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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 synthase.S-Adenosylmethionine (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 deoxyadenosine
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 unknown. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

A few important sulfur-containing molecules, e.g.
penicillin, biotin and lipoic acid, involve the formation
of C—S bonds at non-activated carbons in the last step of
their biosynthesis (Scheme 1).

These reactions, although chemically related, follow
very different pathways and illustrate well the diversity
of solutions that nature has elaborated to achieve the
same chemistry. The reaction catalyzed by isopenicillin
N synthase requires oxygen and the homolytic cleavage
of the valineb C—H bond is performed by an iron–oxo
species,1,2 a process which is now well documented in
many metalloenzymes catalyzing oxidation reactions.
We shall show that a completely different mechanism is
operative in the other two cases. This mechanism is far
from being completely elucidated, but significant pro-
gress has recently been made.

HISTORICAL BACKGROUND

The understanding of the last step in biotin biosynthesis

represents an extremely difficult problem. Although it has
been tackled a long time ago, conclusive data have been
very scarce,3 mainly because of the absence of activity in
cell-free systems, preventingin vitro enzymology.

Our group was able, however, to obtain significant
results throughin vivo experiments with intact cells
(Escherichia coli or Bacillus sphaericus). We could
exclude the two reasonable hypotheses, based on known
enzymatic pathways, which could account for the
activation of the carbons to be functionalized, namely
the involvement of hydroxylated4 or unsaturated5,6

intermediates.
We could also show that the primary thioderivative1

(X=H) was converted into biotin byE. coli or B.
sphaericus7 (Scheme 2).

This led us to postulate that1 (X=H or X≠H) was a
very likely intermediate and that it was probably formed
by a direct sulfur insertion since hydroxylation had been
excluded.7 The reaction occurs with racemization,5 as
shown by stereochemical studies carried out with
dethiobiotin bearing a chiral methyl group.8 This result
is consistent with a radical mechanism. It could, of
course, also be compatible with an intermediate carbe-
nium ion, as considered for the cytochrome P450
hydroxylations,9 but even in that case this process does
not appear as a very general one.
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Similar conclusionswerereachedin parallelstudiesof
lipoic acid biosynthesisin E. coli:3,10 thereis no lossof
hydrogensexceptthosewhich arereplacedby sulfur; 6-
and8-hydroxyoctanoicacidarenotsubstrateswhereas6-
and8-mercaptooctanoicacid aretransformedinto lipoic
acid.Thereactionoccursalsowith racemization11 at the
methylgroup.Thehypothesisthatthesamemechanismis
involvedfor thetwo moleculesis alsostronglysupported
by the sequencehomologiesof biotin synthasesand
lipoatesynthases.12,13

Thereare many conservedresidues,in particular,as
shown in Scheme3 a cysteine triad and a cluster
Y(F)NHN, which certainly belong to the active site.
Interestingly,thesevery homologoussequenceshaveno

similarity with the sequence of isopenicillin N
synthase14,15or of anyotherknownprotein.

RECENT DEVELOPMENTS

After many reportsof unsuccessfulattemptsto obtain
activity in acellular systems, a positive result was
announcedby Ifuku et al.16 in 1992.By addingdifferent
potentialsulfur donorsto the cell-free extractsof an E.
coli strainoverproducingbiotin synthase,theyfoundthat
S-adenosylmethionine(AdoMet) was very efficient in
improvingtheactivity. Thisvery importantresultopened
up a newarea.

Scheme 1

Scheme 2
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Sometime later,we showedthatAdoMet wasnot the
sulfur donor:17 the sulfur of [35S] AdoMet was not
incorporatedinto biotin andthe 34S-labeledthiol which
also requiresAdoMet for cyclization was transformed
into [34S]biotin (Scheme4).

This led us to propose17 that biotin synthasecould
belong to the fascinatingclassof enzymeswhich use
AdoMet asa sourceof deoxyadenosylradical,namely:

. pyruvate–formatelyase (PFL), which convertspyru-
vateinto acetylCoA andformate;18,19

. anaerobic ribonucleotide reductase (ARR), which
transformsnucleotidesinto deoxynucleotides;20

. lysine 2,3-aminomutase(LAM), which catalysesthe
isomerizationof a- andb-lysine.21

The threeenzymesareinvolved in anaerobicmetabo-
lism and generatea deoxyadenosylradical (DOA* ) by
reduction of AdoMet. The exact mechanismof this
reductionis still unknownandthedeoxyadenosylradical
hasto bestabilizedby somegroupof theenzyme,maybe
a metal ion or the [Fe—S]cluster22.

Scheme 3

Scheme 4
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It has beennow establishedthat PFL and ARR are
radical proteins, a glycyl radical being generatedby
abstraction of a glycyl hydrogen probably by the
deoxyadenosylradical. In LAM, on the other hand,the
deoxyadenosylradical removes H* directly from the
substrate.Although they catalyzevery different reac-
tions, the first event in the mechanismof the three
enzymesis the homolytic cleavageof a C—H bond.As
pointedout above,sucha homolytic C—H cleavageis
also the postulated first event in biotin synthase
mechanism.

We havethereforeproposedthe mechanismdepicted
in Scheme 5 assuming that the methyl group is
functionalizedfirst,sinceonly theprimarythio derivative
1 (Scheme2) wasconvertedinto biotin.7

Although not completelyunderstood,the first part of
the pathway is now supportedby many experimental
data.The final events,namely the natureof the sulfur
donorand the mechanismof the C—S bondformation,
remainvery mysterious.

Characterization of biotin synthase and of its
electron-transfer system

We are working with biotin synthasefrom two organ-
isms,B. sphaericusandE. coli. Theenzymeof E. coli is
also being studied by several groups at Shiseido,16

DuPont23,24andLonza.25

Some consistent results have been obtained by
different teams.Both enzymeshavebeenpurified from
recombinant strains. They are dimers (2� 37–38
kDa).26,27 Biotin synthaseis an [Fe—S] protein. This
wasfirst describedfor theE. coli enzyme.23 Theiron and
sulfur contentandthe UV–visible spectrumarecompa-
tible with one [2Fe—2S] cluster per monomer.In the
oxidizedform [2Fe—2S]centersaresilent in EPR.After
reductionby dithionite,anEPRsignal,characteristicof a
[2Fe—2S] center, is observed,but with a very weak
intensity,indicatingthatthereducedspeciesis notstable.

We have shown that the UV–visible spectraof the
enzymesof B. sphaericusandE. coli arevery similar.26

Scheme 5

 1998JohnWiley & Sons,Ltd. JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 529–535(1998)

532 A. MARQUET ET AL.



When the B. sphaericusenzyme was reduced with
dithionite,theEPRsignal,differentfrom thecorrespond-
ing onein E. coli, could not be interpreted.28 The iron–
sulfurcenteris apparentlystill moreunstablein thiscase.

With purifiedbiotin synthase,NADPH is essentialfor
activity.23,25 In E. coli, two electron-transferproteins,
flavodoxin and flavodoxin reductase25,29 have been
identified. An in vitro systemcapableof transforming
dethiobiotin into biotin24 thus contains E. coli biotin
synthase,flavodoxin, flavodoxin reductase,AdoMet,
NADPH, Fe2�, DTT andsomeothercofactors,the role
of which hasnot beenclearly rationalized.In our hands,
however,this systemis not catalytic andthe amountof
biotin producedis sub-stoichiometricwith respectto the
enzyme;routinely, 0.5 nmol of biotin is formedfrom 1
nmol of biotin synthase.

Thecorrespondingflavoproteinsof B. sphaericushave
not yet been identified. An artificial electron donor,
namely photoreduceddeazaflavin(DAF),30 has been
shown to replace NADPH and the proteic electron-
transfersystemin PFL31 andARR.32 We haveobserved
that the same was true for biotin synthase of B.
sphaericus(and also E. coli).33 This led us to adopt
anotherminimal in vitro assaycalled the DAF system,
whichcontainsbiotin synthase,AdoMetanddeazaflavin,
in a DTT-containingTris buffer. With this system,the
yield of transformationof dethiobiotininto biotin is very
low (1 nmolof enzymegives0.02nmolof biotin),but the
important result is that this transformationtakesplace
andthatnootherproteinis necessary,whenelectronsare
supplied.

Experimental evidence for the role of AdoMet

The proposed hypothesis (Scheme 5) implies that
AdoMet is cleavedinto methionineanddeoxyadenosine,
which should thereforebe producedin equimolecular
amounts.This had to be checked.Another important
problemto solvewasto correlatetheamountof AdoMet
usedin the reactionwith theamountof biotin produced.
In the three related enzymesalready mentioned,the
DOA* actsasacatalyst.With PFLandARR, it produces,
directly or indirectly, an intermediateglycyl radical
which is regeneratedat eachturnover.With LAM, DOA
givesbackonehydrogento thesubstrate.22 In thebiotin
case, the radical is trapped by a sulfur speciesand
AdoMet should ratherbe consideredas a co-substrate.
Theconsumptionof AdoMet is expectedto beat least1
mol per mole of biotin to producethe radical on the
methyl group.If the DOA* is usedto removeH* on the
othercarbon,asecondmoleof deoxyadenosineshouldbe
produced.

Thequantificationhasbeencarriedout usingAdoMet
labeledwith 35Sor 3H ontheadeninemoietyto determine
methionineand deoxyadenosine,respectively.The de-
oxyadenosine/biotin or methionine/biotinratiowas2.8�

0.2.34 This value, above2, indicatesan abortive con-
sumptionof AdoMetandit is notpossibleto concludeif 1
or 2 mol are necessaryfor the productionof 1 mol of
biotin.

Thenextquestionto addressis whethertheDOA* itself
abstractsthesubstratehydrogens,asin LAM, or if there
is a relayof a proteinradical.To answerthis question,a
pentadeuteratedsubstrate,[2H5]DTB, was synthesized
(Scheme6).

If there is a direct transfer, deoxyadenosinewill
incorporate2H whereasan intermediateprotein radical
would imply the formationof non-labeleddeoxyadeno-
sine,sincethesystemis notcatalytic.Themassspectrum
of the recovereddeoxyadenosineclearly showsdeuter-
ium incorporation.28 This excludesthe occurrenceof a
glycyl (or anyother)radicalon theproteinandindicates
thatbiotin synthaseis morecloselyrelatedto LAM than
to PFL and ARR, as far as the C—H bond cleavageis
concerned.

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

Enzyme-generatedradicalshavebeendescribedasbeing
able to form covalentbondswith the protein,e.g. with
Tyr,35 His36 or Cys37 residues.

We havetestedthebehaviorof 4,5-dehydrodethiobio-
tin, assumingthat the intermediateallylic radical could
react accordingto severalpathways,either cyclization
into dehydrobiotin (i) or with ring extension (ii) or
additionto theprotein(iii) (Scheme7).

A 1- 14C-labeledsubstratewasusedin this study.The
amount of transformation product was too low for
identification,38 but covalentbinding to the proteinwas
clearly established.A labeled band correspondingto
biotin synthaseis visible on theelectrophoresisgel. The
labelingis abolishedin theabsenceof AdoMet or in the
presenceof anexcessof cold dethiobiotin(Fig. 1).38

Hencewethink that4,5-dehydrodethiobiotin is thefirst
suicidesubstrateof biotin synthase,althoughthekinetic
argumentsfor akcat inhibition cannotbeprovidedaslong
asthesystemis not catalytic.

Scheme 6
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Thesequencingof the labeledprotein,which is under
way, will enable us to characterizeone (or a few)
residue(s)of theactivesite.

The nature of the sulfur donor

This is still an unsolvedproblem. In our early experi-
mentswith a crudecell-freeextractof B. sphaericus, we

included [35S]cysteinein the assayand we found that
[35S]biotin was producedbut with a specific activity
muchlower thanthat of cysteine.17 This result indicates
that the immediatesulfur donor is not cysteinebut is
producedfrom cysteinethroughenzymespresentin the
cell freeextract.

Another interestingargumentin connectionwith this
discussionis the above-mentionedexperimentwith the
DAF system,which revealsthatbiotin is producedfrom
dethiobiotin without an external sulfur source except
DTT presentin thebuffer.When[35S]cysteinewasadded
to this system,thebiotin producedwasnot radioactive,33

an expectedresult since the assaydid not contain any
otherenzyme.Sulfur wasintroduced,however,suggest-
ing that it is givenby biotin synthaseitself, eitherby the
iron–sulfur cluster or anothersulfur speciescovalently
bound to the protein. Another hypothesisis that DTT
could be the sulfur donorunderthesenon-physiological
conditions.

Experimentsarein progressto establishwhichof these
possibilitiesis correct.The elucidationof the natureof
thesulfurdonoris anobligatorystepin understandingits
insertionmechanism.

CONCLUSION

Biotin synthaserepresentsa challengefor mechanistic
enzymology.The very low efficiency of the in vitro
systemrevealsthatsomeothercofactor(s)arevery likely

Scheme 7

Figure 1. Radioactive electrophoresis gel pro®le of a crude
cell-free extract of B. sphaericus incubated with [14C]-(E)-4,5-
dehtdrodethiobiotin in the presence of AdoMet and
NADPH38. (*) complete assay; (*) without AdoMet; (&)

with 20 equiv. DTB
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necessaryfor turnover. Nif S39,40 and Nif U41 gene
products,which havebeenshownto be involved in the
biosynthesisof [Fe–S] clusters,could be missing.The
searchfor theseunknowncofactorswill be thenextstep
of our investigation.

Among the many fascinatingmechanisticproblems
raisedby enzymes,thoserelatedto homolytic reactions
are, with a few exceptions,the least understood.If
significantprogresshasbeenmadein the elucidationof
the mechanismsof oxidation by oxygen-consuming
metalloproteins,the family of enzymes which were
discussedhere, which use the reductive cleavageof
AdoMet asa sourceof deoxyadenosylradical,areonly
starting to be unraveled. They belong to anaerobic
metabolism and have to use reducing conditions to
generateradicals.Interestingly,biotin synthaseis thefirst
enzymeof the family found in aerobicbacteria.Indeed,
these AdoMet-dependentenzymes are involved in
different transformationswhich have in commononly
the first step,namelythe homolytic cleavageof a C—H
bond. It seemsreasonableto assumethat some other
membersof the family, catalyzingotherreactions,could
bediscovered.

REFERENCES

1. J. E. Baldwin andE. Abraham.Nat. Prod. Rep.129 (1998).
2. P. L. Roach,I. J. Clifton, C. M. H. Hensgens,N. Shibata,C. J.

Schofield,J.HajduandJ.E. Baldwin.Nature(London)387,827–
830(1997).

3. M. A. Eisenberg.in EscherichiaColi and SalmonellaTyphimur-
ium, editedby F. C. Neidhardt,Vol. 2, pp. 554–540.American
Societyfor Microbiology, Washington,DC (1987).

4. F. Frappier,G. Guillerm, A. G. Salib andA. Marquet.Biochem.
Biophys.Res.Commun. 91, 521–527(1979).

5. G. Guillerm, F. Frappier,M. GaudryandA. Marquet.Biochimie
59, 119–121(1977).

6. F. Frappier,M. Jouany,A. Olesker,J.C. TabetandA. Marquet.J.
Org. Chem.47, 2257–2261(1982).

7. A. Marquet,F. Frappier,G. Guillerm, M. Azoulay, D. Florentin
andJ. C. Tabet.J. Am.Chem.Soc.115,2139–2145(1993).

8. F. B. Marti. DissertationETH, Zürich, No. 7236(1983).
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12. M. A. Hayden,I. Huang,D. E. BussiereandG. W. Ashley.J. Biol.

Chem.267,9512–9515(1992).
13. S.Zhang,I. Sanyal,G.H. Bulboaca,A. RichandD. H. Flint. Arch.

Biochem.Biophys.309,29–35(1994).

14. D. Ramon,L. Carramolino,C. Patino, F. Sanchezand M. A.
Penalva.Gene57, 171–181(1987).

15. D. Shiffman, M. Mevarech, S. E. Jensen,G. Cohen and Y.
Aharonowitz.Mol. Gen.Genet.214,562–569(1988).

16. O. Ifuku, J. Kishimoto, S. Haze,M. Yanagi and S. Fukushima.
Biosci. Biotechnol.Biochem.56, 1780–1785(1992).

17. D. Florentin, B. Tse Sum Bui, A. Marquet,T. Ohshiro and Y.
Izumi. C. R. Acad.Sci.317,485–488(1994).

18. M. Frey,M. Rothe,A. F. V. WagnerandJ.Knappe.J. Biol. Chem.
269,12432–12437(1994).

19. C. V. Parast,K. K. Wong, S. A. Lewisch and J. W. Kozarich.
Biochemistry34, 2393–2399(1995).

20. X. Sun,S.Ollagnier,P.P.Schmidt,M. Atta,E.Mulliez, L. Lepape,
R. Eliasson,A. Graslund,M. Fontecave,P. Reichardand B. M.
Sjoberg.J. Biol. Chem.271,6827–6831(1996).

21. C. H. Chang, M. D. Ballinger, G. H. Reed and P. A. Frey.
Biochemistry35, 11081–11084(1996).

22. K. K. Wong and J. W. Kozarich. in Metal Ions in Biological
Systems,editedby H. Sigel and A. Sigel, Vol. 30, pp. 279–313.
(1994).

23. I. Sanyal,G. CohenandD. H. Flint. Biochemistry33, 3625–3631
(1994).

24. I. Sanyal,K. J. GibsonandD. H. Flint. Arch. Biochem.Biophys.
326,48–56(1996).

25. O. M. Birch, M. FuhrmannandN. M. Shaw.J. Biol. Chem.270,
19158–19165(1995).

26. B. TseSumBui andA. Marquet.MethodsEnzymol.279,356–362
(1997).

27. D. H. Flint and R. M. Allen. MethodsEnzymol.279, 349–356
(1997).

28. F. Escaletteset al. unpublishedresults.
29. O. Ifuku, N. Koga, S. Haze,J. Kishimoto andY. Wachi. Eur. J.

Biochem. 224,173–178(1994).
30. V. MasseyandP. Hemmerich.Biochemistry17, 9–17(1978).
31. H. Conradt, M. Hohmann-Berger,H. P. Hohmann, H. P.

BlaschkowkiandJ. Knappe.Arch. Biochem.Biophys.228, 133–
142(1984).

32. V. Bianchi,R. Eliasson,M. Fontecave,E. Mulliez, D. M. Hoover,
R.G.MatthewsandP.Reichard.Biochem.Biophys.Res.Commun.
197,792–797(1993).

33. A. Méjean,B. TseSumBui, D. Florentin,O. Ploux,Y. Izumi and
A. Marquet.Biochem.Biophys.Res.Commun.217, 1231–1237
(1995).

34. D. Guianvarc’h,D. Florentin,B. Tse Sum Bui, F. Nunzi and A.
Marquet.Biochem.Biophys.Res.Commun.236,402–406(1997).

35. W. E. De Wolf, Jr,S.A. Carr,A. Varrichio,P.J.Goodhart,M. A.
Mentzer,G. D. Roberts,C. Southan,R. E. Dolle andL. I. Kruse.
Biochemistry27, 9093–9101(1988).

36. W. E.DeWolf, Jr,P.A. Chambers,C.Southan,D. SaundersandL.
I. Kruse.Biochemistry28, 3833–3842(1989).

37. B. ZhongandR. B. Silverman.J. Am.Chem.Soc.119,6690–6691
(1997).

38. E. Jestin,F. Moreau,D. FlorentinandA. Marquet.Bioorg. Med.
Chem.4, 1065–1075(1996).

39. L. Zheng,R. H. White, V. L. Cash,R. F. Jackand D. R. Dean.
Proc. Natl. Acad.Sci.USA90, 2754–2758(1993).

40. D. H. Flint. J. Biol. Chem.271,16068–16074(1996).
41. D. R.Dean,J.T. Bolin andL. Zheng.J. Bacteriol.175,6737–6744

(1993).

 1998JohnWiley & Sons,Ltd. JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 529–535(1998)

IN VIVO FORMATION OF C—SBONDSIN BIOTIN 535


