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Review Commentary
In vivo formation of C—S bonds in biotin. An example of
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ABSTRACT: The last step in the biosynthesis of biotin involves the formation of carbon—sulfur bonds at non-
activated carbons catalyzed by biotin synth&aAdenosylmethionine (AdoMet) and an electron source are essential

for activity in cell-free systems. This important finding connects biotin synthase to a family of enzymes, namely
pyruvate—formate lyase, anaerobic ribonucleotide reductase and lysine 2,3-aminomutase, which use the same
cofactors. Additional experimental data led to the proposition of the following general mechanism. The carbons to be
functionalized are first activated by homolytic cleavage of the C—H bonds, initiated by the deoxyadenosyl radical
produced by a monoelectronic reductive cleavage of AdoMet with NADPH as electron source. The electron transfer
system involves flavoproteins and very likely the [Fe—S] center of biotin synthase. NADPH and the flavoproteins can
be replaced by photoreduced deazaflavin. By using a deuterated substrate, a deuterium transfer into deoxyadenosin
has been observed, indicating that biotin synthase should be closely related to lysine 2,3-aminomutase, which uses
AdoMet as a surrogate of vitamin B12. The source of sulfur, the nature of the immediate sulfur donor and hence the
mechanism of trapping of the intermediate radicals are still unkn@wb998 John Wiley & Sons, Ltd.

KEYWORDS: biotin;in vivo C—S bond formation; radical chemistry; reducing conditions

INTRODUCTION represents an extremely difficult problem. Although it has
been tackled a long time ago, conclusive data have been
A few important sulfur-containing molecules, e.g. very scarcé”,mainly because of the absence of activity in
penicillin, biotin and lipoic acid, involve the formation cell-free systems, preventirig vitro enzymology.
of C—S bonds at non-activated carbons in the last step of Our group was able, however, to obtain significant
their biosynthesis (Scheme 1). results throughin vivo experiments with intact cells
These reactions, although chemically related, follow (Escherichia colior Bacillus sphaericis We could
very different pathways and illustrate well the diversity exclude the two reasonable hypotheses, based on known
of solutions that nature has elaborated to achieve theenzymatic pathways, which could account for the
same chemistry. The reaction catalyzed by isopenicillin activation of the carbons to be functionalized, namely
N synthase requires oxygen and the homolytic cleavagethe involvement of hydroxylatdd or unsaturatet
of the valinef C—H bond is performed by an iron-oxo intermediates.
species;? a process which is now well documented in  We could also show that the primary thioderivatilve
many metalloenzymes catalyzing oxidation reactions. (X=H) was converted into biotin byE. coli or B.
We shall show that a completely different mechanism is sphaericu$ (Scheme 2).
operative in the other two cases. This mechanism is far This led us to postulate thdt (X=H or X#H) was a
from being completely elucidated, but significant pro- very likely intermediate and that it was probably formed
gress has recently been made. by a direct sulfur insertion since hydroxylation had been
excluded’ The reaction occurs with racemizatidras
shown by stereochemical studies carried out with
HISTORICAL BACKGROUND dethiobiotin bearing a chiral methyl groﬁpThis result
is consistent with a radical mechanism. It could, of
The understanding of the last step in biotin biosynthesis course, also be compatible with an intermediate carbe-
*Correspondence toA Marquet, Laboratoire de Chimie Organique nium Ion’- as conS|dere_d for the Cyt-OChrome P450
Biologique, UniversiteParis VI, CNRS UMR 7613, 4 Place Jussieu, hydroxylatlong? but even in that case this process does
Case Courrier No. 182, 75252 Paris cedex 05, France. not appear as a very general one.
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Similar conclusionsverereachedn parallelstudiesof
lipoic acid biosynthesisn E. coli:>° thereis no lossof
hydrogensexceptthosewhich arereplacedby sulfur; 6-
and8-hydroxyoctanoi@cidarenot substratesvhereas-
and 8-mercaptooctanoiacid are transformednto lipoic
acid. The reactionoccursalsowith racemization® at the
methylgroup.Thehypothesighatthesamemechanisnis
involvedfor thetwo moleculeds alsostronglysupported
by the sequencehomologiesof biotin synthasesand
lipoate synthase$®*3

There are many conservedesidues,in particular,as
shown in Scheme3 a cysteine triad and a cluster
Y(F)NHN, which certainly belong to the active site.
Interestingly,thesevery homologoussequencebaveno

similarity with the sequence of isopenicillin N
synthas&"*® or of any otherknown protein.

RECENT DEVELOPMENTS

After many reportsof unsuccessfubttemptsto obtain
activity in acellular systems,a positive result was
announcedy Ifuku etal.*®in 1992.By addingdifferent
potentialsulfur donorsto the cell-free extractsof an E.

coli strainoverproducingiotin synthasetheyfoundthat
S-adenosylmethioningAdoMet) was very efficient in

improvingtheactivity. Thisveryimportantresultopened
up anewarea.

o
HN)kNH HT)J\TH
o 6 COOH (CH2)4COOH s {CHJ),COOH

Scheme 2
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BIOTIN SYNTHASE

A. thaliana KTGGCSEDCSYCPQSSRYST 79 aa AGLTAYNHNLDTS-
S.cereviside. KSGGCSEDCKYCAQSSRNDT 80 aa AGLTAYNHNIDTS-
E. coli KTGACPEDCKYCPQTSRYKT 77 aa AGLDYYNHNLDTS-
S. marcescens KTGACPEDCKYCPQSPRYKT 77 aa AGLDYYNHNLDTS-
B. sphaericus KSGYCPEDCGYCSQSSKSTA 78 aa AGVDRYNHNLNTS-
B. flavum KTGGCPEDCHFCSQSGLFES 76 a AGVHRYNHNLETA-
M. leprae KTGGCPEDCHFCSQSGLFMS 76 a IGVHRYNHNLETA-
LIPOATE SYNTHASE

E. coli LGAICTRRCPFCDVAHGRPV 77 aa TPPDVFNHNLENV-

H.influenzae LGAICTRRCPFCDVAHGKPL 76 4 NPPDVFNHNLENV-

S. cerevisae LGDTCTRGCRFCSVKTNRTP 73 aa CGLDVYAHNLETV-

Scheme 3

Sometime later, we showedthat AdoMet wasnot the e anaerobic ribonucleotide reductase (ARR), which

sulfur donor!’ the sulfur of [>°S] AdoMet was not transformsnucleotidesinto deoxynucleotide$®
incorporatednto biotin and the 3*S-labeledthiol which e lysine 2,3-aminomutas€LAM), which catalysesthe
also requiresAdoMet for cyclization was transformed isomerizationof «- and -lysine®*

into [3*S]biotin (Schemed).

This led us to proposé’ that biotin synthasecould
belongto the fascinatingclassof enzymeswhich use
AdoMet asa sourceof deoxyadenosyladical,namely:

The threeenzymesareinvolved in anaerobianetabo-
lism and generatea deoxyadenosytadical (DOA") by
reduction of AdoMet. The exact mechanismof this
reductionis still unknownandthe deoxyadenosyladical

e pyruvate—formatdyase (PFL), which convertspyru- hasto be stabilizedby somegroupof the enzyme maybe
vateinto acetyl CoA andformate®*° ametalion or the [Fe—S] clustef?.
0 0
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It hasbeennow establishedhat PFL and ARR are
radical proteins, a glycyl radical being generatedby
abstraction of a glycyl hydrogen probably by the
deoxyadenosytadical.In LAM, on the other hand,the
deoxyadenosylradical removesH® directly from the
substrate. Although they catalyze very different reac-
tions, the first event in the mechanismof the three
enzymess the homolytic cleavageof a C—H bond.As
pointed out above,sucha homolytic C—H cleavageis
also the postulated first event in biotin synthase
mechanism.

We havethereforeproposedhe mechanisndepicted
in Scheme 5 assuming that the methyl group is
functionalizedirst, sinceonly the primarythio derivative
1 (Scheme2) wasconvertednto biotin.”

Although not completelyunderstoodthe first part of
the pathwayis now supportedby many experimental
data. The final events,namely the natureof the sulfur
donorandthe mechanismof the C—S bond formation,
remainvery mysterious.

0 1998JohnWiley & Sons,Ltd.

Characterization of biotin synthase and of its
electron-transfer system

We are working with biotin synthasefrom two organ-
isms,B. sphaericusaandE. coli. Theenzymeof E. coli is
also being studied by several groups at Shiseido'®
DuPont®**andLonza®®

Some consistent results have been obtained by
different teams.Both enzymeshave beenpurified from
recombinant strains. They are dimers (2 x 37-38
kDa) 26?7 Biotin synthaseis an [Fe—S] protein. This
wasfirst describedor the E. coli enzyme?® Theiron and
sulfur contentand the UV—-visible spectrumare compa-
tible with one [2Fe—2S] cluster per monomer.In the
oxidizedform [2Fe—2S]centersaresilentin EPR.After
reductionby dithionite,anEPRsignal,characteristiof a
[2Fe—2S] center, is observed,but with a very weak
intensity,indicatingthatthereducedspeciess notstable.

We have shown that the UV-visible spectraof the
enzymef B. sphaericusandE. coli arevery similar2®
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When the B. sphaericusenzyme was reduced with
dithionite,the EPRsignal,differentfrom the correspond-
ing onein E. coli, could not be interpreted®® The iron—
sulfurcenteris apparentlystill moreunstablen this case.

With purified biotin synthaseNADPH is essentiafor
activity.?>?° In E. coli, two electron-transferproteins,
flavodoxin and flavodoxin reductas®?° have been
identified. An in vitro systemcapableof transforming
dethiobiotin into biotin®* thus containsE. coli biotin
synthase, flavodoxin, flavodoxin reductase,AdoMet,
NADPH, FE€*, DTT and someother cofactors the role
of which hasnot beenclearly rationalized.In our hands,
however,this systemis not catalytic and the amountof
biotin produceds sub-stoichiometriavith respecto the
enzyme;routinely, 0.5 nmol of biotin is formedfrom 1
nmol of biotin synthase.

Thecorrespondindlavoproteinsof B. sphaericudave
not yet been identified. An artificial electron donor,
namely photoreduceddeazaflavin (DAF),*° has been
shown to replace NADPH and the proteic electron-
transfersystemin PFL3' and ARR 32 We haveobserved
that the same was true for biotin synthaseof B.
sphaericus(and also E. coli).>® This led us to adopt
anotherminimal in vitro assaycalled the DAF system,
which containsbiotin synthaseAdoMetanddeazaflavin,
in a DTT-containingTris buffer. With this system,the
yield of transformatiorof dethiobiotininto biotin is very
low (1 nmol of enzymegives0.02nmol of biotin), butthe
importantresultis that this transformationtakes place
andthatno otherproteinis necessarywhenelectronsare
supplied.

Experimental evidence for the role of AdoMet

The proposed hypothesis (Scheme 5) implies that
AdoMetis cleavedinto methionineanddeoxyadenosine,
which should therefore be producedin equimolecular
amounts.This had to be checked.Another important
problemto solvewasto correlatethe amountof AdoMet
usedin the reactionwith the amountof biotin produced.
In the three related enzymesalready mentioned, the
DOA" actsasacatalystWith PFLandARR, it produces,
directly or indirectly, an intermediate glycyl radical
whichis regeneratedt eachturnover.With LAM, DOA
givesbackonehydrogento the substraté? In the biotin
case, the radical is trapped by a sulfur speciesand
AdoMet should rather be consideredas a co-substrate.
The consumptiorof AdoMet is expectedo be at least1
mol per mole of biotin to producethe radical on the
methyl group. If the DOA" is usedto removeH" on the
othercarbonasecondnoleof deoxyadenosinshouldbe
produced.

The quantificationhasbeencarriedout usingAdoMet
labeledwith *>Sor ®H ontheadeninenoietyto determine
methionineand deoxyadenosinesespectively.The de-
oxyadenosine/bitin or methionine/biotirratiowas2.8 +

0 1998JohnWiley & Sons,Ltd.

0.23* This value, above 2, indicatesan abortive con-
sumptionof AdoMetandit is notpossibleto concludef 1
or 2 mol are necessanyor the productionof 1 mol of
biotin.

Thenextquestiorto addresss whetherthe DOA' itself
abstractghe substratédnydrogensasin LAM, or if there
is arelay of a proteinradical. To answerthis questiona
pentadeuterategubstrate [°Hs]DTB, was synthesized
(Schemes).

o)
/U\ CH,D Ad
HN NH o)
CD; CD,
\(CH2)4COOH OH OH
[?H]s DTB [2H] DOA
Scheme 6

If there is a direct transfer, deoxyadenosinewill
incorporate’H whereasan intermediateprotein radical
would imply the formation of non-labeleddeoxyadeno-
sine,sincethe systemis notcatalytic. Themassspectrum
of the recovereddeoxyadenosinelearly showsdeuter-
ium incorporatior?® This excludesthe occurrenceof a
glycyl (or any other)radicalon the proteinandindicates
thatbiotin synthasds morecloselyrelatedto LAM than
to PFL and ARR, asfar asthe C—H bond cleavageis
concerned.

4,5-Dehydrodethiobiotin, the first suicide sub-
strate of biotin synthase?

Enzyme-generateddicalshavebeendescribedasbeing
able to form covalentbondswith the protein, e.g. with
Tyr,® His®® or Cys*’ residues.

We havetestedthe behaviorof 4,5-dehydrodethiobio-
tin, assumingthat the intermediateallylic radical could
reactaccordingto severalpathways,either cyclization
into dehydrobiotin (i) or with ring extension (i) or
additionto the protein (iii) (Schemer).

A 1- *C-labeledsubstratavasusedin this study. The
amount of transformation product was too low for
identification®® but covalentbinding to the proteinwas
clearly established.A labeled band correspondingto
biotin synthasas visible on the electrophoresigel. The
labelingis abolishedn the absenceof AdoMet or in the
presencef an excesf cold dethiobiotin(Fig. 1).38

Hencewethink that4,5-dehydrodethidbtin is thefirst
suicidesubstrateof biotin synthasealthoughthe kinetic
argumentsor a k.4 inhibition cannotbe providedaslong
asthe systemis not catalytic.
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The sequencingf the labeledprotein,which is under
way, will enable us to characterizeone (or a few)
residue(s)f the activesite.

The nature of the sulfur donor

This is still an unsolvedproblem.In our early experi-
mentswith a crudecell-free extractof B. sphaericuswe
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Figure 1. Radioactive electrophoresis gel profile of a crude

cell-free extract of B. sphaericus incubated with ['*C]-(F)-4,5-

dehtdrodethiobiotin in the presence of AdoMet and

NADPH?®. (@) complete assay; (O) without AdoMet; ()
with 20 equiv. DTB
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included [3*S]cysteinein the assayand we found that
[3°S]biotin was producedbut with a specific activity
muchlower thanthat of cysteine!’ This resultindicates
that the immediate sulfur donor is not cysteinebut is
producedfrom cysteinethroughenzymespresentin the
cell free extract.

Anotherinterestingargumentin connectionwith this
discussionis the above-mentione@xperimentwith the
DAF systemwhich revealsthat biotin is producedrom
dethiobiotin without an external sulfur source except
DTT presentn thebuffer. When[3°S]cysteinevasadded
to this systemthe biotin producedvasnot radioactive®
an expectedresult since the assaydid not contain any
otherenzyme Sulfur wasintroduced however,suggest-
ing thatit is given by biotin synthasatself, eitherby the
iron—sulfur cluster or anothersulfur speciescovalently
boundto the protein. Another hypothesisis that DTT
could be the sulfur donorunderthesenon-physiological
conditions.

Experimentsarein progresso establishwhich of these
possibilitiesis correct. The elucidationof the natureof
thesulfur donoris anobligatorystepin understandings
insertionmechanism.

CONCLUSION

Biotin synthaserepresentsa challengefor mechanistic
enzymology. The very low efficiency of the in vitro
systenrevealshatsomeothercofactor(s)arevery likely
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necessaryfor turnover. Nif S*°4° and Nif U** gene
products,which havebeenshownto be involved in the
biosynthesisof [Fe—S] clusters,could be missing. The
searchfor theseunknowncofactorswill bethe nextstep
of our investigation.

Among the many fascinatingmechanisticproblems
raisedby enzymesthoserelatedto homolytic reactions
are, with a few exceptions,the least understood.If
significantprogresshasbeenmadein the elucidationof
the mechanismsof oxidation by oxygen-consuming
metalloproteins,the family of enzymeswhich were
discussedhere, which use the reductive cleavage of
AdoMet as a sourceof deoxyadenosytadical, are only
starting to be unraveled. They belong to anaerobic
metabolism and have to use reducing conditions to
generateadicals Interestingly biotin synthases thefirst
enzymeof the family foundin aerobicbacteria.Indeed,
these AdoMet-dependentenzymes are involved in
different transformationswhich have in commononly
the first step,namelythe homolytic cleavageof a C—H
bond. It seemsreasonablgo assumethat some other
membersof the family, catalyzingotherreactionscould
be discovered.
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