 1936 (3) as an essential growth factor

for yeast. lts importance for higher organisms was reeognized when biotin was shown

to proteet rats from the toxic effeets of a diet rich in raw eggs (4,5). The toxicity was

later found to be due to avidin, a glycoprotein present in the egg white with extraordinary

affinity for biotin (4,5,10).

Although the importance of dietary biotin was Iatown for many years, its role in

metabolism remained obscure until Lardy and Peanasky (78) reported that biotin

deficiency in rats reduced the ability of liver mitochondrial extracts to catalyze the ATP

dependent carboxylation of propionate ta succinate. In 1958, highly purified acetyl-CoA

carboxylase (ACe), isolated from avian liver extraets, proved to be enriched with

respect to biotin and to be inhibited by avidin (79). Finally, Lane and Lynen (8)

demonstrated that biotin was covalently bound ta the enzyme propionyl-CoA carboxylase

(PCC). As a result of this observation, it was saon found that biotin is used in allliving

organisms as the prosthetic group of enzymes involved in carboxylation reactions

(9,10, Il,12). These enzymes are synthesized as inactive precursors or apocarboxylases,

that are activated by the covalent aodition of biotin (Fig.1). The role of biotin in

carboxylases is to act as a vector for transfer of a carboxyl group between donor and

acceptor moIecuIes during the carboxylation reaction•
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• Fig. 1. Biotinylation of apocarboxylases. Activation of carboxylases occurs by the
addition of a biotin molecule to a specifie: Lys residue in the polypeptide c:bain. This
reaction is c:atalyzed by bolocarboxylase synthetase (Res>.
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• The metabolic processes in which bioùn-dependent enzymes are involved are quite

divergent and can be divided into three classes (18,19):

Class 1. The proteins that catalyze this type of reacùon uansfer free bicarbonate and

generate carboxybioùn as an intermediate procluct in an ATP-dependent fashion. Ali

eukaryotic carboxylases bclong to this class.

E-biotin + ATP + BC03

E-biotin-C02 + R-H

E-biotin-C02 + ADP + Pi

E-biotin +R-C02

•

•

Class n. Proteins in this class are present in prokaryotes and are involved in energy

production. These proteins are biotin-dependent, sodium transport decarboxylases which

have as their main task to pump sodium against a concentration gradient without the

involvement of ATP.

R-C02 + E-biotin ~ R-H + E-biotin-C02

E-biotin-C02 + H+ + 2Na+ïo ~ E-biotin + HC03 + 2Na+out

Class m. This class is represented only by the prokaryotic enzyme, transcarboxylase

cre). It is composed of three different polypeptides and uses methylmalonyl-CoA as

the donor of the carboxyl group that is to be transferred in an ATP-independent reactîon.

CH3CH(COO')COSCoA + CH3COCOO'
MathylmaloDyl-COA Pyruva'te

~~~COSCoA+ -OOC~COCOO'
Propionyl-COA Oxaloace'ta'te

4
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B. Architecture of Biotin-Dependent Carbox)'lases

The number of different bioùn-dependent carboxylases present in the cell has not been

constant during evoluùon, varying widely among different speeies. Mammalian cells

have four bioùn containing proteins: PCC, ACC, pyruvate carboxylase (PC), and

methylmalonyl-CoA carboxylase (MCC). In other speeies, such as yeast, there are two

biotin-dependent carboxylases, PC and ACC. There is only one in E. coli, ACC,which,

as with its eukaryoùc counterpart, catalyses the first committed step in fany acid

synthesis (24).

The polypeptide structure ofbiotin-dependent enzymes has also been extensively modified

during evolution. Based on their molecular architecture, the members of the family of

biotin enzymes can be divided in three different groups (80). The first group is

represented by ACC ofE. coli and transcarboxylr.se from Propionibacrerium she17Tlanii

(Fig.2B). TIese enzymes are formed by three functionally disùnct subunits which,

represented by E. coli ACC, are: (1) the biotin carboxyl carrier protein (BCCP) which

is the subunit that carries the biotin cofactor, (2) biotin carboxylase (BC), which carries

out biotin carboxylation, and (3) carboxyl transferase (CT), responsible of the transfer

of the carboxyl group from biotin to the acceptor molecule of carboxylation

(20,21,22,23).

In the second group, represented by human PCC and MCC, Achromobaeter MCC and

Pseudomonas cirronellolis PC, only two types ofpolypeptides are present. One of them,

the a subunit, contains the biotin cofactor together with the biotin carboxylase activity.

5



• Fig. 2. Architecture of biotin-dependent carboxylases
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The other, the Bsubunit. carries the carboxyl transferase activity (Fig. 2A). In the third

group, all three functions have been incorporated in one multifunctional polypeptide

chain, which occurs severa! times in the native enzyme. ACC and PC from human and

yeast ceUs are examples of enzymes composed of multifuncticnal polypeptides (Fig.2A).

It is interesting that structura! variation occurs not only between different types of

carboxylases, but also among equivalent enzymes from different species. For example.

human ACC is composed of a single type of polypeptide while the bacterial ACC is, as

described above, a heteropolymeric protein.

Given that biotin-dependent enzymes catalyze similar reactions, it is reâSOnable 10

consider that the genes that encode biotin-carrier polypeptides are derived from a

common ancestor. It is possible that, through a process of one or more duplications, the

primordial gene gave rise to two or more biotin-polypeptide genes that then evolved

independently to code for biotin enzymes with different but still related functions (80).

Under this scenario, the structurally tlifferent carboxylases would represent various stages

in the evolution of the biotinylation system. If this is true, the original carboxylation

reaction may have been catalyzed by an enzyme complex composed of an easily

dissociable biotin carboxyl carrier protein which was able to recroit other polypeptides

(81). However, part of the carboxylase evolution must also have been convergent, ie.,

through a process of gene fusion. This could have led ta the formation of enzymes with

multifunctional polypeptide chains. These last transformations of the biotin enzymes may

have occurred because they faciIitated the subunit association proeess and enzymatic

7
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action upon different substrates. The biosynthesis of multifunctional polypeptides is also,

from the kinetic and regulatory points of view, more favourable to the celI than the

formation of an enzyme complex. Multifunctional peptides overcome the problem of

stoichiometry with respect to the regulation of the synchronous synthesis of multiple

component proteins.

C. Role of CarboA1'lases in Human Metabo\ism

The four biotin-depen.:le!lt carboxylases of mammalian cells play a key role in different

pathways of intermediary metabolism (Fig.3). PCC is involved in the catabolism of

branched-chain amine acids and fany acids of odd-numbered chain length. MCC is

involved in the catabolism of the amine acid leucine. PC converts pyruvate to

oxaloacetate, an intermediate product in the synthesis ofphosphoenolpyruvate and, hence,

is essential for glucose synthesis. ACC is responsible for the formation of malonyl-CoA

in the biosynthesis of fany acids. In eukaryotic cells, PC, PCC and MCC are targeted

to the mitochondrial matrix by the presence of a mitochondrial leader sequence at the

amine terminus of their constituent polypeptides. ACC is the only biotin-dependent

carboxylase present in the cytosol.

D. Biotinylation of Apocarboxylases

Biotinylation of carboxylases is catalyzed in all organisms by an enzyme generically

named biotin ligase in prokaryotes or holocarboxylase synthetase (RCS) in eukaryotes.

The fust evidence for a synthetase was obtained by Kosow and Lane (82,83,84) using

a soluble apo-PCC holocarboxylase synthesïzing system obtained from biotin-deficient

8
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Fig. 3. Role of biotin-dependent carbo~'lases in human mctabolism•
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rat liver. They found that biotinylation of PCC requires ATP and a divalent ion, such

as Mg2+. The previous isolation of biocytin (e-N-biotinyl-L-lysine) from yeast extract

by Wright et al. (85) suggested that the site of attachment was a lysine residue in the

enzyme (see section E). Lane et al. (61), using purified preparations of the synthetase

and methylmalonyl-CcA.- pyruvate apotranscarboxylase from Propionibacterium

shermanii, demonstrated that the synthetase reaction involves two steps.

1. R-COi + ATP + Mi+~ R-Î-o!-o-adenOSine + PPi
Biotin BiotinoyJ.S'-AMP

n. R-~-oX-o-adenOSine + apo-carbo,,-ylase-lysyl-E-!'Io'H:
BiotinoyJ.S'·AMP 9

~ carbo,,-y1ase-lysyl-E-NH-f:.R + AMP
Holocarboxylase

In the first part, biotin is activated using ATP with formation of biotinoyl-S'-AMP.

During the second step, biotin is attached to the e-amino group of a lysine residue of the

acceptor apocarboxylase rendering it an active enzyme. Similar results were obtained

by McAllister and Coon (69) with the corresponding synthetase for apo-PCC from rabbit

Iiver. Biotinylation in E.coli is catalyzed by the BirA protein through two partial

reactions (Fig.4B). In the first part, biotin is activated by ATP with the formation of

biotinyl-S'-AMP. In the second half reaction, the biotin moiety is transferred ta the

apo-BCCP subunit yielding holo-BCCP. Although these observations demonstrated that

baeterial and animal synthetases have a common enzymatic mechanism, recent

characterization of these two systems i'.as shown that baeterial and animal synthetases,

later designated as BirA protein and HCS, respectively, are strueturally and functionally

10
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HCS + BIOTIN i

ATP >BIOTINOYL-S'-AMP

BIOTINOYL-S'-AMP +

apo-PC
apo-PCC
apo-MCC
apo-ACC

PC

r:::::::==~> PCC
MCC
ACC

•
B

BirA + BIOTIN
ATP

c:=::===> BIOTINOYL-S'·AMP

•

BIOTINOYL-S'-AMP + apo-BCCP cr======> BCCP

Fig. 4. BiotinylatiOD reactioD. Biotinylation of apocarboxylases is catalyzed through
a two step reaction by mammalian HCS (A) and bacterial biotin ligase (B).
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very differcnl proleins.

BirA Protein and the Biotin Operon. E. coli is among 30 different spccies of

prokaryoles abl~ 10 synthesize bioùn de novo (25). Il occurs through a pathway from

pimelic acid 10 7,8-subsÙtuled pelargonic acid and desthiobioùn, with a subsequent

incorporation of a sulfur atom 10 form biotin (26,27). In these species, the endogenous

synthesis ensures an adequate supply of biotin for the activation of essential ACC. In

this way, biotin, regardless of the nutrient environment, is not growth limiting.

In one of the most exquisite mechanisms of gene regulation, the BirA protein acts both

as the biotin ligase and as the repressor of biotin synthesis (Fig.5), (28,29). The genes

that encode the enzymes responsible for biotin synthesis (bioABCDEF), with one

exception, are located as a cluster ncar the attachment site of phage lambda on the

bacterial chromosome constituting the biotin operon (BIO) (27,28). Transcription of

these genes occurs from two partially overlapping promoters. In this system, BirA

functions as a switch tuming off the transcription of the biotin operon by binding the bio

operator and obstructing the transcription of bioBCDEF. Under these circumstances,

maximal transcription (derepression) occurs because BirA is unable to bind the operator

site when it is not occupied by its corepressor, biotinyl-S'-AMP (Fig.SA). However,

when the supply of biotin exceeds the amount needed to biotinylate the existing

apo-BCCP, the BirA-biotinoyl-S'-AMP aceumulates and binds the bio operator thereby

repressing transcription of the operon (Fig.SB). In this beautifully orchestrated system,

the rate of biotin operon transcription is sensitive not only 10 the inttace1Iular

12
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biotin is present in low concentrations (A) all biotinyl-S'-AMP produced by BirA is used
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concentration of biotin. but also to the amount of BCCP subunit to which biotin must be

attached (29). The gene encoding the BirA protein has been c10ned and the protein

purified (17,27,30,31). These data anà the resolution of the structure of BirA by X-ray

crystallography have revealed that in this 321 amino acid protein the DNA-binding and

enzymatic functions are physically separated. A he!ix-turn-helix motif situated at

positions 22-46 (86) is part of the 80 amine acid domain responsible for the DNA

binding activity, while the ligase function is contained at the carboxyl terminus of the

protein at residues 83-235 (32,33,86).

Holocarbo"'Ylase ~·ntbetase. Biotinylation ofapocarboxylases in eukaryotes is catalyzed

by HCS. In a similar fashion to BirA, biotinylation requires the formation of

biotinoyl-5'-AMP as an intermediate product (Fig.4A). In mammalian cells, HCS

activity has been located both in cyloplasm and in mitochondria corresponding to the

cellular localization of biotin-dependent-earboxylases. Interestingly, in human cells,

biotinylation of PCC can occur in the cyloplasm, with HCS acting on isolated Cl subunits,

or within the mitochondria, after multisubunit assembly of PCC bas been accomplished

(42,43).

To explain the presence of HCS activity in mitochondria and cytosol, 1 have proposed

!wo alternative hypotheses (Chapter 2). In the first mode!, biotinylation of all

apocarboxylases is catalyzed by a single HCS (Fig.6A). This particular mode! requires

that HCS is targeted in a dual fashion to mitochondria and cytosol. The second

hypothesis assumes that there are two different HCS encoded by separate genes (Fig.6B)•
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MCC
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• Fig. 6. Two differeut models are proposed to explain biotinylation of mitocbondrial
and cytoplasmic carboxylases.
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One of these genes would encode a mitochondrial HCS responsible for the biotinylation

of PC, MCC and PCC. The second gene would encode a cytoplasmic HCS that would

carry out ACC biotinylation.

E. Specificity of Bacterial and Eukat1'otic BiotÏD Ligases

In the synthesis of active holocarboxylases, both BirA protein and HCS show high

specificity towards biotin. Sorne biotin analogues can be used by the synthetases to

catalyze the acylation of the correct lysine residue of apocarboxylases but the resulting

holoenzyme is inactive (67). The specificity of HCS and BirA protein for acceptor

apocarboxylases is not as rigorous as for biotin. The results from various laboratories

show that synthetases from different species can catalyze biotinylation of apocarboxylases

from different organisms. The cross-species activity of synthetases includes biotinylation

of bacterial apocarboxylases by mammalian HCS and biotinylation of mammalian

carboxylases by the BirA protein (69,70). These observations suggested that

bio!in-dependent enzymes, despite their structural differences, must share a common

recognition domain for biotinylation (Fig.2). This hypothesis is supported by the strong

amino acid sequence conservation around the biotin-binding site among biotin-dependent

carboxylases. Three structural features are of particular interest for this study (Fig.7):

1) AlI carboxylases are biotinyIated at a specific lysine residue located within the

conserved sequence Met-Lys-Met, with the sole exception of ACC from Anabaena sp.

where the biotinylated Lys residue is within the sequence Met-Lys-Leu (87). The

biotinylation site is located 35 amino acids from the carboxyI terminus of the proteins
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Fig. 7. AmiDo acld sequence conservation among biotin-dependent enzymes. The
sequence of different biotin enzymes are aligned with respect 10 the biotin binding site
to show the amino acid conservation around titis region. The Pro region described in the
text and the conserved Gly residues are shawn in the schematic representation of the
biotin domain above the protein sequences. The numbers represent the amino acid
position in the CI subunit of PCC. Protein sequences are as follows: HPCCA, human
propionyl-eoA carboxylase, HPC, human pyruvate carboxylase; YPC, yeast pyruvate
carboxylase; 1.35 TC, 1.3 5 subunit of transcarboxylase of P. shel71lll1Ùi; YACC, yeast
acetyl-CoA carboxylase; CACC, chicken acetyl-CoA carboxylase.
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except in ACC where the Met-Lys-Met motif is located on the "mino terminus of the

protein.

2) AIl carboxylases contain a Pro-Xn-Pro motif 30 to 35 arnino acids from arnino

terminal side of the biotin binding site, where n= 1 to 5 hydrophobie arnino acids. It

has been suggested that this motif may be involved in providing carboxylases with a

flexible point that would turn the biotin domain into a swinging arm. The arm with

biotin located at one end would be able to oscillate, facilitating the transfer of a carboxyl

group between the carboxyl donor and acceptor molecules.

3) In ail biotin-dependent enzymes sequenced so far, there are severa! glycine and

valine residues conserved at specifie positions in relation to the biotinylation site.

The extreme conservation of these motifs arnong biotin eontaining proteins implies a

funetional or structura! role for them. It has been suggested that these sequences might

be involved in recognition of the biotinylation site by the synthetase, in the mechanism

of carboxyl group transfer or in the recognition of biotinylated peptides by biotinidase

(29).

To investigate the role of sorne of these sites, researchers have used the 1.38 subunit

(123 arnino acids in Iength) from P. shermonii transcarboxylase as a mode! of a

biotin-dependent enzyme. E. coü expression of a mutant 1.38 protein, in which the

methionine residues that flank the biotin-binding site were substituted by leucine, resulted
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in normal biotinylation of the protein by BirA (72,73). However, these changes affected

the enzymatic acùvity of the protein by impairing the transfer of the carboxyl group from

the donor molecule to bioùn (74). The interpretation of these latter results has become

difficult by the recent cloning ofAnabaena sp. ACC where the bioùn binding site h::.... the

sequence Met-Lys-Leu. It is possible that structural differences between the bioùn

carboxylase subunit of P. shermanii transcarboxylase and Anabaena sp. ACC may

impose different restricùons for the recognition and carboxylaùon of bioùn.

The importance of the distance of the bioùn-binding site from the carboxy1 terminus in

carboxylases was examined by expressing mutant versions of the 1.35 subunit in which

the 1ength to the C-terminus was varied. These experiments demonstrated that

1engthening the 1.35 subunit by 2 residues or shonening it by 1 did not affect

biotiny1ation. However, substitution or de1etion of the penu1timate amine acid abolished

biotinylation of the protein (75).

Recently, Cronan (76) showed that panial sequences of the 1.35 subunit can be

biotiny1ated efficiently by E. coli. He showed that the minimum size of the 1.35 protein

that allows biotiny1ation is 75 amine acids. 5imilar1y, Yamano et al. (77) reponed that

fragments of the 1.35 subunit of P. freudenreichii expressed in E. coli containing

residues 18-123 were efficiently biotinylated. Truncated proteins composed of residues

84-123 were not biotiny1ated, demonstrating the presence of essential sequences for

biotinylation of apocarboxylases upstream from the biotin-binding site. 5imilar studies

have not been done for eukaryotic carboxylases.
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The high conservation among bioùn enzymes suggests that the findings described above

could apply to ail bioùn-dependent enzymes. However, the bioùn domains in eukaryoùc

carboxylases are part of much longer polypepùdes and it is not c1ear whether the

requirements for their bioùnylaùon are more complex or involve more distant residues.

An objecùve of this thesis was to isolate human peptides able to act as substrate for HCS

to permit the study of biotinylation reactions in eukaryotic cens.

D. BIOTIN METABOLISM A1't'D DEFICIENCY SYNDROMES

A. Biotin Metabolism

During the course of evolution, sorne prokaryotes and ail eukaryotes lost the ability to

synthesize biotin and now depend entirely on diet as the only source of the vitamin.

However, biotin is present in very low concentrations in nature and this pUIS at risk the

metabolic homeostasis of the ce11. To deal with their requirement for biotin, mamma1s

have evolved a very efficient and complex biotin cycle to ensure an adequate supply and

utilization of the vitarnin (Fig.8).

Most biotin present in food is not readily available te the organism because it is protein

bound (34); that is, il remains attached to carboxylases and must be released before it can

be re-utilized in further biotinylation reactïons. During protein digestion in the small

intestine, the carboxylases are broken down te peptides that can later be absorbed through

the intestinal ephithelia (35). Through this process, biotin proteins are catabolyzed te

their mono-amino acid derivative, biotinyl-Iysine, aIso known as biocytin (7). Biotin is
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released from biocytin through the action of biotinidase. which cleaves specifically the

quasi-peptide bond between biotin and the E-amino group of lysine (36). In the pancreas

of sorne organisms, there is a high activity of biotinidase which suggests that biotin

release occurs mostly in the intestinal lumen (37,38). At this site, the ,i!amin is actively

absorbed in a sodium-dependent fashion against a concentration gradient through the

brush-border membrane of enterocytes (37,39,40,41). Sorne species are able to transport

both biotin and biocytin across the small intestine (37), and this could represent an

additional mechanism to maximize the utilization of dietary biotin. Where biocytin is

transported across the intestinal epit:.ielium, serum biotinidase would become responsible

for releasing the vitamin to permit its re-utilization.

Human serum biotinidase is a glycoprotein composed of a single polypeptide with a

molecular weight of 76,000 daltons (44,45). The enzyme shows a higher affinity for

biocytin (Km range from 5-10~ than for larger biotinylated peptides (46), suggesting

this compound is the naturai substrate of the enzyme. A cDNA encoding human

biotinidase was cloned based on the sequences of tryptic peptides derived from the

purified serum enzyme (47). The predicted protein is composed of 543 amine acid

residues incIuding a potential 41 amine acid signal peptide. In recent studies, it was

suggested that biotinidase may have other distinct enzymatic functions besides its role in

biotin recycIing. These incIude lipoamidase activity and enkephalin hydrolysis (48,49).

However, the physiologica1 significance of these other activities of biotinidase remain 10

he demonstrated.

21



•

•

EXCRETION

BIOTIN

DIETMY BIOTIN

t
INTESTINAL ABSORPTION

~
.f"\., ,..-

-~~,~-
BIOTIN

,•. ,..-~
'n,-

1.2 -0' ,
~ 01 0 ..

'./~-ë-:-DfkC..o.,o·,
o-HOLOCARBOXYLASES

PROTEOLYSIS

•

ISIOTII'UDASË/

.f'\.,
,l,---.l.
':'~9o \'".............-o..a,.c...-~
BIOTIN·LYSINE

(BIOCYTlN)

Fig. 8. Biotin cycle in mammals.
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B. Disorders of Biotin Metabolism

Acquired biotin deliciency. Bioùn deficiency is characterized by a reduction in the

activity of the four bioùn-dependent carboxylases. Clinically. affected patients present

with alopecia, dermaùùs. erythematous periorificial rash, dryness and fungal infecùons

(1). Severa! neurological disorders have been documented such as mild depression.

somnolence, muscular pain, hyperesthesia and paraesthesia. Biotin deficiency in humans

is extreme1y rare and genera!ly it is associated with severe malnutriùon, prolonged

parenteral nutriùon (88) or to the consumpùon of large quantiùes of avidin, usually in

the form of raw eggs (51,52). The highly efficient system for recyc1ing endogenous

biotin most like1y accounts for the long period of time il takes for human patients to

deve10p the first symptoms of biotin deficiency. In contrast, it takes only 1 to 2 weeks

of treatment of biotin-deficient individuals with biotin supplementation for their clinical

and biochemical condition to improve.

Deficiency of single carboxylase activities. Inherited metabolic disorders causing

deficient activity of each of the mitochondrial carboxylases have been reported in

numerous patients (53) and only one case has been documented for ACC deficiency (54).

Patients affected with isolated mitochondrial carboxylase deficiency present with

vomiting, lethargy, hypotonia, seizures and deve10pmental de1ay. In cases where PCC

or PC activities are impaïred, patients may fall into coma and the disease is potentially

fatal. Biochemically, deficiency of any of the three mitochondrial carboxylases is

associated with metabolic ketoacidosis, and the profile of organic acids in urine is so

specific that it can he used to diagnose the particular defect with great accuracy (1)•
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PCC deficiency results in the accumulation of propionie aeid in blood and in the

excretion of methylcitrate, tiglylglycine and B-hydroxypropionate among other

eompounds. In PC deficiency there is a strong elevation in the excretion of ketone

bodies, lactate and alanine. MCC deficient patients excrete high arnounts of

beta-hydroxyvalerate, beta-methylcrotonate and methylerotonylglycine.

Individual carboxylase deficiencies are caused by mutations that disrupt the funetion or

structure of the enzyme. The disorders are associated with a failure to respond to biotin

treatment (55,56). However these deficiencies can be treated by restrieting protein intake

or specifie amino acids in the diet, thereby preventing the accumulation of toxie

intermediates•

Biotin-responsive inborn errors of biotin metabolism. In humans, there are autosomal

recessive disorders of biotin metabolism that result from the disruption of the aetivity of

biotinidase or HCS. The main outcome of such deficieneies is the marked reduetion in

the aetivity of the four biotin-dependent carboxylases. Clinically and biochemically,

affected individuals show a eombination of al! the isolated carboxylase deficiencies.

However, unlike for isolated carboxylase defects, these patients respond successfully to

pharmacological doses of biotin. Based on the age of onset of the symptoms, HCS and

biotinidase deficiencies are generally known as neonatal and juvenile fonns of multiple

carboxylase deficiency (MCD), respectively.

Biotinidase deficiency. A defect of biotinidase activity blocks the release of biotin
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from food or its recycling after carboxylase proteolysis (see biotin cycle). This disorder

results in a secondary biotin deficiency, disrupting the acti"ity of ail carboxylases. In

these patients the mechanisms of intestinal absorption of biotin and biotinylation of

apocarboxylases remain unaltered which explains why affected children respond rapidly

to dietary biotin supplementation.

The main c1inical and biochemical features in children with biotinidase deficiency include

a1opecia, developmental delay, organic aciduria, seizures, skin rash, mild

hyperammonemia and breathing problems. The onset of the disease varies from two

weeks to two years of age. The biotinidase activity in serum of affected individuals is 0

to 9 percent of the mean normal activity (1). The biochemical and most of the c1inical

manifestations of the disease can be reversed successfully with pharmacological doses of

biotin (5 to 20 mg per day).

Holocarborylase synthetase deficiency. Biotin-responsive multiple carboxylase

deficiency caused by mutations in the holocarboxylase synthetase gene is a much more

severe metabolic disorder. In this case, the ability of the ce11s to bioünylate

apocarboxylases is directly affected while the intestinal biotin release and the endogenous

recycling of the vitamin are normal. Biochemical and c1inicaJ manifestations of this

disorder can inc1ude ketolactic acidosis, organic aciduria, hyperammonemia, skin rash,

feeding problems and vomiting, hypotonia, seizures, developmental delay, a10pecia and

coma (57). The onset of the disease occurs generally within a few hours after birth te

fifteen months of age. The urine of these patients show relatively high concentIations
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of Jl-hydroxyvalerate, Jl-methylcrotonylglycine, 6-hydroxypropionate, methylcitrate,

lactate and tiglylglycine (7). The excretion of all these metabolites is clear evidence of

a generalyzed carboxylase failure. This disorder produces a metabolic catastrophe

because it compromises gluconeogensis, synthesis and degradaùon of fany acids and the

catabolism of several branched chain amino acids. The disease is potenÙally fatal;

however, all its clinical and biochemical manifestaùons can be reversed with

pharmacological doses of bioùn (10-80 mg per day).

Fibroblasts from patients with this form of MCD show deficient activity of the three

mitochondrial carboxylases when cells are incubated in a medium containing a low

concentraùon of biotin (58,60). When the medium is supplemented with a much higher

biotin concentration, the activities of these enzymes increase rapidly to within normal

levels (Fig.9). This effeet was observed even in the presence of cyc10heximide indicating

that restoration of enzymatic activity is due to activation rather than to synthesis de novo

of carboxylases (61).

The biotin-responsiveness observed in patients and cultured fibroblasts led 10 the

hypothesis that the mutations present in patients with MCD cause a decrease in the

affinity of HCS for biotin. Burri et al (62,63) using semipure apocarboxylases from rat

as substrate showed that the Km for biotin of HCS from patients with MCD was

increased up to 7Q-fold compared to the normal value from control individuals. These

results were substantiated by stdies done on fibroblasts from normal and MCD affected

patients. These ce1ls were made biotin deficient by incubating them in a biotin-free
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Fig. 9. Errect of biotin concentration on the activity of carboxylases. The aetivity
of the three mitochondrial carboxylases was determir.ed in human fibroblasts in~bated
in low (A), or high (B), biotin concentrations. .
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medium. Mitochondria prepared from these cells were incubated with ATP, biotin and

propionyl-CoA and the incorporation of radioactive bicarbonate into methylmaionyl-CoA

was measured. These studies reported a SOOO-foid increase in the RCS Km for biotin

in MCD patients compared to the value observed in control cells (98). The Km values

reported for RCS must be taken with caution because the assays used are indirect, based

on the enzymatic activity of an activated carboxylase rather !han in the accumulation of

biotinylated products. Despite this limitation, these sudies provided the fust indication

of the mechanism of biotin responsiveness in neonatal MCD. Unfortunate1y it has not

been possible to use the coupled assay to determine heterozygosity in parents of affected

children using the coupled assay for RCS. This reflects the limitations of the enzymatic

assay.

As described before, it is not completly clear whether there is one or two synthetases in

the cell. This has an important impact on the interpretation of the clinical and

biochemical findings in multiple carboxylase deficiency. In the single RCS model,

mutations affecting the Km of the enzyme for biotin would have a negative impact on the

activities of an carboxylases (Fig.6A). If there are two RCS proteins encoded by

different genes, the multiple carboxylase deficiency would be the result of mutations in

the gene encoding the mitochondrial synthetase. In this case, the patients would show

a deficiency of mitochondrial carboxylases only (Fig.6B). Differentiating between these

posibilities has been difficult because it bas not always been possible te assess the

reèuction in the activity of ail four biotin-dependent carboxylases in MCD. However,

some patients have been shown te be deficient in bath the mitoehondrial and the
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cytoplasmic carboxylase acùvities (64). This observation supports the hypothesis for a

single HCS in human cens.

C. Bacterial Model for Multiple Carbox)'lase Deficiency

Little is known about the structure and physicochemical propenies of human HCS

because the protein has not been purified or its gene c1oned. However, different

observations suggest that it may share severa! functional and possibly structural features

with the bacterial BirA protein. First, the biotinylation of apocarboxylases by HCS or

BirA proceeds in a similar fashion, via a biotinyl-adenylate intermediate

(65,66,67,68,69). Second, E. coli cel!s deficient in biotin-Iigase activity are biotin

auxotrophs resembling the phenotype of MCD patients in their requirement for high

concentraùons of exogenous biotin (31,32,33). The mutaùons that produce a BirA

protein with an elevated K,. for biotin are c1ustered in a discrete region of the gene which

encodes the biotin-binding pocket of the protein (31,32,33). It is possible that this

domain has been conserved in human HCS. If 50, mutations responsible for the biotin

responsiveness of MCD may show a simi1ar distribution pattern.

The conservation of the biotin domain between prokaryotic biotin-Iigase and eukaryotic

Res would explain the exttaordinary correspondence between the bacterial and human

apocarboxylase synthetase deficiencies. This relationship suggested the use of E. coli

biTA- as a mode1 for the study of multiple carboxylase deficiency and human

hol0carb0xylase synthetase. An objective of this thesis was te use biTA- cells te i50late

a cDNA encoding human Hes based on the cross-species activity exhibited by biotin
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ligase and HCS.

PROPOSAL

HCS is responsible for the activation by biotinylation of the four biotin-dependent

carboxylases present in human ceUs. Genetic deficiency of HCS activity results in the

neonatal form of the biotin-responsive multiple carboxylase deficiency (MCD), with

the consequent impact on fatty acid metabolism, gluconeogenesis and amino acid

catabolism. Although it appears that MCD results from a reduction of the affinity of

HCS towards biotin, the molecular mechanism underlying the biotin-responsiveness of

the disease is not known. The enzymes involved in biotinylation in bacteria have been

weil documented. However, the lack ofa re1iable method to determine HCS activity and

the fact that no eukaryotic HCS has been purified or c10ned has made difficult the

analysis of biotinylation in humans.

The objective of this thesis is to determine the molecular basis of neonatal MCD in

humans. To achieve this goal, l proposed to develop an accurate assay ta determine

HCS activity, to isolate the gene or an expressible cDNA encoding human HCS, and ta

determine mutations and their impact on HCS deficiency in humans.

In Chapter 1, l undertook a study ta determine the amino acid sequence requirements of

hurnan apocarboxylases for their biotinylation by the BirA protein of E. coli. Bacterial

expression of truncated fragments of the cr subunit ofhurnan propionyl-CoA carboxylase,

containing a normal or artificially mutated biotin-binding domain, allowed identification
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of the smallest peptide able to act as a substrate for biotinylation.

Chapter 2 contains the experiments directed towards the c10ning of human HCS. Mutant

E. coli birA- cells exhibiting biotin auxotrophy and temperature sensitive growth were

used as recipients of an expressible human cDNA Iibrary. This experiment permitted the

isolation of severa! candidate cDNA clones based on their ability to complement the

bacterial phenotype. The peptide substrate for HCS characterized in Chapter 1 was used

to identify the enzymatic activity encoded by the cDNA clones.

Finally, in Chapter 3 in a collaborative work with Ms. Lucie Dupuis, the HCS assay WolS

used for the direct analysis of HCS deficiency and biotin-responsiveness in cells from

patients with MCD. DNA samples from these œlllines were analyzed by single strand

conformation polymorphism (SSCP) for the identification of mutations responsible for

the phenotype exhibited by affected individuals.

This study provides a description of the mechanisms for the recognition of human

apocarboxylases during the biotinylation reaction. The use of carboxylase fragments as

a substrate for biotinylation constitutes the tirst direct assay for HCS activity and for the

diagnosis of the neonatal form of MCD. This thesis contributes to the understanding of

biotinylation reaction in human cells by the charaeterization of the predicted sequence of

HCS and the description of possible models for its intracellular fate. The prelimi'1arY

results on mutation anaiysis in MCD provide insight into the structure and function of

human HCS.
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CHAPTER2

SEQUENCE REQUmEMENTS FOR THE BIOTINYLAnON OF CARBOXYL

TERMINAL FRAGMENTS OF HUMAN PROPIONYL-COA CARBOXYLASE

a SUBUNIT EXPRESSED IN E. coli.
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PREFACE TO CHAPTER 2

One of the main objectives of this thesis was to develop a substrate to sludy HCS

deficiency and biotin-responsiveness in neonatal MCD. The cross-species activity

exhibited by prokaryotic and eukaryotic biotin ligases suggested the use of E. coli as

the host to develop the HCS substrate. 1 proposed the expression of fragments of the

oc subunit of human PCC in this bacteria to study their biotinylation by the BirA

protein. These experiments in conjunction with site-directed mutagenesis a1lowed me

to determine the amino acid sequence requirements for the biotinylation of human

PCC by biotin ligase and to establish the basis for a direct enzymatic assay to study

HCS activity in vitro and in vivo.

1 would Iike to acknowledge Mr. Rino Clarizio, head of the Oligonuc1etide Synthesis

Facility of the Montreal Children's Hospital-Research Institute for helpful technica1

comments and for his assistance in the synthesis of the oligonuc1etide primers used in

this study.

The results of this chapter have been published under the title "Sequence requirements

for the biotinylation of carboxyl-terminai fragments of human propionyl-CoA

carboxylase oc subunit expressed in E. coli" by Alfonso Leon-Del-Rio and Roy A.

Gravel (J. Biol. Chem. 269:22964-22968, 1994).
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J.'IiTRODUCTION

Biotin-dependent enzymes are widely distributed among living organisms where they are

involved in decarboxylation and carboxylaùon reaeùons (1). Their bioùnylaùon oceurs

by the addition of a bioùn molecule to a specifie lysine residue on the apoenzyme. This

reaeùon is catalyzed by bioùn ligase in baeteria and by holocarboxylase synthetase (RCS)

in mammalian eells (2,3). In one case, the bioûn ligase has more than one funetion. The

BirA protein of E. coli catalyzes the biotinylation of the biotin carboxyl carrier protein

(BCCP) of the enzyme, acetyl-CoA carboxylase, and aIso aets as the represser of the

bioûn operon (3,4). This enzyme, unlike mammalian HCS, has been purified and its

gene eloned (5,6), but little is known about the way in whieh the biotin ligase recognizes

BCCP (7,8). Il has been shown that the synthetase from one organism cao biotinylate

apoenzymes from other sources. This cross-species aeûvity, which ineludes biotinylation

of baeterial apocarboxylases by mammalian HCS (9) or mammalian apocarboxylases by

baeterialligases (9,10, Il), revea1s a molecular mechanism common to an these enzymes.

The biotin eontaining proteins show a high degree of sequence conservation surrounding

the biotin binding site (Fig. 1). The biotinylated lysine, called biocytin, is located within

the conserved tetrapeptide, Ala-Met-Lys-Met, 35 residues from the carboxyl terminus and

about 39 amino acids from a Pro-x,.-Pro sequence (X,.= one to 5 amino acids invo1ving

Met, Ala, Ser, De, Leu, or Arg) on the amino terminal side. Also, there are severa!
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Fig. 1. AmiDo acid sequence conservation among biotin enzymes. The sequence of
different biotin enzymes are aligned with respect ta the biotin binding site ta show the
amino acid conservation around this region. Only the amino acid residues that are
conserved in at least four of the seven protein fragments are shown in the figure. The
numbers above the sequences represent the amino acid position in the IX subunit ofhuman
PCC. Arrows indicate putative fleXlole points along the protein fragments. Protein
sequences are as follows: HPCCA, human propionyl-CoA carboxylase; HPC, human
pyruvate carboxylase; YPC, yeast pyruvate carboxylase; 1.35 TC, 1.35 subunit of p.
shemumii transcarboxylase; BCCP, biotinyl carboxyl carrier protein of E. coU acetyl
CoA carboxylase; YACC, yeast acetyl-CoA carboxylase; CACC, chicken acetyl-eoA
carboxylase.
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conservee! glycine and valine residues at identical positions in relation to the biocytin site.

These residues might be involvee! in apoprotein recognition by the HCS or in the

activation of biotin during the carboxylation reaction (12).

In vitro mutagenesis has becn usee! to determine the role of conservee! sequences on the

biotinylation reaction. In the best studiee! case, the 1.3S subunit of Propionibacterium

shennanii transcarboxylase, it was shown that the E. coli biotin ligase can biotinylate

large protein fragments containing the biotin attachment site, as well as the full 1ength

protein (13). Shortening of the carboxyl terminus by two residues or de!etion of

sequences locatee! within 30 residues on the amino terminal side of the biocytin site

preventee! biotiny1ation of the peptide by the E. coli biotin ligase (13,14). In this proteïn,

substitution of either methionine flanking the biocytin residue, despite the conservation

of these residues across species, had no evident effect on biotinylation efficiency (15).

Other studies suggest a role for the methionine residues in the carboxy1ation reaetion

(16).

This investigation focuses on the identification of amino acid residues required for the

recognition and biotinylation ofhuman apocarboxylases. The apocarboxylase mode! used

is the a subunit of human PCC (pCC-a). PCC (E.C.6.4.1.3) is a heteropo1ymerïc

protein, Mr= 560,000, with the tentative structure a.B4 (17,18). The biotin containing

a subunit contains 703 amino acids and carries a single biotin mo1ecule at position 669,

which is used by the enzyme to transfer a CÛ:! mo1ecule from bicarbonate ta propiony1

CoA.
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We have expressed carboxyl terminal fragments of PCC-a in E. coli to study the effect

of pepùde chain length and sequence on biolinylation by the bacterial biolin ligase. Our

studies show that a carboxyl terminal peptide contain;ng the last 67 amino acids of the

a sub.:nit of PCC carries enough information to be recognized by the bioùn ligase. We

also used site directed mutagenesis of the PCC-a fragment to investigate the role of

specific sites in the biotinylaùon reaction.

MATERIAlS AND MEmODS

Reagents. [S,9-3H]biotin (45 Cilmmol) was purchased from Dupont, Boston, MA, and

[14C]biotin (57 mCi/mmol) was from Amersham, UK. Anti-flag monoclonal antibody and

anti-flag affinity gel were from International Biotechnologies, Inc. New Haven, CT and

the Doubletake double-stranded mutagenesis kit was from Stratagene, La Jolla, CA.

Sequencing of DNA constructs was done by the dideoxy chain termination melhod using

Sequenase from United States Biochemical Corporation, Cleveland, OH. Isopropylthio-6

D-galactoside (lPTG) was purehased from Sigma, St. Louis, MO. AIl other reagents

were of analytical grade.

Strains and plasmids. For plasmid propagation, we used E. coli straJn DHS-a

F'/endAI, hsdR17(rk'mk+), supE44, thï-l, recAI, gyrA (Nal'), relAl, â(lacZYA

argF)UI69, (mSOIacUMl5). Site directed mutagenesis was performed on eDNA

fragments cloned in plasmid Bluescript from Stratagene. Expression studies were done

with the expression vector pFLAG-I from International Biotechnologies Ine., The host
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strain was HBIOI ~(gpt-proA)62, leuB6, thi-I, lacYI, hsdS B.20, recA, rpsL20 (Str'),

ara-14, galK2, xyl-S, mtl-I, supE44, mcrBB• Expression of unbiotinylated PCC-ex

fragments was done using E. coli C-124, generously provided by Michel Goudry

(Universite Pierre et Marie Curie, France).

Construction of expression vectors encoding carboxyl terminal PCC-a fragments.

Specific oligonucleotides were designed for PCR amplification of 3' terminal fragments

of the fulllength PCC-ex cDNA (19). Ali these fragments contained the region coding

for the biotin binding site but varied in the length of their amino or carboxyl extension.

The amplification primers contained new restriction sites that facilitated the subcloning

of the fragments. After sequencing, the PCR products were subcloned into the

expression vector pFLAG-1 which aIIowed their inducible expression as fusion proteins

in the presence of 2 mM IPTG. These proteins contained the fusion peptide (FP), Asp

Tyr-Lys-Asp-Asp-Asp-Asp-Lys, at their amino terminus. Detection and purification of

fusion proleins was done using a monoclonal antibody (anti-Flag antibody) direcled

against the FP fragment.

Construction of mutant PCC-a sequences. cDNA fragments coding for the last 63 ta

80 amino acids of PCC-a subcloned in Bluescrlpt were subjected ta si~

mutagenesis performed by recombinant PCR (20) or using the Doubletake mutagenesis

kit. The mutant construets were sequenced and subcloned into the pFLAG-l vector and

expressed in HBIOI ceIls as above•
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Immunological detection of fusion proteins. For in vivo biotinylation of fusion

peptides, E. coli cells were grown in L-Broth medium until an O.D.",,,, of 0.4 at 37°C

was reached. At this point, the synthesis of fusion proleins was induced by the addition

of IPTG to 2mM and growth was conlinued for 2 h. Ten ml a!iquots were removed

from the bacteria! cultures and th~ cells were collecled by centrifugation. The pellets

were resuspended in 100 III ofbuffer containing 50 Mm Tris pH 8.0, 1 mM EDTA, 0.1

mM DL-dithiothreitol, 2 mM phenylmethylsulfonyl fluüride and 5 % glycerol. The cells

were disrupted by sonication and the proteins were fractionated by electrophoresis in

duplicate 12% SDS-polyacrylamide gels. After electrophoresis, the proteins of both gels

were e1ectrophoretically transferred to nitrocellulose membranes. One of the filters was

incubated with anti-Aag antibody followed by incubation with goat anti-mouse IgG

aIkaline phosphatase (lgG-AP) conjugate. The second membrane was incubated with

streptavidin-AP to detect biotinylation of the protein fragments. Both membranes were

color developed with AP substrate reagents. For in vitro biotinylation of PCC-a

fragments, pFLAG-I vectors encoding terminal fragments of PCC-a were used to

transform biotin-dependent E. coü strain C-124. This strain contains a mutation that

specifically blocks the synthesis of dethiobiotin, an essentiai intermediate in the

production of biotin in E. coli. Log-phase C-124 cultures in L-Broth medium were

transferred to a biotin-free medium (7.5 mM CNH4)~O., 33 mM KH~O., 60 mM

K~O., 1.7 mM sodium citrate, 1 mM MgSO., 0.2% dextrose, 0.1 % casamino acids,

2mM IPTG) and grown al 37°C for 2 h. The ce1ls were peIleted and the unbiotinylated

fusion proteins were purified with the anti-Aag affinity gel according to the

manufacturer. After removal of the Flag peptide with enterokinase, PCC-a fragments
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(I/Lg) were incubated with 10-50 /LI of E. coli HBIOI cell extracts for 2 h at 37°C. The

sampIes were loaded into 12% SOS-polyacrylamide gels and biotinylation of the

fragments was determined using streptavidin-AP as above.

Time-course of fH)biotin incorporation into PCC-a fragments. E. coli HBIOI cells

expressing mutant carboxyl terminal fragments of PCC-a were grown in biotin-free

medium supplemented with fHlbiotin (1.0 J'Ci/ml) and 2 mM IPTG. The proteins were

fractionated by SOS-polyacrylamide gel electrophoresis. After drying the gel, the exact

position of biotinylated proteins "'-as determined by comparison with a duplicate gel that

was developed with streptavidin-AP. The regions of the gel containing the radioactive

proteins were cut, dissolved in scintillation cock1ail and the radioactivity incorporated

was analyzed using a scintillation counter.

Quantitation of biotinylation of mutant PCC-a fragments. E. coli ~.ells expressing

mutant PCC-a terminal fragments were initially examined immunologically using the

anti-Flag antibody/streptavidin-AP as above. This experiment allowed examination of

the level of fusion protein synthesis and a crude estimate of their biotinylation. To

quantitatively compare the efficiency of biotinylation, the cells were grown in a biotin

free medium supplemented with [14C]biotin (0.5-1.0 J'Ci/ml) and 2rnM IPTG. The

proteins (50 J'g per sample) were fractionated by SDS-polyacrylamide gel

electrophoresis. After electrophoresis, the gel was dried al SO°C and exposed for 12 h

to an imaging plate and the incorporated radioactivity "'Jas quantitated using a Fujix BAS

2000 Bio-lmaging Analyzer (Fuji Medical Systems USA loe, Stamford, CT)•
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Biotinylation results were normalized with respect to biotinylation of a control peptide

containing the unmodified carboxyl terminal sequence of PCC-a.

RESULTS

Effect of peptide chain length on biotin~·lation. The PCC-a mutant fusion proteins

expressed in E. coli were visualized with the monoclonal anti-Flag antibody or

streptavidin-AP to test for the presence of the FP sequence or biotin, respectively

(Fig.2A-B). When the Western blot membranes were incubated with streptavidin-AP,

one band of IS.4 kDa was present in ail the samples (Fig.2B). This band corr.::sponds

to the BCCP of acetyl-CoA carboxylase, the only biotin dependent protein in E. coli (3).

We used this protein as an internal control in all the expression experiments.

Representative results of the effeet of protein chain length on biotinylation of PCC-a

fragments are shown in Fig.2, while the structure of the PCC-a peptides expressed and

summary of the data are given in Fig.3. Fusion proteins carrying the last SO amino acids

(p-SO; residues 624-703) or 67 amino acids (p-67; residues 637-703) of PCC-a were

efficiently biotinylated by the bacterialligase. However, we did not find evidence of

biotinylation when we expressed a peptide contllining the last 57 amine acids of PCC-a

(p-57; rcsidues 647-703). The data show that sequences located upstream of Val636 are

dispensable, whüe the region spanning residues 637-647 includes sequences critical for

biotin ligation. Comparison of this region with sequences of other biotin-dependent

proteins (Fig.l) showed that the ollly conserved segment is the Pro-x,,-Pro motif.
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Fig. 2. ImmuDoolot analysis of carboxyl terminal fragments of PCC-ex expressed in
E. coli. Carboxyl terminal fragments of PCC-ex expressed in E. coli were separated by
SDS-polyacrylamide gel e1ectrophoresis (12% gel). A, immunoblot analysis with
monoclonal anti-Fiag antibody to verify the expression of fusion proteins; B, immunoblot
analysis using streptavidin-AP for deteetion of the biotin moiety. The numbers at the left
of the blots indicate the molecular weight in lcDa. Detailed procedures for sample
preparation are described under "Experimental Procedures". The peptides expressed in
each lane are defined in Fig.3.
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A fusion protein containing the last 60 amino acids of PCC-a (p-60; residues 644-703)

which lacked the proline sequence was not biotinylated (Fig.3), suggesting that the

sequence, Pro-Met-Pro, is essential for biotir.ylation of the peptide. However. the

presence of the tripeptide as a terminal sequence was not sufficient to promote

biotinylation of the mutant fragments (Fig.3, p-63). To eliminate the possibilty that the

lack of biotinylation of p-63 was due to the Flag peptide at the amino terminal side of

the Pro-Met-Pro sequence, we studied its biotinylation in vitro after removal of the Flag

octapeptide. This PCC-a fragment (Fig.3 p-63B), unlike purified p-SO or p-67, was not

biotinylated by E. coli HBI0l cell extfacts under the experimental conditions tested.

These results showed that the last 67 amino acids of PCC-a contain the information

required to be recognized and biotinylated by the E. coli biotin ligase. Increasing the

length of the 01 fragment from 67 to SO amine acids did not affect the apparent

accumulation of biotinylated protein under the experimental conditions (see below).

ln order to study the effect of sequences located at the very carboxyl terminus of the

peptide on biotinylation, we expressed truncated carboxyl terminal versions of the

biotinylation-competent p-SO fragment (Fig.3). A peptide lacking the last 3 amino acids

(c-77) was biotinylated as efficiently as the full-length SO amine acid fragment (Fig.2).

However, deletion of the last 27 amino acids (residues 677-703) abolished biotinylation

of the peptide (Fig.3, c-53). The failure of the ligase to biotinylate two shorter fusion

proteins lacking the last 17 or 13 amino acids (c-63 and c-67), localized sequences

essential for biotinylation between residues 690-700 (c-67, illustrated in Fig.2). In

contrast te the amino terminal truncated versions of the p-SO
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p-8O K COOH (+) (+)

R-6681ËB R COOH (0)

~ ËB-PMPG-K COOH (+) (+)

p-63 ËBPMPG-K COOH (-)

p-63B PMPG-K COOH (-)

p-8O ËëG-K COOH (0)

p-57 IEB-K COOH (0)

• e-77 Hl K COOH (+)

e-Q ËB K COOH (0)

~ ËB K-COOH (0)

c-s3 ËB K-COOH (0)

•

Figo 3. Effect of amino acid chain length on biotinylatiOD of PCC-a peptides. Amino
terminal or carboxyl terminal truncated versions of p-SO were expressed in E. coli and
their biotinylation studied as described under "Experimental Procedures". The position
of the fusion peptide (PP), the sequence Pro-Met-Pro and the biotin binding site are
indicated for each fragment. A plus or a minus sign, under the biotinylation column,
indicates when a fragment W'..s or was not biotinylated by E. coli (Jane complete1y blank
when blots were probed with streptavidin-AP). In vitro biotinylation studies were canied
out using purified fusion proteins inC'Jbated with E. coli HBIOI ce11 extraets. The
numbers in the names of the PCC-a fragments indieate their length in amino acids. The
numbers at the top of the figure indicate the amino acid position in the fulliength PCC-
a.
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fragment, comparison of the sequence 690-700 with the carboxylase consensus sequence

revealed no extensive!y conserved residues at these positions. These experiments ~.:;d the

results obtair:ed from peptide p-67 showed that the minimum a-PCC fragment that can

act as a substrate for the biotin !igase is between 64 and 67 amino acitl: ;n kngth.

Time course of biotin)'lation of PCC-or fragments. E. coli cells carrying the constructs

coding for the p-SO or p-67 fragments were grown in the presence of [lH]biotin and 2mM

IPTG for 1 to 22 hrs (Fig.4). Maximum biotin incorporation by the two protein

fragments occurred at 2 h after IPTG induction, being higher for the p-67 than the p-SO

fragment. After 22 h the amount of accumulated p-67 was also higher. When wc

quantitated the accumulation of biotin, as P4C]biotin, in p-67 and p-SO using a phosphor

image analyzer, we found that the biotin incorporation by p-67 was 33 % higher than that

observed by p-SO (Fig.5). Our resu!ts suggest that the smaller p-67 peptide is a better

substrate for the biotin ligase or is more stable within the cell. During the period tested

the biotiny!ation of the BCCP remained constant, demonstrating the specificity of the

results.

Effect of amino acid substitution on biotinylation. Based on the above experiments,

the p-67 fragment was chosen for study of the effect of amino acid substitutions on

biotinylation. The targets for site-directed mutagenesis were Lys669 (the biocytin site),

Met668, Met670, Pro640, Met64l, Pro642, Gly653, Cys663 and Gly6S0 (Fig.5). These

amine acids were selected due to their high conservation among biotin enzymes and on

the chain length cxperiments described above. Immunological deteetion of the mutant
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Fig. 4. Tmle course of in vivo biotinylatioD of PCC-Ir peptides. E. coli ce1Is,
expressing PCC-Ir peptides p-67 0, or p-SO 0, were incubated in the presence of
[3H]biotin for. different times. Crude extraets from these cultures were analyzed by SDS
polyacrylamide gel electrophoresis and the biotinylation of the peptides was quantitated
as described under "Experimental Procedures" using a scintillation counter. Biotinylation
of BCCP • was used as an internaI control for every experiment. The experiment was
done on two independent occasions; The data shoWn are from one of the experiments.
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fusion proteins with anti-f1ag antibody (data not shown), showcd that the amino acid

substitutions did not affect the amount of mutant peptide synthesizcd by E. coli comparcd

with the unmutatcd p-67 control. Substitution of Lys669 by Arg abolishcd biotinylation

eomplete\y (Fig.5, R-669). This mutant peptide was uscd as a negative control in a11 the

mutagenesis experiments. Substitution of Met66S by Leu had no apparent effect on the

biotinylation of the mutant peptide; however, substitution of Met670 by Leu increascd

biotinylation by 36% (Fig.5, L-K-M and M-K-L, respectively). Substitution of Cys663,

located only five residues upstream of the modified lysine, by Trp, reduced the amount

of biotinylated peptide by 62% (Trp663).

From the results of the e:::pression of a;nino terminal truncated versions of p-SO, it

seemed that the sequenee Pro-Met-Pro at position 640 might be important for

biotinylation of the peptides, even though a PCC-a fragment carrying the tripeptide as

the amino terminal sequence failed to be biotinylated (Fig.3, p-63). To explore this

matter further, we evaluated derivatives of p-67 eontaining mutations in this region

(Fig.5). Substitution of the sequence, Pro-Met-Pro, by the tripeptide Ala-AJa-Ala (A-A

A in Fig.5) causcd a decrease of 46% in the biotinylation of the peptide. A greater

decrease (76%) was observed when the hydrophobie methionine residue of the Pro

sequence was substituted by lysine (P-K-P). Finally, de\etion of the entire Pro-Met··Pro

sequence with retention ofupstrearn residues abolished biotinylation of the mutant peptide

(Fig.5 A-A-A).

In a different set of experiments, we focuscd on the role of sorne of the conserved
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Fig. S. Effect of amino acid substitution on biotinylation of PCC-a peptides.
Cultured E. coli cens expressing mutant versions of p-67 were labelled with [14C]biotin.
Crude extracts from these cultures were analyzed by SDS-polyacrylamide gel
electrophoresis and biotinylation of the mutant peptides was quantitated using a phosphor
image an&yzer as described under "Experimental F;ocedures". The target amino acids
for site directe<! mutagenesis, and their position in PCC-a, are shown in the schematic
representation at the top of the figure. The brackets below the targeted amino acids
indicate the specifie group of results obtained from their substitution. The nature of the
amino acid substitutions introduced into p-67 are indicated in the bottom ofthe graph and
descn1>ed in the text. HBIOI represents biotin incorporation by E. coli HBIOI ceIls that
were not transformed with any expression vector; p-80 and p-67 represent the
biotinylation of fusion proteins containing the unaltered last 80 and 67 amino acids of of
PCC-a, respectiveJy. Results are expressed as percent of control (p-67) biotinylation.
Black bars represent biotinylation of BCCP, grey bars represent biotinylation of PCC-a
peptides. The grey bar value for t.,-t.,-t., and R-668 is '0'. Each bar represents the
mean ± S.E.M. of three experiments (two in the case of Ala-6S2 and Trp-662).
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glycine residues on biotinylation. In this respect. an E. coli strain containing a mutation

changing GlylOO (position 680 in Fig.l) to Ser in the BCC? subunit of ACC is

responsible for deficient ACC activity when the cells are grown at 42°C (21). The

mutation was also found to cause a less efficient biotinylation of the BCC? subunit (22).

To test the importance of this residue in the human enzyme, we reproduced the E. coli

mutation at the same position on p-67, changing G1y680 to Ser. We found a 53%

reduction in the biotinylation of the mutant peptide compared with the original p-67

fragment (Fig.5, Ser680). However, when the cells expressing the mutant peptide were

grown at 42·C we did not notice any funher decrease in the biotinylation of the fragment

(data not shown).

Next, we mutated another highly conserved glycine residue Iocated at position 653 on

PCC-a (Fig.l). This amino acid was of panicular interest because it is located between

the proline-rich region and the biotin binding site. Two different changes were

introduced at this position. The first one was a conservative change that substituted G1y

to AIa (A1a633). The second change substituted G1y to Pro (Pro633), a change that was

predicted to affect the secondary structure of the fragment by disrupting the putative

conformation of this region. Both mutations reduced the biotinyIation of the fragment

by 74% (Fig.S).
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DISCUSSION

The successful in vivo biotinyJation in E. coli of carboxyl terminal fragments of human

PCC-a subunit shows that the carboxyl terminus of this protein can function as an

independent domain. The required sequence is defined on the amino terminal side by the

tripeptide, Pro640·Met-Pro, and on the carboxyl terminal side, very close to the C

terminus. The shortest peptide that supported biotinylation was 67 amino acids long.

This compares favorably to the 75 amino acids required to support biotinylation of the

1.35 subunit of P. shennanii (13). These are much larger than the 13 amino acid

peptides that can be biotinylated when selected from a synthetic peptide library (23). The

size of the latter structures maybe related to the minimum of constrains associated with

a requirement only for ligand binding in the peptides (23).

The lack of biotinylation of the apocarboxylase fragments in which the Pro-Met-Pro

tripeptide was deleted suggests that it may be required for the recognition and

biotinylation of the peptides by the biotin ligase. However, it is possible that the

tripeptide might be only the most characteristic feature of a longer recognition sequence,

since peptides carrying the tripeptide at their very amine terminus were not biotinylated.

If 50, it may be that the ligase recognizes this sequence only when it is located within a

particular amino acid environment and not when it is situated at the end of the protein.

Alternative1y, the Pro-Met-Pro sequence may act only to add length to an extended

biotinylation domain. We believe this to be unlike1y because substitution of the Pro-Met

Pro sequence by three consecutive Ala residues, which preserved the original peptide
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length, redueed the biotinylation of the fragment. Similarly, substitution of the central

Met641 residue by Lys, while lea\'ing the prolines intact, also redueed biotinylation

suggesting that the non-polar hydrophobie nature of the tripeptide may play a role in the

recognition of the apoenzymes by the ligase.

It has been suggested that the sequence Pro-X.-Pro might turn the carboxyl terminus of

biotin dependent enzymes into a flexible "extended arm" allowing biotin to oscillate

belWeen donor and aeceptor sites of carboxylation (12). This hypothesis was explored

using a computer program (24) to predict the amino acid chain flexibility for ail the

carboxylase sequences shown in Fig.l. The analysis showed the biotin binding site to

be located belWeen three putative flexible points in ail the proteins (Fig. 1, arrows).

These flexible regions are located at or near one of the highly conserved Gly residues

and not on the Pro-Mct-Pro sequence. Although these results do not exclude the

involvement of the tripeptide on chain flexibility, we believe that this sequence may have

a dual role: (a) due to the tendeney of Pro residues to bend protein chains, the sequence

Pro-Met-Pro might act to isolate the carboxyl terminus of biotin enzymes from the rest

of the protein, turning this region into an independent domain; and (b) it may be required

by the biotin Iigase to identify the lysine residue that has to be biotinylated.

On the carboxyl terminal side of the domain, mutations that removed up to three amino

acids from the carboxyl terminus of p-SO did not affect the efficiency of biotinylation.

However, longer deletions at the carbolCyl terminus of p-SO demonstrated that the amino

acids located belWeen residues 690-700 in PCC-a are neeessary for modification of the
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apopeptide. Our results differ significantly from those obtained with the 1.3S subunit

from P. shermanii expressed in E. coli. In this protein, the penultimate amino acid is

essential for biotinylaùon (14). Although comparison of the sequence 690-700 with the

analogous region in other biotin enzymes shows no amine acid sequence conservation,

this region is rich in hydrophobic residues in ail these enzymes. It is possible that the

hydrophobic domain is important in preserving the secondary structure of the pepùde or

il is involved in the interacùon with the bioùn-Iigase.

The importance of the conserved glycine residues on the bioùnylation or catalytic activity

of biotin-dependent enzymes may be iIIustrated by the substitution of Gly680 ta Ser. In

this case the peptide mimics a mutation in the BCCP subunit that results in temperature

sensitive growth dependence of the mutant E. coli (21). When we expressed the

mutation in the PCC-a fragment, we found a reduction in its biotinylation by the biotin

Iigase. When Gly653, another highly conserved amino acid, was mutated, we also

found a strong decrease on biotinylation of mutant peptides. Unexpectedly, the effect

on biotinylation of the mutant fragments was the same whether the mutation introduced

a conservative amino acid, substitution to alanine, or introduced a change that disrupted

the putative secondary structure, substitution to proline. It is possible that these residues

are recognition signais for the ligase or they might be important for the correct folding

of the biotin domains.

For years, researchers have speculated that the absolute conservation of the tripeptide

Met-Lys-Met among biotin enzymes implies a functional role (12). lt has been suggested
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that this sequence might be important for the identification of the Lys residue to be

modified by the ligase or for the activation of biotin in the carboxylation reaction

(12,15,16). Our results showed that the conserved Met residues are not necessary for

biotinylation of PCC-a peptides confirming the findings reported by Shenoy et al (15)

for the 1.3S subunit from P. shennanii transcarboxylase. In this latter protein,

substitution of the Met residues had no effect on biotinylation. However, the mutations

resulted in deficient biotin carboxylation (25). Computer model\ing of the structure of

yeast PC (26) suggests that the biotin domain forms a fi-hairpin loop containing a single

fi-tum in which the bioùn binding site is located. This model proposes that the biotin

binding site is isolated and is not important for the folding of the rest of the domain.

This might expJain why substitution of the Met residues in the tetrapeptide, AJa-Met-Lys

Met, had no effect on bioùnyJation of PCC-a fragments.
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CHAPTER3

ISOLATION OF A cDNA ENCODING HUMAI" HOLOCARBOXYLASE

SYNTHETASE BY FUNCTIONAL COMPLEMENTATION OF A BIOTIN

AUXOTROPH OF Escherichia Coli
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PREFACE TO CHAPTER 3

In the previous chapter, 1 demonstrated the autonomy of the biotin domain of human

PCC-a as a substrate for biotinylation by the biotin ligase of E. coli. This result

suggested the possibility of cloning the human HCS gene by performing the reciprocaI

experiment: using the human synthetase to biotinylate the bacterial carboxylase from a

biotin ligase-deficient E. coli strain. These ceUs resemble the rhenotype of patients with

neonatal MeO by requiril1g of high doses of exogenous biotin to grow. The success of

this approach required that human HCS take over the role of the mutant biotin ligase and

rescue the phenotype of this bacterial strain. Coexpression of fragments of human PCC

a in survivor E. coli cells would allow confirmation of the enzymatic activity encoded

by the candidate clones.

1would like to acknowledge the contributions of the following persons to the realization

of this study: Dr. i)aniel Leclerc for his numerous comments and for his help with the

computer analysis of the HCS sequence, Dr. Roy A. Gravel for helpful discussions and

for proof-reading sequencing gels, Dr. Nobuaki Wakamatsu who isolated a cosmid clone

containing the putative 5' end of the HCS gene and Ms. Beverly Akerman who

confirmed the sequence of the alternatively spliced regions of HeS mRNA in genomic

DNA and cDNA by PCR and RT-PCR, respectively. Flnally, 1would like to thank Dr.

Hai Shiene Chen, head of the Sequencing Core Facility of the Canadian Genetic Diseases

Network at the Hospital for Sick Cbildren in Toronto for inv&uable sequencir.g

assistance.
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The results of this chapter have been published under the tille "Isolation of a cDNA

encoding human holocarboxylase synthetase by functional complementation of a biotin

auxotroph of Escherichia coli" by Alfonso Leon Del Rio, Daniel Leclerc, Beverly

Akerman, Nobuaki Wakamatsu and Roy A. Grave! (Proc. Nat!. Acad. Sei. USA, (1995)

92:4626-4630).
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INTRODUCTION

Holocarboxylase synthetase (HCS) catalyzes the biotinylation of three mitochondrial and

one cytoplasmic biotin-dependent carboxylase in mammalian cells (1). In contrast, E.

coli has a single biotinylated protein, the biotinyl carboxyl carrier protein (BCCP), a

subunit of the bacterial acetyl-CoA carboxylase (2). The biotinylation of

apocarboxylases by HCS occurs by the addition of a biotin molecule to a specific Lys

residue located within a highly conserved sequence, Met-L)'s-Met, present in ail biotin

dependent enzymes (3). A deficiency of HCS activity in humans is responsible for the

neonatal form of multiple carboxylase deficiency (4-6). Patients have life threatening

metabolic acidosis which, in almost all cases, can be successfully treated with

pharmacologie doses of oral biotin (7). Biochemically, affected patients show a decrease

in the activity of ail four biotin-dependent carboxylases (8,9).

Unlike the mammalian HCS, the biotin ligase of E. coli, BirA, has been purified and its

gene cloned (10,11). It is a versatile enzyme because, in addition to its role in

biotinylation of BCCP, it also acts as the repressor of the biotin operon (12). Mutations

are known in the BiTA gene that affect either the repressor or the biotin-ligase function

(13-15). Indeed, the latter mutants are biotin auxotrophs, by analogy with the human

disorder (16,17). Based on these data and evidence that mammalian HCS is a

monomeric protein (18,19), we set out to clone the human HCS cDNA by expression of

a cDNA library in biTA cells. We report here the isolation of human HCS cDNA clones

capable of replacing the biotin ligase function of E. coli.



•

•

•

MATERIALS AND METHODS.

Materials. Radiolabeled compounds were from Dupont. A human multiple tissue

Northern blot and B-actin cDNA probe kit were from Clontech. cDNA probes were

labeled using a random priming kit from Boehringer-Mannheim. Oligonucleotides were

synthesized in-house by R. Clarizio. Sequenase was from United States Biochemicals.

Temperature-sensitive E. coli birA mutants were kindly provided by A.M. Campbell

(16,17) and A.J. Otsuka. A 67 amino acid carboxyl terminal fragment (p-67) of the a

subunit of human propionyl-CoA carboxylase (pCC-a), in the vector pFLAG67, was

usee! as substrate for HCS (20). A human cDNA library, ÀYES, from EB virus

transformed B-lymphocytes and E. coli strain BNN132 containing t..KC were generously

provided by S.J. Elledge (21) and E. McIntosh. A cosmid genomic DNA library, in

pWE15 and made from human lymphocyte DNA, was from Stratagene.

Cloning of BCS cDNA and genomïc DNA clones. The birAI04 mutant was

lysogenized with a helper phage (t..KC) harbouring the kanamycin-resistance and cre

genes (kan-cre). Kanamycin-resistant colonies showed wild-type growth at 30·C in LB

plates with 5ILM biotin but no growth at 42·C. The resulting E. coli birAI04(t..KC) was

infected with a human cDNA library in ÀYES as described (21) and incubated for 2 h

at 30·C in non-selective LB medium (5 ~ biotin, 2 mM IPTG). The cells were

collecte<! by centrifugation at 1500xg, washed twice with LB medium to eliminate biotin

and plate<! in selective LB agar medium (ampicillin, 50 ILg per ml; no added biotin) at

30·C for 24 h. Survivor colonies were recovered and cDNA clones were isolate<! as
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pSE936 plasmid derivatives. The clones were grouped in classes by restriction analysis

and subcloned into the EcaRI site of Bluescript for sequencing. The cosmiè genomic

DNA library was used for the isolation of clones containing the S'-end of the HeS gene

using a S'-end, 366 bp KpnI fragment of cDNA clone BL-II as probe.

Functional characterization of HCS cDNA. The candidate HCS cDNA clones in

pSE936 were used to re-ttansform birAJ04. The ceUs were plated in biotin-restrlcted LB

agar medium supplemented with 2mM IPTG and evaluated for growth after overnight

incubation. To assess the HCS aCtivity, individual colonies were grown to OD600 of 0.4

0.5 in LB liquid medium and ttansferred to biotin-free minimal medium (A-medium (22»

with 2mM IPTG at 30·C or 42·C for 10 min. [14C]biotin, 1 !LCi/ml, was added to the

cultures, and the incubation was continued for 2 h. Crude ceU extracts were prepared

and theîr proteins were separated by electrophoresis in 12% polyacrylamide gels. The

proteins were ttansferred ta nitroceUulose membranes and the radioactivity was

quantitated using a phosphor image analyzer (FUJI-BAS 2000, Fuji). In sorne

experiments, birAJ04 was transformed with pFLAG67, with or without prior

transformation with candidate cDNAs, to test L'le HCS activity of cDNA clones on p-67.

Detection of the radiolabe11ed peptide was determined after e1ectrophoresis as above.

Analysis of RNA. The multiple tissue Northern blot prepared from poly(A+) RNA (2

",g per lane) of the indicated human tissues was probed with a KpnI fragment spanning

positions +37-873 of the Hes cDNA. Hybridization with human.6-actin cDNA served

as a control for the quantity and integrity of the RNA in the blot. Hes mRNA was also
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analyzed by agarose or polyacrylamide gel electrophoresis of PCR products derived from

reverse-transcribed RNA (RT-PCR). Total RNA was isolated from fibroblasts and

reverse-transcribed using oligo-dT,s as primer (23). The sequence and posiùon of the

sense (S) and anùsense (A) oligonucleoùde primers used in the PCR steps are shown in

Fig. 2. They are SI (-528 to -504), S2 (-437 to -414), S3 (-293 to -268); and Al (+83

to +62).

RESULTS

Isolation and Sequence oC Human HCS cDNA. The birAI04(}J<.C) cells were infected

with 25 x 106 ÀYES bacteriophage expressing a human lymphocyte cDNA library and

plated in selective LB plates without added biotin. After 24 hr growth at 30°C, 31

bacterial colonies were isolated. Of these, 21 Cre·m~iated pSE936 plasrnids retained

the ability to complement the biotin auxotrophy and temperature-sensitive growth of the

birAI04 hosto The cDNA clones were evaluated for relatedness by restriction enzyme

analysis with Ecold, which f1anked the inserts, and KpnJ.. Four classes of cDNA inserts

were identified of 4.0 kb (3 clones), 3.0 kb (8 clones), 2.2 kb (5 clones) and 2.0 kb (5

clones) in length (Fig. lA). One member of each class (BL-U, BL-03, BL-10 and BL

04, respective1y) was subcloned and sequenced in both orientations.

AlI of the clones shared the same internai sequence but were heterogeneous at their 5'

or 3' ends (Fig. lA). The longest, BL-U, contains an open reading frame of2178 bp,

encoding a predieted protein of 726 amino acids, M.=80,759 (Fig. 2). The first in-
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Fig. 1. Hes cDNA classes isolated by complementation of E. coli birAl04.
Alternatively spliced regions relative to BL-ll are indicated as ~l46 and ~09 (A). ln
frame ATG codons suitable for initiation oftranslation are indicated by arrows. Location
of stop codons, polyadenylation tails and KpnI restriction sites used for determining
cDNA classes are shown. Nonsense codons are represented by an X. Numbering at the
top of the figure indicates cDNA length in bp and is based on the frrst in frame ATG
codon on BL-ll. B) Diagram of RT-PCR produets obtained using primers Sl-Al.
Alternatively spliced regions relative to RP-l are shown as ~8l, ~l46 and ~309.

Arrows indicate the position of the first ATG codon in relation to BL-l1. The sequence
of the three splice junctions detected in HeS cDNA is shown in the inset.
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frame ATG is preceded by a nonsense codon at position -123. At the 3' end, there is

an additional -!.5 kb of sequence beyond the end of the open reading frame,

termir·ating in a poly-A!ail. Two of the clones, BL-03 and BL-IO, differ in the

alternative deleùon (seemingly spliced out) of an internal 146 or 309 bp sequence (Fig.

lA, ~150 and ~290) beginning at -257 compared to BL-II (Fig. 2). BL-04 is similar

to the other clones but does not extend as far as the variable S'-end region. At the 3'

end, BL-03 and BL-04 con!ain poly-A !ails, each at a different locaùon and far short of

the poly-A site in BL-11 (Fig. lA). None of the cDNAs contains a consensus

polyadenylaùon signal.

The ATG codon used by the bacteria to express BL-ll, BL-03 and BL-IO is located

within the cDNA (+ 1 for the first !wo and + 172 for BL-lO, Fig. 2), defined either

because a nonsense codon preceeds the ATG (BL-ll and BL-10) or the sequ,~ce is out

of-frame with respect to the single ATG in the pSE936 vector (BL-03). BL-04 is

expressed as a fusion protein initiated by the ATG in the vector (nine amino acids). This

cDNA begins at +165 relative to BL-ll and the fust ATG encoded by the cDNA is

located at + 172 {Met58).

Functiona1 Charaeterization orBCS cDNA. The clones were eValuated for their ability

to restore biotinylation of BCCP in birAJ04 ceIls incubated at 30·C or 42·C. The

untransformed birAJ04 ceIls showed incorporation of [14C]biotin into BCCP at 30·C but

not at 42·C, ref1ective of the temperature-labile biotin ligase in these ceIls (Fig.3,

birAJ04). In contrast, birAJ04 transformed with any of the cDNA clones could
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Fig. 2. DNA sequence and predicted amino acid sequence of human HCS cDNA.
The sequence shown was derived from BL-U and RP-l (Fig. 1). Altematively spliced
out sequences ~81 and ~146 are shown in small characters flanked by vertical lines.
Arrowheads indicate the spliced out sequence in BL-IO (~09). The S'end of each
cDNA class is indicated by a filled circle. Oligonucleotide primers used in RT-PCR
experiments are overlined above the nucleotide sequence. Numbering at the right of the
figure gives positions in bp or arnino acid residues accordingly, with counting starting
at the first in-frame ATG. Stop codons are indicated by ***.
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biotinylale BCCP at eilher temperature (Fig.3). Further, when birAl04 cells were

transformed with pFLAG67, a very limited incorporation of [14C)biotin into p-67 was

obtained at 30°C (Fig. 3, +p-67). Additionally, the presence of p-67 in these cells

resulted in a 10-fold reduction in the biotinylation of BeC? by ûie mUlant BirA protein

(quantities in legend of Fig. 3). As found for BCCP, birAl04 was also unable to carry

out the biotinylation of the p-67 peptide at 42°C. On the other hand, when birAl04 cells

were co-transformed with pFLAG67 and pSE936 containing BL-II, BCCP and p-67 were

efficiently biotinylated at both temperatures (Fig.3; p-67+BL-ll).

RNA Analysis. An 837 bp KpnI fragment of the RCS cDNA (Fig. lA) was used to

probe a Northern blot prepared from severa! human tissues. The probe hybridized to a

principal RNA species of 5.8 kb present in ail tissue samples (Fig. 4), with the strongest

signals apparent in skeletal muscle, kidney and pancreas. Two fainter bands, possibly

degradation products, of 4.6 and 4.0 kb were detected in most lanes. A 8.5 kb band was

also detected in brain, skeletal muscle, kidney and lung.

To test for alternative splicing, as suggested by the internal deletions in BL-03 and BL

10, an RT-PCR experiment was done on fibroblast RNA in which the oligonucleotide

primers (S3 and Al) were positioned flanking aJ09, the larger of the two è.;:ietions (Fig.

2). Two PCR products were obtained and sequenced. The longer matched BL-lI, whiIe

the shorter contained a deletion of 146 bp corresponèing exactly to the excised sequence

of BL-03 (Fig. lA; AI46). The aJ09 deletion was not detected in the fibroblast RNA.
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Fig. 3. ID vivo [14Qbiotin incorporation into BCCP and p-67 by BirA and buman
BCS in E. coli birAI04. The lane labelled BirAl04 shows birAJ04 cells not
transformed with any expression vector; +BI.-l1, birAI04 cells transformed with
pSE936 c:anying HCS clone BL-1l; +p-67, birAI04 cells transformed with pFLAG67
expressing the p-67 fragment ofthe human PCC-a subunit; +p-67+BL-ll, birAI04cells
co-transformed with pFLAG67 and pSE936BL-11. The number under the brackets
indicates the temperature usee! during biotin incotpOration by the bacteria! cultures, 30'C
or 42°C. Detection of the radiolabel in BCCP or p-67 was by overnight exposure of
nitrocellulose blots ta a phosphor image analyzer. The data are for a representative
experiment. In arbitrary units, the band densities for BCCP are (Ieft to right): 344, 12;
465, 290; 32, 3; 278, 101. For p-67, they are 23, 0; 36, ~4; 93, 11; 1908, S08.
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Identification of additional transcribed sequences. The longest cDNA clones were far

short of the 5.8 kb major species detected by Northern blotting. No additional sequences

were detected in cDNA libraries. However, we obtained addition21 5' genomic DNA

sequences using the 5' EcoRI-KpnI cDNA fragment of BL-ll to probe a cosmid human

genomic DNA library. A 9.5 kb genomic clone overlapping with the 5' end of the

cDNA was isolated, and a 2.0 kb EcoRI fragment which hybridized to the HCS probe

was subcloned and sequenced. This fragment matched the 5' end of the cDNA from 

258 to -363. At -258, at the donor site of the a146 and a309 deletions, the genomic

clone continued into an intron with the splice donor sequence

TICAGAAACA 1gtgagtacca ( 1 = splice site).

To determine if any additional sequence 5' of -363 was represented in HCS mRNA, RT

PCR experiments were done on fibroblast RNA using oligonucleotides as primers that

bridged sequences in the genomic c1,me and the 3' side of a309 (Fig. lB). Three

oligonucleotides (51-53 used with Al), which extended the transcribed sequence at least

to -528, gave PCR products with longer 5'-end extensions but which were structurally

similar to BL-ll or BL-03 (Fig. lB, RP-l and RP-2). A third PCR product, observed

only with 51 as the sense primer, had a unique structure (Fig. lB, RP-3). It containPd

IWO internal deletions, a146 and another 81 bp in length (a81) beginning at position 

473. The sequence of a81 has the structure of a conventional intron with consensus

donor and acceptor splice motifs (Fig. 2).
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Fig. 4. Northern aoa)ysis of Res mRNA. A Northern blot of poly(A+) RNA from
the indicated human tissues (2 p.g per Jane) was hybridized with a KpnI-generated 837
bp fragment of clone BL-U (A) or with human J3·actin (B). The position of the
mo)ecu)ar weight markers is indicated at the left of the figure.
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DISCUSSION

We have utilized the cross-species activity of biotin ligases to clone a cDNA encoding

human HCS by functional complementation of a mutant birA strain of E. coli. The HCS

activity encoded by the cDNA clones was specifically responsible for the bioùnylation

of E. coli BCCP and a fragment of human PCC-a co-expressed in the bacterial strain.

During revision of this manuscript, a similar cDNA was reported by Susuki et al. (24)

using oligonucleotides deduced from peptides determined from bovine HCS. Il has a

structure similar to clone BL-ll reported here.

Previous studies have demonstrated HCS activity in both the mitochondria and cytosol

(19,25). This implied either distinct HCS proteins encoded by different genes or

different forms of the same HCS targeted to the two compartments. The absence of

mitochondrial or cytosolic carboxylase activities in patients with HCS deficiency

effe::tively excludes the two enzyme mode! (7). Further, the cDNA isolated by Susuki

et aI. (24) was c10ned from sequences derived from the cytoplasmic form of HCS. Yet,

they identified mutations, one of them a frame-shift, in a patient with multiple

carboxylase deficiency. These data point to a single HCS expressed in the mitochondria

and cytosoI.

Mechanistically, there are precedents for targeting proteins te both compartments. In

generaI, this is achieved by initiating translation from different AUG codons, one to

specify mitochondriaI impert and the other cytoplasmic targeting. This, in tum, can be
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achieved through the use of different transcription initiation sites t~6.27) or through

taking advamage of secondary structure or sequence conte"t to allow translation from

multiple AUGs (28.29). A third mechanism might be the use of alternative splicing to

introduce different N-terminal sequences into the encoded protein. This has been

documenled for proteins translated on bound versus free polysomes (30,31).

It is not obvious which of the above mechanisms might be uùlized by HCS for its dual

targeùng. One possibility, based on the alternaùve splicing we have observed, is

suggested by the idenùfication of IWO different first in-frame ATG (.odons (Metl and

Met58) among the four classes of cDNAs. These sites could represp.1t the mitochondrial

and cytosolic translation initiation sites, respectively. Inspection of the predicted N

terminal sequence defined by Metl (or Met58) does not appear compatible with the

amphiphilic nature of mitochondrial leader sequences (32,33», although there are

numerous exceptions to this empiric rule (32). Assessment of the potential of Metl to

direct import into mitochondria will require its expression in mammalian ceUs and

determination of the ceUular fate of the encoded protein.

A second possibility is that alternative splicing of a yet unidenùfied upstream sequence

could introduce the required mitochondrial import sequence 5' of the currently designated

Metl. When the predicted protein sequence uPStrearn of Metl was evaluated for a

potential mitochondrial pre-sequence using the subroutine TRANSPEP from the program

PCGENE (Intelligenetics, Inc), the sequence composed of PSKlVKWSDCCLPLACRPG

(encoded by nuc1eotides -120 to -64) was identified. However, the sequence lacks a star!
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ATG and is preceded by several nonsense codons, the first at -123. The altemate

splicing we have documented successful1y intercepts these nonsense codons. Yet in f!.very

case, the new sequence is also interrupted by a nonsense codon. None introduce the

required Met residue. Therefore, validation of this model would require the introduction

of a still unidentified exon containing the N-terminal portion of a mitochondrial leader

sequence.

If the altemaùve splicing at the S'end of the HCS mIU'A is not for generating a

milochondrial pre-sequence, then its role remains obscure. It cannot be specifica1ly

associated with the mRNA pattern observed by Northern blotting since the altemative1y

spliced exons are small. Indeed, when the composite, unspliced cDNA and RT-PCR

sequences are taken into account, there remains over 1 kb to be accounted for when

compared to the 5.8 kb major mRNA species detected by Northern blotting. The missing

sequence may be present at either end. While we suggest that additional S' sequences

may be required, the presence of severa! poly-adenylation sites and the absence of

consensus poly-adenylation signais aise suggest that a poly-adenylation signal could

remain to be identified farther downstream. Resolution of the complex relationship

between the cDNA and RNA stuctures will require the analysis of a more abundantly

expressed tissue than the skin fibroblasts examined here.

Comparisen of the predicted protein sequence of HCS cDNA with the GenBank and

EMBL data bases showed that il shares specific areas of homology with the BirA protein

of E. coli (11) and a candidate BirA sequence in Paracoccus denirrificans (34) (Fig.S).

72



•

•

•

Fig. 5. Amino acld sequence comparison among biotio ligases. HCS, human
holocarboxylase synthetase; BIRAE, E. coli BirA protein; BIRAP, P. denitrificans
putative biotin-ligase. Conserved and similar amino acid residues (A,G; S,T; D,E; N,Q;
V,L,r,M; K,R; F,W,Y) an enclosed in boxes. The position of amino acids that contact
biotin in BirA (_), as determined by crystallographic analysis (35), is indicated under
the protein sequences. The localizatior. of mutations assoclated with an increase in the
km forbiotin in E. coli birA strains birA8I5, birAI, birA2I5 and birAI04 (m order from
the N-terminus) are indicated by arrows (13-15). Amino acid position for each protein
is shown at the left of the figure.
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The similarities with HCS are restrictee! to a region of the E. coli BirA shown by X-ray

crystallography to contain the biolin binding sile (35). The Iwo proleins share 36%

identity across a 129 amine acid region, with 6 of the 8 residues involved in direct

contact with biotin in BirA idenlical in human HCS and the remaining two showing

conservative changes (Thr477 to Ser; LysS06 to Arg). Several bacterial mutations

associated with an increase in Km for biotin fall within this region in BirA (Fig. 5). A

similar localization might be anticipatee! for sorne mutations in patients with biotin

responsive multiple carboxylase deficiency.

The ReS cDNA also contains a consensus GXGXXG sequence at amino acid residues

505-510 which was also notee! in BirA (35) (Fig. 5). This SlT'Jcture has been associated

with ATP binding in several enzymes (36,37), although it appears to be involved in

contact with biotin in BirA (35). It is possible, as suggested (35), that this might reflect

the requirement that ATP and biotin be spatially dose to permit formation ofbiotinyl-5'

adenylate, an intermediate during the biotinylation reaction. The retention of this site in

the evolutionarily distant human and bacterial biotin ligases underscores the potential for

ATP binding at this site.

The isolation of a cDNA encoding human HeS will make it possible to determine the

mechanism of biotinylation of apocarboxylases and the details of the events leading to

mitochondrial versus cytoplasmic targeting. In particular, knowledge of the nuc1eotide

sec;uence will allow determination of the mutations responsible for multiple carboxylase

deficiency and the mechanism of the biotin-responsiveness in these patients.
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CHAPTER4

MOLECULAR BASIS OF BIOTIN-RESPONSIVE!''ESS OF PATIENTS WITH

NEONATAL MULTIPLE CARBOXYLASE DEFICIENCY.
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PREFACE TO CHAPTER 4

ln Chapter 4, the technology and knowledge developed in Chapters 2 and 3 were used

to determine the molecular events that lead to the neonatal form of biotin-responsive

MCD. First, 1 developed a direct assay to determine the activity of HCS using a

carboxyl terminal fragment of the ct subunit of human PCC as substrate for biotinylation.

This protocol has been used to demonstrate HCS deficiency and biotin responsiveness of

protein extracts of patients affected with MCD. Second, the determination of the

sequence of the HCS cDNA a1lowed the mutation analysis of DNA from affected

indivisuals. Preliminary results indicate c1ustering of mutations in a 129 amino acid

region and define the putative biotin-binding domain of human HCS.

1 would like to acknowledge Ms. Lucie Dupuis who collaborated with me throughout this

study and who characterized the mutations. She has graciously a1lowed me to use ber

mutation data for the preparation of this chapter. However, additional studies will be

completed by her before it is ready for publication as a collaborative report. 1 would

a1so like to thank to Steven Baird of the Sequencing Core Facility of the Canadian

Genetic Diseases Network al the Children's Hospital of Eas,~:n Ontario for sequencing

assistance.
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L"ITRODUCTlON

HolocarboxyJase synthetase (HCS) catalyzes the biotinylation of the three mitochondrial

and the cytoplasmic biotin-dependent carboxylases present in human cells (57,82.83.84).

Genetic deficiency of HCS causes the neonatal form of multiple carboxylase deficiency

(MCD), .. disorder characœrized by a reduction in the activity of ail carboxylases (2).

MCD is potentially fatal because biotin enzymes catalyze key reactions in

gluconeogenesis, fany acid metabolism and amino acid catabolism (57). However, a11

the biochemical and clinical manifestations of MCD, including vomiting, hypotonia,

lethargy, developmental delay, coma, ketoacidosis, hyperammonemia and glycinuria can

be successfully reversed with pharmacological doses of biotin. There is a second, less

severe, form of MCD caused by a defect of biotinidase, the enzyme responsible for the

intestinal release of protein-bound dietary biotin (38) and for the recycling of tl.e vitamin

during carboxylase turnover. Patients affected by this disease a:so respond to biotin

treatment but, unlike neonatal MCD, their symptoms appear later in life usually between

1 to 3 months of age.

The biochemical defect in HCS deficiency was demonstrated by incubating ceUs in a

medium with low concentrations of biotin (58,60). Under these conditions, the activity

of the three mitochondrial carboxylases was reduced to undetectable levels, while normal

cells retained mos! of their carboxylase function. The activity of the biotin enzymes was

restored to normal values after the cells where transferred to a biotin-rich medium. Burri

et al. (63), using semipurified apocarboxylases from biotin-starved rats as a substrate for
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HCS, went on to show that the symhetase from affected indi\'idllals had a redllccd

aftinity for biotin.

Recently, we (99) and Susuki et al. (97) isolated cDNA clones encoding hllman HCS.

Analysis of the predicted amino acid sequence (726 amino acids) re\'ealed that HCS is

a member of a family of biotin-ligases that inc1udes the BirA protein from E. coli (321

amine acids) (93) and the putative biotin-ligase of P. denirrijicans (94). The homology

among these proteins is restricted to a small region of 129 amino acids which has been

idenùfied by X-ray crysta1lography as the biotin binding domain of the BirA protein (86).

Outside this domain, the bacterial biotin Iigases and human HCS do not show any

significant sequence conservation. This led us to postulate that mutations in HCS

involved in the biotin-responsive phenotype might be located in or near this biotin

binding domain (99).

ln the current study, we àeveloped an in vitro assay to determine HCS activity based on

the bioùnylation of a carboxyl terminal fragment of a human propionyl-CoA carboxylase.

We used the assay to confirm the deficiency of HCS activity in neonatal MCD and that

bioùn-responsiveness is a propeny of the mutant enzyme. Futher, we identified severa!

mutations responsible for the enzyme defect and showed that most of them mapped to the

biotin-binding region of HCS.
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MATERIALS Al"O :,\IETHOOS

Matcrials. ["C]Biotin (57 mCi/mmol) was purchased from Amersham (United

Kingdom). Sequenase was from United States Biochemical. Anti-FLAG affinity gel was

purchased from Intemationall3iotechnologies Inc. All other reagents were of analytical

grade. A 67 amine acid carboxyl terminal fragment (p-67) of the Ct subunit of human

propionyl-CoA carboxylase (PCC-ex), encoded in the vector pFLAG67, was used as

substrate for HCS (71). The skin cell fibroblast cell lines from patients with neonatal

MCD were kindly provided by Lawrence Sweetman from the University of Califomia

in Los Angeles. E. coli C-124 was kindly provided by Dr. Michel Gaudry from the

Pierre and Marie Curie University, Paris.

Synthesis of unbiotinylated p-67 substrate (p-67). Production of unbiotinylated p-67

was accomplished by transformation of biotin auxolroph E. coli C-124 cells, unable to

convert desthiobiotin into biotin, with the plasmid pFLAG67. The resulting cells were

grown to an 00600 of 0.5-0.7 in LB medium. The ceUs were coUected by centrifugation

and the pellet was washed lWice with biotin-free minimal A-medium (15). The synthesis

of p-67 was induced by resuspending the cells in A-medium containing IPTG to a final

concentration of 2 mM at 37·C for 2 hrs. Purification of the fusion protein p-67 using

anti-FLAG affinity gel was performed following the recommendations of the

manufacturer.

Direct detennination of HCS aetivity. Cell extracts were prepared from normal and
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MCD primary fibroblast cultures and an aliquot (50 p.g total prot<:in) was combincd in

a test tube with Ip.g of p-6ï (ï.O p.~l). in :0 p.1 of reaction buffer (300 m~l Tris-HCl

pHï.4, 100 mM reduced glutathiore, 50 mM MgCl l • 10 mM ATP, :mM PMSF. 50-500

p.M ['4C]biotin) at 3ïoC. The proteins in ,he reaction mixture were separatcd by

electrophoresis in 12 % SDS-polyacrylamide gels. Biotinylation of p-6ï was quantitated

with a phosphor image ana!yzer (Fujix BAS 200û;Fuji) after the proteins were transfcrrcd

to nitrocellulose filters (JBC).

Mutation analysis of HCS deficient patients. Mutation screening was done on PCR

products derived from reverse-transcribed RNA (RT-PCR). Amplification of HCS

cDNA was done as a series of 6 overlapping fragments of 450 to 650 bp in length using

[a3lS1ATP as a tracer (L. Dupuis, experiments in progress). The PCR products were

digested with restriction enzymes to generate sma!ler fragments and were subjected to

single strand polymorph;sm analysis (SSCP) in 6% polyacrylamide gels (100). The

presence of mutations on the cDNA fragments were detected as shifts in the mobility of

the DNA bands. The exact location of the mutations was achieved by direct sequencing

of the PCR products. The presence of mutations was confirmed on genomic DNA or

cDNA from affected patients by establishment of PCR-dependent diagnostic tests

(Dupuis, persona! communication).

RESULl'S

Determination of RCS activity in MCD patients. 1'0 ensure that the biotiny1ation

84



•

•

•

cxpcrimcnts wcre donc undcr saturating conditions. we used a biotin concentration of 50

l'M in the HCS assay. Previous studies on kinetics of biotinylation in human celIs

reported a HCS Km for biotin of 15 nM which is 3000 times lower than the biotin

concentration used in this assay (63). Biotinylation ofp-67 by normal fibroblast extracts

showed a linear relationship with respect to incubation time from 0 to 90 min (Fig.I).

Biotinylation of the human peptide was 1inear with respect to the concentration of total

proteins (0-60 l'g) used as a source of HCS (Fig.2). The concentrations of p-67 and

biotin were not limiting for the assay. An incubation time of 1 h and 50 JLg of total

protein from tibrcblast extracts were selected for subsequent experiments.

Comparison of the HCS activity present in normal and MCD fibroblast extracts, showed

that synthetase activity was on average 50 times lower in affected patients than in normal

individuals, varying between 0.5 % and 2.0% of normal (Fig. 3). The lowest and highest

values for biotinylation of p-67 were for cell lines JR and MC, respectively.

Effect of biotin concentration on RCS acth'ity in MCD fibroblasts. To determine if

the direct HCS assay was able to demonstrate the biotin responsiveness observed in vivo,

we studied biotinylation of p-67 by normal fibroblasts and two mutant celllines after the

biotin concentration was elevated from 50 to 500 f'M. Normal fibroblast showed an

increase of < 10% in the biotinylation of p-67 at 500 JLM compared to 50 f'M. On the

other hand, celilines JR and MC showed activities that were 2.4 and 3.2 times the HCS

activity obtained at 50 JLM (Table 1).
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Fig. 1. TIlDe course of in vitro biotinylation ofa buman carboxyl-terminal fragment
of PCC-a (p-67) by normal cells. Crude extraets from normal human fibroblasts were
incubated in the presence of 1 J.lg of p-67 and [1'C)biotin for different times. The
proteins from the cell extraets were analyzed by SDS-polyacrylamide gel electrophoresis,
and the biotinylation ofp-67 was quantitated as described under "Materials and Methods"
using a phosphor image analyzer.
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Fig. 2. Effect of crude extract protein concentration on biotinylation" of p-67.
Different amounts ofcrude extracts from normal fibroblasts (10 to 50 p.g of total protein)
were incubated in the presence of 1 p.g of p-67 and [I4C)biotin at 37°C for 1 br.
Biotinylation of p-67 was qW!!ltitated as described for figure 1.
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:\Iutation analysis of HCS deficicnt patients. SSCP analysis and scqucncing l'( cDNA

from HCS-detïcient ce1l1ines re\'e.::.ld 6 diftèrent single-base mutations (FigAl Ali l'(

the mutations resulted in amino acid substitutions in the HCS primary sequence. Two

mutations, Arg50STrp and V:11550:>let, were each present in :',\'0 diffcrent patients.

None of the patients had homozygous mutations, since in all cases the normal alldc was

also identified. However, in two of t.he six patients two diffcrent mutations wcre

identified (PD and MM, Fig. 1), while in the remaining four only one of the two allcles

could be idemified.

DISCUSSION

We have developed an in vitro assay that utilizes carboxyl terminal fragments of the Ct

subunit of human PCC as a substrate to determine HCS activity in human cells. This

system overcame the methodological problems in previous studies that required the

purification of apocarboxylases from biotin-starVed rats (63). Our method for the

determination of HCS activity is direct because it is based on the accumulation of

biotinylated products rather than the enzymatic activity of secondary enzymes. Second,

it allows control over the concentration of the biotin·acceptor substrate which will permit

establishment of lànetic parameters. Third, the synthesis of unbiotinylated p-67 in E.

coli provides a potentially unlimited, fast and inexpensive source of substrate for HCS.

We have shown that all the patients studied by the direct HCS assay show low but

detectable residual synthetase activity. These results could explain why all the HCS

88



• A
. '.

P-67_

•

B
10

l'-
co -1 -a-e--o c
c 8
o
1a ë 50
- CD>-C,)c ....•_ CD

- a0_

iD

Control JR CP PD MC EG

•
Fig. 3. BCS activity in fibroblasts from patients with neonatal MCD. Cell extraets
were prepare<! from normal and MCD fibroblasts and incubated in the presence of ATP,
e'C]biotin and p-67 for 1 hr at 37°C. Biotinylation of p-67 was quantitated using a
phosphor image ana1yzer (A), as described in "Material and Methods". (B) Graphica1
representation of p-67 biotinylation by normal (control) and MCD cells. AIl samples
were run in duplicate. The results 2..""e shown as percent of biotinylation in normal cells.
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Biotin

•

Cell Line

CONTROL

MC

CP

50 JJM

3471

155

131

500~M

4059

490

320

•
TABLE 1. Effect of biotin concentration on ReS activity. Biotinylation ofp-67 by
normal and MCD fibroblasts was quantitated after incubation in the presence of a
[14C]Biotin at 50~ or 5OO~. Biotinylation of p-67 is expressed in arbitrary units.
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dcficient patients studied so far arc biotin-rcsponsivc. Previous studies demonstrated the

biotin-responsivencss of neonatal .~lCD based on the rapid recovery of patients given

pharmacological doses of biotin (10-80 mg per day) (57) and by the restoration of

carboxylase activity in cells cultured in high biotin medium (58,60). Comparison of the

increments obse:ved in biotinylation of p-67 by normal and mutant fibroblasts at high

versus low biotin concentrations indicate that normal HCS is saturated even at 50 !LM

biotin, while the mutant synthetase is not. Our observations confirm the hypothesis (6)

that neonatal MCD results from a decrease in the affinity of HCS for biotin. However,

funher studies, with optimization of kinetic parameters, will be required to define in

detail the nature and impact of the residual activity of mutant HCS on the onset of MCD.

Most of the mutations in HCS deficient patients were localized to a highly conserved

region which conforms to the biotin-binding domain of biotin-ligases (63,86,99). AlI of

the mutations found in the biotin-binding domain affected amino adds that are highly

conserved among biotin-ligases (Fig.5). In one of the patients (PD), both mutations were

found in this domain. The Arg508Trp is located within the sequence GSOS-K-G-R-G-G

which is similar to the consensus sequence G-X-G-X-X-G associated with ATP binding

proteins (86,99). The specifie role of this sequence in HCS is not clear since

crystallographic analysis of E. coli BirA protein revea1ed that the tirst Gly residue of the

motif is involved in biotin binding. The second mutation, AspS71Asn, affects a protein

region which is one of the most conserved sequences between biotin ligase and human

HCS. The two mutant alleles for patient MM were also determined but in this case only

one, ArgSOSTrp is present at the biotin-binding domain white the second, VaI363Asp,
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VE 1{,.,7- G Lcu218Arg

MM T108S A Va1363Asp

PD
Cm~T Arg50STrpMM

HB ~~~~A Gly51SGIu

MC Q60lsA Val550Mct
JR

PD G171~A Asp571Asn

sr C997-T Lcu237Pro

• st .0.°1067 Frarncshift

ATP

•
Fig. 4. Mutation analysis in RCS deficient patients. The location of mutations
present in five MCD patients analyzed by this study are shown at the top of the figure
with their corresponding amino acid substitutions. Two different mutations have been
previously reported by Suzukï et al. (97) and have been included in this figure ("). The
distribution and clustering of mutations is shown in the schematical representation of
RCS at the bottom of the figure. The shaded area corresponds to the putative biotin
binding site. The location of a consensus ATP-binding site is shown under the figure.
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Fig. 5. Localization of mutations in batterial BirA protein and human ReS.
Alignment of amino acid sequences of human HCS with E. coli BirA protein and the
putative biotin ligase from P. denitrijicans shows that these proteins share a common
biotin-binding site. Positions ofamino acids involved in contact with biotin in BirA (86),
as detennined by crystallographic analysis (86), are indicated below the protein sequence.
Locations of mutations associated with an increase in the Km for biotin in E. coli birA
are indicated by clear arrows (99). The location of4 mutations in HCS-deficient patients
found by this study is shown by black arrows. Amino acid positions for each protein are
shown at left.
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was located towards the N-terminal side oi HCS. lt is !,,)ssibk that the tirst alkk is the

one involved in biolin-responsiveness. ~I,)st oi the mutations iound in the bi,)lin d,)main

involve rdativdy subtle changes which may be asssocialed with an incr~\se in the Km

of the protein towards biotin and the presence of residual activity oi HCS in ail patients

tested.

The apparent clustering of mutations and the fact that amino acid substitutions in the

homologous region of the BirA protein result in biotin auxotrophy in E. coli (Fig ),

support the hypothesis that biotin-responsiveness in neonatal MCD arises from mutations

affecting this domain in the human synthetase (99). However, analysis of the DNA from

a Japanese patient revealed two mutations that are not located within this region (97).

One mutation changes Leu237Pro, while the other, a frameshift mutation, introduccs a

stop codon at amino acid position 280. In this work, we have characterized two

mutations that map outside the biotin domain and one is near the substitution identified

by Susuki et al. (97) (Leu216Arg and VaI363Asp). Il is possible in human HCS that the

structure of the biotin-binding domain extends towards the N-terminal side of the protein,

suggesting a requirement for sequences which are not conserved in bacteria.

Altematively. this second mutation "hot spot" in HCS may define a distinct site important

for enzyme function.

The frameshift mutation (91) present in hemizygous form, would be expected to express

an inactive truncated RCS lacking the hiotin-binding domain. The patient was reported

as biotin-responsive but this might be associated with the second aIlele, Leu237Pro (97
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and Fig. 1), although it is located outside the prcsumptive bioiin-binding region of HCS.

Il is notewonhy that of thc scveral patients characterized so far, none have had two

mutant alleles compatible with a null enzymatic phenotype. Such patients would not be

expected to be biotin-responsive. Since such patients have not becn described (only one

has been described as poorly responsive), it is possible that the complete absence of HCS

activity may be lethal in utero.

Our results showed that raising the concentraùon of bioùn to 500 ~M increased the

activity of the mutant HCS in two MCD cell lines to only 7.0% and 12.0% of the

acùvity in normal cells. Since the patients were fully biotin-responsive (L. Sweetman,

personal communicaùon), il suggests that there is a threshold activity of 5% - 10% of

normal that may be sufficient to sustain bioùnylaùon of apocarboxylases in HCS-deficient

paùents. The ùme it takes these paùents to recover after treatment with pharmacological

doses of bioùn may represent the period required to increase the intracellular

concentration of bioùn to such levels as to permit a slight increase in HCS acùvity.

The effect of all the mutaùons described in this work on bioùn-responsiveness will need

to be determined through their expression in in vitro-generated mutant HCS. This should

be possible using the cellular bioùnylaùon assay involving the co-expression of human

HCS and p-67 in E. coli (71,99) or, possibly, through the direct determination of HCS

activity after extracùon of the mutant enzyme expressed in E. coli.

9S



•

•

•

CHAPTER5

GEl\'ERAL DISCUSSION
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ln this th<:sis, 1 havc uscd thc biotinylation systcm of E. coli for thc investigation of the

mcchanisms of biotinyJation in human cells and the characterization of the human bioùn

disorder, nconatal MCD.

Characterizatioll of the biotin domain of carbox)'lases. In Chapter l, 1 characterized

the structure of the biotin domain of PCC-ex. Expression of carboxyl terminal fragments

of this protein in E. coli indicates that the recognition of human carboxylases by BirA

is restricted to a discrete region of 67 amino acids in length around the bioùn-binding site

(71). The biotin domain of PCC-ex (P-67) V/as defined at its amino terminus by the

sequence Pro-Met-Pro. 1 showed that this tripepùde funcùons as a specific signal for the

bioùn-ligase and defines the minimum size, at the amine terminal side, that could act as

an independent domain for bioùnylaùon. This N-terminal sequence may involve specific

structura! features, defined by the proline sequence, or it may act as a flexible hinge that

IUrns the biotin domain into a "oscillaùng arm", enabling biotin to move between donor

and acceptor sites during the transfer of a carboxyl group.

This latter hypothesis is strengthened by structural similarities between the biotin domain

of carboxylases and the lipoic acid domains of the enzyme dihydrolipoyl acetyltransferase

<E:!p), a subunit of the E. coli pyruvate dehydrogenase complex (43,89). The amino

terminal half of the~ chain consists of three independently folded domains, cach of

about 80 amino acids in length that con!ain a lipoie acid molecule covalently attaehed to

a specifie Lys residue. These proteins are thought to funetion in a similar fashion to
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biotin enzymes. in the sense that lipoic acid is able 10 oscillale betwœn donor and

acceptor molecules during the transfer of an acely! group. Limiled proteo!ysis and 'H

NMR spectroscopy (90.91.92) revealed that the movement of the lipoyl domains is

facilitated by conformationally t1exible protein segments. rich in proline. alanine and

charged amino acids. !ocated between them. The Pro-Met-Pro sequence in carboxylases

may have a simi!ar role to the Pro-rich regions in Ez. proteins. However. prediction of

the amino acid chain flexibility of the biotin domains of carboxylases !ocalizes three

flexible points near or at three highly conserved Gly residues and not on the Pro-Met-Pro

sequence (71).

Recently Blokenhurst and Perham (89) predicted the three dimensional structure of the

lipoic acid domain of the H-protein from the pea leaf glycine c1eavage system and the

biotin domain of yeast pyruvate carboxylase. They are remarkably similar (Fig.1). ln

both cases, the cofactor binding site is located in a B-turn at the end of a finger-like

structure formed by IWO B-sheets. Significantly, both domains have three G1y residues

located at similar positions with respect to the cofactor binding sites. Two of these

residues, identified as candidate flexible points, are situated at opposite ends at the base

of the "cofactor arm". It is possible that the movement of the biotin domain is

facillitated by these residues and not by the Pro tripeptide. However, the ro1e of the Pro

Met-Pro sequence or the conserved G1y residues in chain f1exibility will have to be

determined by NMR or X-ray crystallography. Ether one of these possibi1ities suggests

that is the entire domain, not just the biotin cofactor, that oscillates during the

carboxy1ation reaction. According to the predicted structure of the lipoic acid domain,
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Fig. 1. Structural similarities between biotin and lipoic acid domaiDs. Schematic
drawing of the predicted three-dimensional structure of the biotin domain from yeast
pyruvate carboxylase (A) and the lipoic acid domain from the H-protein from the glycine
cleavage system of pea leaf (B), (89). S-strands are indicated by arrows.
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the conserved Gly residues are import:lnt for maintaining the il1legrity oi the d,'main

(89). The same may be truc for the biotin-dependent carboxylases. This vie\\' of tilcir

role suggests trlat the inefticient biotinylation observcd by mutant PCC-a pl-ptidcs

containing mutations at the Gly positions could be the result of a disruption in the

architecture of the bioùn biading site.

It is possible that the homologous sequence between bioùn- and lipoic acid-containing

proteins represents the minimum structure required for a funcùona! "movable protein

arm" involved in chemical group transfer. This structure may have been se1ected carly

in evolution and modified since to accommodate the different enzymatic activities that

characterize biotin and Iipoic acid containing enzymes. In this light, it is interesting that

the similarities between these two classes of enzymes extend to their cofactors which are

structurally similar (Fig.2).

The characterization of a "universai substrate" (P-67) that is biotinylated by bacteria! and

eukaryotic biotin Iigases suggests an additiona! application of the results presented in this

work. Purification of active eukaryotic proteins expressed in E. coli is not a!ways

possible because the required posttranslationa! modification, subunit assembly or correct

protein folding do not cccur in bacteria. This problem might be solved if the proteins of

interest, containing p-67 as a fusion peptide at the amino or carboxyl terminus, are

expressed in mammalian cells. The active proteins could then be easily purified using

an avidin-sepharose column taking advantage of the endogenous addition of the biotin

tag. The introduction of an enteropeptidase recognition sequence between p-67 and the
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• Fig. 2. Structural similarities between biotin and Iipoic acid•
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fusion protein would allow the single step puritication N' the experil1lcntal protcins.

Incubation of the column with enteropeptidase would clcave the fusion proteins allowing

their elution, lcaving p-67 and the four biotin-containing carboxylases bound to the

column. Alternatively, p-67 might also be used as a fusion peptide to purify large

amounts of ectopic proteins expressed in E. coli when enzymatic activity is not a

problem. The extraordinary aftinity of biotin for avidin (K.i.= 1O'1lM) would permit a

level of purification not genera1ly available with current methods. The expression of

p-67 in E. coli, showed that this peptide could compete 50 weil with the endogenous

carboxylases for biotinylation that overexpression of fusion proteins could result in the

death of the hosto In mammalian cells, this could lead to growth arrest or an ineficient

biotinylation of the fusion protein. To overcome this problem and maximize the

expression of fusion proteins, human RCS could be coexpressed from the same plasmid

that encodes the p-67 fusion protein eliminating the limiting step presented by the

biotinylation reaction.

Cloning and characterization of the cDNA and predicted amino acid sequence of the

human HCS. The sequence of RCS indicates that it belongs to a family of biotin Iigases

which includes the BirA protein of E. coli (93) and a candidate BirA sequence from P.

denitrijïcans (94). The sequence homology between these proteins is restricted to a

fragment of 129 amino acids in length on BirA which corresponds to the biotin binding

site. AlI the mutations associated with biotin auxotrophy in biotin ligase deficient E. coli

ceIls were c1ustered within this region of the BirA protein (86).
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BirA is a 321 amine acid protcin that can be divided into two major domains. An N

terminal rcgion of about 80 amino acids, which is responsible for its DNA binding

activity and aC-terminai domain containing the biotin ligasc activity (86). The facts that

the 129 amine acid biotin binding domain represcnts 40% of the total length of the

protein and that no other region secm to have becn conserved in biotin ligases suggest

that aIl of the HCS functional requirements may be encoded by this small protein

domain. The high ~~uence conservation of this region would explain the cross-species

activity shown by bacterial and eukaryotic synthetases. It will be possible to test this

hypothesis by determining if truncated versions of HCS are able to rescue the phenotype

of BirA deficient E. coli cells and promote the biotinylatio&l of the endogenous BCCP or

the human p-67 peptide as described in Chapter 2. This will also determine if the site

implicated by the mutations Leu21 6Arg and Val363Asp has a role in biotinylation. It too

may need to be included in the analysis of truncated proteins.

The structure of isolated cDNA clones indicate that the HCS mRNA is alternatively

spliced at the S' end. 1discussed the possibility that alternative splicing is responsible for

the expression of synthetase activity in mitochondria versus cytoplasm. The exact

mechanism used for the targeting of HCS remains to be confirmed. whether by the

utilization of the different candidates for translation initiation that wcre identified or by

the splicing of a still unid:ntified exon containing the rest of a mitochondrial leader

sequence Iinked to the sequence S' of Metl. One approach to assaying the targeting that

1 began but was unable to complete was to express a chimeric protein containing

candidate amino terminal regions of HCS linked to the sequence of the green fluorescent
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protein (GFP) from AC<]lIorCQ l'icloria at the C-terminus (95). The tluoresœnt moiety

would be used as a marker to facilitate the identification of the cellular fate of the fusion

proteins. Part of this work should include the use of a procedure such as rapid

amplification of cDNA ends (RACE) or exon trapping of genomic DNA sequences to

determine if there is additional sequence extending the open reading frame atthe S' end

of the HCS transcript. If such sequences exist. their competence as mitochondrial import

signaIs could be evaluated as part of the fluorescent fusion protein expression

experiments.

The presence of different forms of HCS mRNA in human cens was confirmed by

Northern blot analysis. It is possible that the different mRNA forms observed in this

study are involved in the tissue or temporal regulation of the expression of HCS. The

recent cloning of mouse HCS cDNA and the finding of similar mRNA forms in this

organism (M. Loyer, R.A Gravel, J. Trasler, personal communication) provides an

accessible source of tissues for characterizing the structure of these mRNA species and

determining their role in the expression of HCS in development.

Determination of RCS activity and mutations present in patients affected wit

neonatal MCD. The bacterial bioùnylation of human PCC-a. fragments and the

possibility of synthesizing them in an unbiotinylated form in E. coli suggested their use

for the study ofhuman MCD. The method of deterrnininig HCS activity by biotinylation

of carboxyl terminal fragments of PCC described in Chapter 3 contrasts with the coupied

assay of Buni et al (63). The use of p-67 to quantitate HCS activity aliowed the direct
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dctcrmination of the product of the reaction, radioJabeIled biotin-p67, rather than through

the activi:y of the activated carboxylases. Further, the ability to synthesize unbiotinylated

p-ol in E. coli provides a rapid, virtually unlimited, inexpensive source of HCS substrate

for the diagnosis of MCD. This method will facilitate the determination of the reaJ

kinetic constants of HCS towards biotin, ATP and apocarboxylases, something that is not

possible with the indirect assay described above.

The suitability of this approach to study HCS deficiency was demonstrated by the

analysis of severa! normal and HCS deficient celllines. The results show direct evidence

that MCD patients have a defective HCS activity that is unable to biotinylate

carboxylases at low biotin concentration. The increase :n p-67 biotiny:ation by the

mutant but not normal HCS when the biotin concentration was increased from 50 /LM to

500 l'M supports the hypothesis that a decrease in the affinity of the enzyme for biotin

is responsible for MCD. Ali the patients studied with the p-67 assay show residual

activity of !lCS suggesting that the totalloss of HCS activity may be lethal in utero. The

cloning of the mouse HCS gene will make it possible to develop an animal model to

study the effects of the total absence of HCS activity on mammalian development.

The use of the p-67 assay showed that the biotinylation of carboxylases is catalyzed by

only one synthetase in human cells. The almost complete absence of p-67 biotinylation

by cell extracts from MCD patients, where cyloplasmic and mitochondrial enzymes have

been mixed, abolishes the possibility of the existence of a second cyloplasmic HCS. The

likelihood that the cytoplasmic synthetase may not recognize p-67 as a substtate is
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eliminated by the fact that full length PCC-a is biotinylated eftieiently hOlh in

mitochondria and in cytosol (96). 1proposed that the HCS acti\'Îty n:portcd in hoth cell

compartments is the result of a differential targeting of the same protein to both sites.

HCS targeting may be mediated through alternati\'e splicing of mRNA as was deseribed

in Chapter 2.

Preliminary mutaùon analysis by SSCP from patients affected with MCD has resulted in

the identification of 6 point mutations that result in amine acid substitutions. Four of

these changes are in the predicted bioùn-binding domain of HCS. These results

confirmed the hypothesis presented in Chapter 2 that mutations causing MCD should map

to the conserved 129 amino acid region in HCS. Mter the article that communicated the

cloning of HCS was submitted for publicaùon, Susuki et al. (97), published the cloning

of a cDNA, similar to our clone BL-I I. In this study they reported two different

mutations occurring ot;tside from the predicted biotin-binding domain, towards the N

terminal half of HCS in severa! Japanese patients. Two additional mutations described

in Chapter 3 map near this location, suggesting that this region may also be involved in

biotin binding or in other enzyme funcùon. These results make it neeessary to

investigate the effeet of ail these mutations on biotin-binding by their expression in E.

coli birA" cells to evaluate their effeet on biotinylation of p-67 under different

concentrations of biotin.
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SUl\1;\IARY

Biotin-dependent enzymes are widely distributed in ail living organisms where they are

involvcd in carboxylation and decarboxylation reactions. Biotinylation of these proteins

is catalyzed by HCS in eukaryotes a.1d biotin ligases in prokaryotes. The ability of these

enzymes to recognize apocarboxylases from different organisms and the high sequence

conserv:ltion between biotin-enzymes suggested that the mechanism of biotinylation has

been con.ierved through evolution from bacteria to humans. The biotinylation domain

is a highly conserved region among biotin-dependent enzymes. Expression in E. coli

of a 67 amino acid peptide containing the biotinylation domain of PCC-ex showed its

ability to act as an independent domain for biotinylation. Successful biotinylation of

PCC-ex fragments required of the presence of a Pro-Met-Pro recognition sequence at the

N-terminus of the peptide. Three highly conserved G1y residues within the biotinylation

region may be involved in determining the structure of the domain and in providing the

carboxylase with a flexible hinge to facilitate the movement of biotin between donor and

acceptor sites of carboxylation. In humans, deficient biotinylation of carboxylases due

to an impairment of HCS activity results in MCO, a disease characterized by deficient

activity of ail biotin-dependentarboxylases. The use of the biotin domain of PCC-ex as

a biotinylation substrate confirmed HCS deficiency and biotin-responsiveness in ceII

extraCts from patients affected with MCO. cONA cloning by functional complementation

of biotin Iigase-deficient E. coli cells proved that human HCS belongs to a farr.ily of

biotin Iigases that includes the BirA protein of E. coli and the putative biotin Iigase of

P. denirrijicans. Amino acid sequence conservation between these proteins is restricted
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to the biotin-binding domain. Analysis by RT-PCR show,'c1 that m,'st "f th.: mutations

present in HCS-d':lïcient pati.:nts ar.: clust.:r.:d in this rq;ion "f th.: j'wt.:in. 1 pWI'0s,:

that neonatal MCD and th.: biotin-responsi\'.:n.:ss that char;\ct.:rizes the dis,'rder arise

from mutations that reduce the aftinity of the biotin pock.:t of HCS wwards biotin .
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• CLAI:'-lS 1'0 ORIGI:"ALITY

CHAPTER O:'\E

1. This thesis contains a comprehensive analysis of the requirements for the

biotinyIation of a human biotin-dependent carboxylase (Leon Del Rio and GraveI

1994).

2. 1 determined that the functional biotin domain of human PCC-ex is 67 amino acids

in length and can act as an independent domain during its recognition and

biotinylaüon by E. coli biotin ligase.

• 3. 1 demonstrated the use of C·terminal fragments of human PCC-ex to study the

biotinylation reaction in a quantitative fashion.

CHAPTER TWO

4. This chapter describes the isolation and characterization of a cDNA encoding a

eukaryotic (human) holocarboxylase synthetase by functionai complementation in

E. coli (Leon-Del-Rio at al. 1995).

•
5. 1 showed that human HCS, Iike prokaryotic biotin ligases, is able to biotinylate

apocarboxylases from different organisms.

109



• 6. 1 demonstr3ted the presence oi multiple iorms l'i HCS mRNA in human tissues.

•

7. 1 documented alternative splicing of HCS mRNA as a possible I11cchanisl11 to

target the synthetase to both mitochondria and cytosol.

8. 1 demonstrated that the biotin binding site of biotin ligases is 129 amino acids in

length and has been conserved during evolution from bacteria to humans.

9. My results provide an explanaùon, at the molecular level, for the cross-species

activity shown by bacteriai and eukaryotic holoenzyme synthetases and for the

biotin-responsiveness in MCO.

CHAPTER THREE

10. 1 developecl a direct assay for the determination of HCS activity.

Il. 1 determined the biochemical basis of biotin-responsiveness in cells from MCO

patients using biotinylation as an indicator of HCS activity.

12. 1 presented evidence that supports the hypothesis for the existence of a single

RCS in human cells.

• 13. 1 showed evidence that mutations responsible for a decrease in the affinity of HCS
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towards biotin are clustered in the 129 biotin domain of HCS. The mutations

wcrc detcrmincd by Lucie Dupuis. a graduate student in the same laboratory.
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