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Abstract: Biotin synthase, the enzyme which catalyses the conversion of dethiobiotin (DTB) to biotin has an
absolute requirement for S-adenosylmethionine (AdoMet) which is cleaved into methionine (Met)-and 5
deoxyadenosine (DOA) in equimolar amounts (Guianvarc’h, D.; Florentin, D.; Tse Sum Bui, B.; Nunzi, F.;
Marquet, A.Biochem. Biophys. Res. Commu®97, 236, 402—406). To look at an eventuafH] transfer

from DTB into DOA, 6,9-PHs]DTB (3a), 9-[?H3]DTB (3b), 6(9-[?H1],9-[?H1]DTB and 6{R)-[?H4],9-[?H1]-

DTB (3c), (3d) (Escalettes, F.; Florentin, D.; Marquet, A.; Canlet, C.; Courtieliefrahedron Lett1998 39,
7499-7502) have been synthesized and incubated with biotin synthase in the presence of AdoMet. Mass
spectrometry analysis revealed that deuterium was indeed transferred from the substrate into deoxyadenosine,
bringing the first experimental evidence for the involvement of a deoxyadenosyl radical in the activation of
the functionalized positions. The results also allow us to conclude that 2 mol of AdoMet are necessary for
breaking the €&H bonds at positions 6 and 9.

Biotin synthase, the enzyme which catalyses the conversionScheme 1.Conversion of Dethiobiotin to Biotin Catalyzed
of dethiobiotin to biotin (Scheme 1) has an absolute requirement by Biotin Synthase
for S-adenosylmethionink. o

We demonstrated that AdoMet was not the sulfur donor, and  yy~"“NH
this led us to postulatethat it could belong to the very H
interesting family of enzymes, namely, pyruvate formate-lyase l
(PFL) 2 anaerobic ribonucleotide reductase (ARNRhd lysine Hy  CH,CH,(CH,);COOH
2,3-aminomutase (LAMJj,which use AdoMet as a source of ° & !
deoxyadenosyl radical (DOA produced by the reductive
cleavage of the sulfonium moiety (the radical probably being
stabilized by some group of the protein).

This hypothesis which is illustrated in Scheme 2 is supported
by the following data: Biotin synthase contains an ir@ulfur
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clustef~8 as do one of the subunits of ARRRNd the activase AN NH
of PFL1% The associated reducing system characterized in
Escherichia coliwhich consists of NADPH, flavodoxih and He {:}HI
flavodoxin, reductasé is identical to that participating in PFL S“(CHy),COOH
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stoichiometry was about 2.8 mol per mol of biotin produced.
Despite common features, the three AdoMet dependent
enzymes described so far follow different pathways. Whereas,
in PFL* and ARNR!?® a catalytically competent protein glycyl
radical has been identified, LAM works according to &B
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Scheme 2.Hypothetical Mechanism foEscherichia coliBiotin Synthase
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like mechanisnt® where the homolytic cleavage of a-& bond method described by T. G. Back etl@lising NiCb and NaBD

on the substrate is mediated by the deoxyadenosyl radical it-in CHzOD. Mass spectrometry analysis of the corresponding
self, as shown by the reversible transfefldffrom the substrate methyl ester allows the location of deuterium according to the
to deoxyadenosin¥. It remains to be established to which fragmentation pattern (Scheme 4a), previously establighed.
subfamily biotin synthase belongs. To look at an eventtial It revealed an incomplete deuteration with the ratio of the
transfer from the substrate into deoxyadenosine, we prepareddifferent species (including the species containing also deuterium
different samples of dethiobiotin deuterated at the positions to at C5) as shown in Scheme 4b.

be functionalized, carbons 6 and 9 (numbering as shown in 1 . 9-PH;DTB (3b). 3b was synthesized as described in

Scheme 1). Scheme 5122 In that case, the secondary hydrogens were
selectively exchanged using milder basic conditions. Then, the
Results sulfoxides were reduced and the bideuterated biotin methyl ester
1. Synthesis of Deuterated dethiobiotins. 1.a. 6,9H<DTB 4 was transformed into the isopropyl sulfonium $alReduction

with LiAl[ 2H,] and then with Li/EtNH gave PHs]dethiobiotinol

(3a). Biotin was oxidized into a 75:25 mixture of sulfoxidgs X o : L .
7 which was oxidized with @and Pt to trideuterated dethio-

+ 2’ (Scheme 3). After complete exchange of thieydrogens$
as checked by NMR, the trideuterated sulfoxides were reduced™ (1g)| o, R ; Bory, S.; Moreau, B.; Marquet, Aetrahedron Lett1971,

into deuterated dethiobiotiBa by the very straightforward 3255-3258.
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L.; Eliasson, R.; Gislund, A.; Fontecave, M.; Reichard, P.;'Bgg, B. (20) Frappier, F.; Guillerm, G.; Tabet, J. Biomed. Mass Spectrom.
M. J. Biol. Chem1996 271, 6827-6831. 198Q 7, 185-188.
(16) Frey, P. AChem. Re. 1990 90, 1343-1357. (21) Frappier, F.; Jouany, M.; Marquet, A.; Olesker, A.; Tabet, 1.C.
(17) Baraniak, J.; Moss, M. L.; Frey, P.A. Biol. Chem.1989 264, Org. Chem.1982 47, 2257-2261.

13571360. (22) Marti, F. B.; Diss, E. T. H. (Ztich) 1983 Nr 7236.
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Scheme 4.(a) Main Fragment lons Obtained by EIMS from DTB Methyl Ester. (b) Percentages of the Different Deuterated
Species oBBa
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Scheme 5. Preparation o8b and Percentages of the Different Deuterated Sp&cies
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a(a) 1 N NaOD, rt, 11 days; (b) Tiglreflux, 8 h, rt, 12 h; (c) CEOH, Amberlite, rt, 4 days; (d) iPrOH, G$30O;H, 50 °C, 20 h; (e) NaBPh
(f) LIAID 4, THF, reflux, 1 h; (g) LI/EtNH, 6 h; (h) Q, Pt, O, 7 days.

biotin 3b, with the proportion of labeled species as shown in 12ble 1. Isotopic Composition o8a, 3b, 3¢, and3d

Scheme 5. number of D atom 3a 3b 3c 3d

1.c. 6(S) and 6(R)4H],9-[2H,]DTB (3c and 3d). The at C-5 0.3 0.4 0.4
synthesis of3c and3d has been described elsewhé&t®asic atC-6 1.8 0.9 0.9
treatment of the mixture of biotin sulfoxid@s+ 2’ led to the atC-9 2.7 2.9 0.9 0.9
partial epimerization of the side chain, that is to a mixture of — aThe2H NMR spectra 0Ba, 3¢, 3d revealed a partial incorporation
starting material and epibiotin sulfoxid8s+ 8 23 (Scheme 6). of deuterium on the side chain beside position 6. It is very likely located
The sulfoxides of each series were treated with Ni@hd at C5 resulting from the reduction of an intermediate65double

. . . .. 23 i i
NaBD; in CH;0D leading to samples of dethiobiotin deuterated gi‘\’/’;‘é th'\gspgo"é%fﬁg‘r?stggaltﬁgwgtngggﬁgg&mg gﬁjcgd"/\;'\g)s
at positions 6 and 93c and 3d. As the two diastereotopic  cggo, () and 20% R).
hydrogens at C-6 are not differentiated %y NMR, whatever
the field or the technique used, the stereochemistry of the major isomers was attributed, assuming that the hydrogenolysis
reaction was analyzed bH NMR in a polypeptide liquid of the C-S bond occurs stereoselectively with retention of
cristal2* The spectra oBc and3d showed two deuterium signals  configuration, as described by Back et3We shall see below
corresponding to the two configurations at position 6 with a that our results confirm this attribution. The labeling content

respective ratio of 80/20 and 20/80The configuration of the of 3a, 3b, 3c and3d are compiled in Table 1.

(23) Escalettes, F.; Florentin, D.; Marquet, A.; Canlet, C.; Courtieu, J. (24) Meddour, A.; Canet, |.; Loewenstein, A.;dhéng J. M.; Courtieu,
Tetrahedron Lett1998 39, 7499-7502. J.J. Am. Chem. S0d.994 116, 9652-9656.
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Scheme 6. Preparation o8c and3d and Percentages of the 253
Different Deuteriated Specigs *8 A
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58 h. Figure 1b
Table 2. Comparison of Biotin Production anéH] Incorporation
in DOA 58 118|136
[2H]DOA/ E o B
solvent substrate  biotin (uM)®<© ([2H]DOA + DOA) | F46
H,0 DTB 29402 |
H,O 3a 0.8£0.15 0.32+ 0.04 ! I i !
H0 3b 2.1+ 0.15 0.18+ 0.02 PSRN I W9 PP I
H,0 3c 1.7£0.1 0.174+ 0.0 o 50 90 130 170 210 250
H,0 3d 24+0.1 0.05+ 0.0 ]
2 igure 1. spectra of protonatedH; reference sample (a
[2H,0] DTB 2.0+0.2 0.04+ 0.02 F 1. CID spectra of protonatedHi,]DOA ref le ()

- - — - - and PH;]DOA isolated from an enzymatic assay witls as substrate
2 The isotopic composition is shown in Table "Determined by (b). Note: The small peaks a¥z 57, 74, 117, and 137 correspond to
microbiological assay: Experimental conditions and error estimation:  {he nonnegligible!*C contribution because of the low proportion of

see Experimental Section. Data represent the mie@D of: “Dup- 12 1p0A biosynthesized (40% OFC in the MS peak afz 253)
licate spectra for two independent experimefBuplicate spectra for ’

five independent experiments. In some of them, the proteins have been . . N .
lyophilized from PH]O one, two, or three times before running the  Sine in these five independent experiments was @:08.02

experiment. The deuterium content of DOA does not depend on which is hardly significant.
lyophilization. 3. Location of Deuterium in DeoxyadenosineThe proposed
) ) ) ) mechanism implies that deuterium is introduced into deoxy-
2. Enzymatic Experiments. Enzymatic experiments were  adenosine at position.5To confirm this assumption, we tried
carried out with3a, 3b, 3¢, and3d which were incubated with g |ocate the deuterium atom by tandem mass spectrometry. A
80% pure biotin synthase frof. coli, flavodoxin, flavodoxin reference sample of $2H,JDOA was prepared by reduction
reductase, NADPH, AdoMet, DTT, cysteine, anc#F& The of 5'-chloro-8-deoxyadenosine, according to Wang e€a0A
amount of biotin produced was determined by a microbiological gpq B-[2H,]DOA were analyzed under CI-Ngand CI-ND; as
assay, and deoxyadenosine was isolated by HPLC and anareagent gas conditions, and the produced protonated molecules
lyzed by mass spectrometry, as previously descriBdtlis were studied by selective collision experiments. Several product
important to point out that the in vitro system that we are using jons could be formally identified according to thez ratios of
is not catalytic. In our hands, the amount of biotin produced the different peaks as shown in Table 3.
was less than 1 mol per mol of enzyme (see Experimental g expected, fragment D coming frorfHy]JDOA does not
Section). The amount of biotin formed and the percentage of contain deuterium, whereas fragments E and F show a shift of
deuterated deoxyadenosine molecules in each experiment ar@yz from 57 to 58 and from 45 to 46, respectively. The same
reported in Table 2. . . shift is observed with?H;]DOA isolated from the enzymatic
The deoxyadenosine recovered from the experiment8éth  assay (Figure 1). This allows us to conclude that deuterium is
contained 0.32 deuterium. WiBh deuterated only at position  |ocated either at position’ 4r 5. Although the two positions
9, half of this amount (0.18 deuterium) was found. Deoxy- cannot be differentiated by mass spectrometry, one can assume

adenosine isolated frorc (80% 6@) and 3d (80% 6R)) on the basis of mechanistic arguments that deuterium is actually
contained respectively 0.17 and 0.05 deuterium. To test an|gcated on carbon’s

eventual exchange with the solvent, several experiments were

carried out with nonlabeled dethiobiotin iAH,]O and biotin 32é22;_3§2ya" l.; Gibson, K. J.; Flint, D. krch. Biochem. Biophyd.996
synthase lyophilized 1, 2, or 3 times in the presencéld$]P. (26) Wang, Y.; Hogenkamp, H. P. C.: Long, R. A.; Revankar, G. R.;

The amount of deuterium found in the recovered deoxyadeno- Robins, R. K.Carbohydr. Res1977, 59, 449-457.
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Table 3. Location of Deuterium Atom in?H;]DOA

NH,
NH.
HNZ 2 5 . 4 1 +
D o, ! 7=OH
S “”@jp ::‘q e Y
5 o HO'3 5
N H OH OH *
3 >
H H
A B C D E F
Parent ion
(m/z)
[DOA]H+ 252 136 117 73 57 45
[?H,)[DO A]D+ 257 140 119 75 57 46
5 [ZHI][DOA]H+ 253 136 118 73 58 46
Discussion deep insight into the enzyme mechanism. The interpretation of

Previous work by our group has led to the following the amoun.t of deuterium found in depxyadgnosme that we 'ob-
.serve requires, however, a complex discussion. We will consider

contributions to the understanding of biotin synthase meChanism'successivel the two hvpotheses. direct transfer or relav throuah
(1) Functionalization of dethiobiotin starts at the methyl group . y YPOINe ’ . Y 9
an intermediate protein radical, and see which one fits better

since the primary thiol (Scheme 1,3 H) is transformed into with the results
biotin by resting cells oBacillus sphaericuswhereas the two We shall first discuss the case of a direct deuterium transfer.

epimeric C-6 thiols are nét.(2) Looking at the conversion of .

dethiobiotin into biotin with a mixture of 9%2H3]DTB and Wwith .[ZHS]DTB (33) as_substrate the mass spectrum of the
9-[?H,]DTB, we did not observe any isotopic internal selecfibn, resulting deoxyadgnosme shows thaF only one-th|rd of the
showing thus the absence of isotope effect associated to theerl]ro'e;lgﬁtss gzvglolnggrgggat:dor?:lgw?t.oAB(;C%rd(l)Tgeotlotothe
first step. (3) The free thiol is probably not the true intermediate gnur tear c\ill Iptcg W\é ’r the first functi nl I\i/z \,[/I N tak
since it is converted into biotin less efficiently than dethiobiotin generate a radica a ere e first flunctionalization takes

either in vivd” or in a cell-free systerlt is probably present place, this radical being trapped by the sulfur donor to give the

in the enzyme active site as-$, either as a free functionalized g(;q?;i(n'gﬁr?nw;ﬁfd glézfrosnu”tlr]\ri-sd?::élt?c?n S\Egﬁ:gs 222;33 Ota
derivative or bound to the enzyme. An intermediate with the P ' 9

. . . radical which could be responsible for the homolytic & bond
chromatographic properties of the free thiol has been detected
in experiments with lavender cell cultuféshowing a possible cleavage at C6. In that case, only 1 mol of AdoMet should be

cleavage of the SX bond. (4) Experiments with thé*S or go:"l]fhuerzezydl.?l'ﬁ el dmf?elrg:lczoAtr?r?hdeu%ebdsepre:e dmgl Oér'kr)‘rl1oet:1r:al
345-Jabeled thiol revealed the loss of about 20% of the label SY 1zed. : Wi M Xperi

during its conversion into biotin, as well in vi¥bas in vitro? vallue (2.8 to 3 could be attributed to some abortive process.
This may indicate some revérsibility of the—GX bond This would account for the amount of deuterated DOA

formation. Taking into account the additional data obtained with mﬂi(\:/\l/g\e/z}thv?/:eIsﬁg/zomrév[i);:srrOlo%fsglr?/grg that AdoMet is
cell-free systems and purified enzymes mentioned in the ’ P y

. . : . . required for the transformation of 9-mercaptodethiobiotin into
ilgtg)éj#grt:%n,zwe are proposing the working hypothesis described biotin,2 which implies that a second DOAs involved in the

In this work we concentrate on the role of the deoxyadenosyl Ce—H cleavage. To distinguish between the two possibilities,

> S
radical issued from AdoMet. We bring evidence that 2 mol of z\r’]e prepar(id ]?dH3]PT.B (3tb). Iffonlyhonﬁj ?)Oﬁ]'s 'nVOIV\Zc&
AdoMet are required to functionalize positions 6 and 9 of € amount of geuterium transfer should be the same Vsaen

S . . and 3b are used as substrates. This is not the case since with
?vs;hg?sl(s)ittlyrllé zztﬁ\?f;;fftgfﬂlg ﬁg&eorlr;?iczél\é\;(\e/ ;\gllseootfj[[scul CSS theSb only 18% of the DOA molecules are deuterated, that is, half

: ; e f the value obtained wittBa. This strongly conforts our
bonds of DTB. Is it mediated by the deoxyadenosyl radical itself 0 . . ; .
like in LAM ® or by an intermediate protein radical like in PEL hypothesis postulating that a second DGginvolved in the

or ARNR® In any case it has to be pointed out that here functionalization at CG.

AdoMet is a cosubstrate and not a catalyst as in the case of thetwA f:Jhrtl:?r bprloc&f C%n t:)g[ gurr]% ?':j t_?ﬁ resultfn obte;:geevv?th
three other AdoMet-dependent enzymes since the intermediate 0 other labeled substrates; a - 1Nese compounas were
radicals are trapped by the sulfur donor. obtained by the method used for the preparatiorBaf(see

The results presented in this paper show clearly a deuterium?ebnc;\;ﬁz/‘el-r h:sgiogg%ugit'sor;ni%f t[]heatr?r?gaoL IZ??Zrncz)ilt S?SG o\:‘v?r?e
transfer from the labeled substrates into deoxyadenosine. The y 9 uming yarog y

availability of the differently labeled substratda—d allows a c .S bond occurs stereosele.cnvely with retention of cpnflgu
ration. The results presented in Table 2 confirm this attribution.
(27) Marquet, A.; Frappier, F.; Guillerm, G.; Azoulay, M.; Florentin,  Indeed, Parry and collaboratétsave already established, using
D.; Tabet, J.-CJ. Am. Chem. S0d.993 115 2139-2145.
(28) Baldet, P.; Gerbling, H.; Axiotis, S.; Douce, Rur. J. Biochem. (29) This value of 2.8 (found very reproducible) is extracted from our
1993 217, 479-485. previous workt3
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Scheme 7
/—‘X—H\ poA’ /I\ /‘|;D\

DOA(H) R

R =H or alkyl °£D2 N gozsx

[Fe-S] -

DTB samples stereospecifically tritiated at C6, that the proS quence RVSG¥ and RVCGY2 Its formation is catalyzed by
hydrogen was removed during the conversion into biotin. We an activase (where the DO produced) which has a number
observe, consistently, a higher amount of deuterium transfer into of analogies with biotin synthase. Biotin synthase does not
DOA with 3c where the 69) configuration was attributed to  require an activase, and all of the events have to occur on the
the major isomer. A quantitative discussion of the deuterium same protein where the conserved sequence RVS(C)GY is not
content of DOA issued from these last two experiments is a presen£* We cannot exclude however the relay on another Gly
little hazardous because of the presence of several deuteratedr another carbon radical, or an X radicat,(S"...).
species which results in the accumulation of errors in the  For the discussion of the results in this second hypothesis it
calculation (the deuterium at C9 should contribute for about pecomes very important to consider the turnover of the enzyme.
0.052H and the presence of thevfong’ isomer at C6 lowers  We have seen that in the in vitro system we are using, less than
or increases the deuterium transfer expected foiSR@(6(R) 1 mol of biotin was produced per mol of enzyme. Although
configuration, respectively). The qualitative results are, however, biotin synthase is about 80% pure, according to SDS PAGE, it
consistent with the previous ones and confirm that a DBA  may, however, contain only a small amount of active catalytic
involved in both steps. protein. According to Duin et d&.the aerobically purified
Nevertheless, an important question remains to be solved:enzyme containing one [2F€S] cluster per monomer would
why do we not observe a higher amount of deuterium transfer be converted by anaerobic reduction into another form with a
if a unique pathway is followed? The result obtained vath [4Fe-4S] cluster which could be the active species at the
is particularly clear. The substrate is regioselectively and interface of the two monomers. But they did not observe any
extensively deuterated and the absence of isotope effect at COctivity difference between both forms in the in vitro system.
has been establishétlf 1 mol of DOA is issued from the  Moreover, we have recently found that the inorganic sulfide of
homolytic C-H cleavage at C6 and about 1 mol from an [Fe—34S] reconstituted biotin synthase was efficiently incor-
abortive process, the expect@d] content should be about 63 porated into biotir$ We have postulated that the [F&] cen-
0.35. A value of 0.18 is observed. Wisiaas substrate théH] ter, besides its supposed role in the electron transfer, was likely
content of DOA is just double, making very unlikely any in-  the sulfur donor. This implies that the system cannot be cata-
terpretation based on an (unknown) isotope effect at C6. Theytic as long as the cluster is not efficiently reconstituted and
hydrogen found in DOA is not issued from the solvent (ex- strengthens the hypothesis of a single turnover in the in vitro
periment in?H,O) and may come from the protein. We im- experiments.
plicitly assume that the extra amount of DOA produced (0.8t0 | that case, the DOAwould abstract a hydrogen from the
1 mol per mol of biotin) arises from an abortive process. Shaw protein, and nonlabeled DOA should be produced, deuterium

etal. have found about the same ratic} between the amount  peing transferred from the substrate to the protein in the second
of methionine formed by AdoMet cleavage and the biotin gtep (Scheme 7).

producec? They have postulated that it could be correlated with
the formation of an intermediate that they have detected. In the
conditions of our assay which are different from theirs, we did
not observe this intermediate. Anyway if it was the case its
formation from3a should lead to DOA(D) and cannot explain
the presence of DOA.

A reversible hydrogen transfer between DTB and DOA could
be considered if the €S bond formation is the rate-determining
step. A detailed analysis of this possibility reveals that it could
not account for the large amount of nonlabeled DOA which is

In case of multiple turnover DOA(D) should be produced at
each following turn, since the protein is deuterated, provided
that the C-D bond is stereospecifically formed or broken (or
that the X-D bond does not exchange, which is consistent with
the experiment in3H,Q]).

The observed values of DOA(D) which is, in each experiment,
about half of the expected value would correspond to two turns
in each case. We feel that it is a very improbable situation.

produced.Moreover, it would imply the presence of bi(tri)- CPnclusion
deuterated DOA molecules. The absenceldfJDOA revealed All of the data accumulated on the mechanism of action of
by the mass spectrum allows to discard this hypottiésis. biotin synthase since the description of an active cell-free system

We have now to consider if the above results fit better with i, 1992, strongly supported the hypothesis of an intermediate
the second hypothesis, that is, the occurrence of an intermediateyeoxyadenosyl radical. This work brings the first experimental
protein radical. The protein radical in PFL and ARNR is located qof for the involvement of such a radical and also demon-
on a glycyl residue, found respectively in the conserved se- strates that 2 mol of AdoMet are required for the functional-

(30) Trainor, D. A.; Parry, R. J.; Gitterman, A. Am. Chem. S0d.98Q ization of positions 6 and 9 of dethiobiotin.

102, 1467-1468.

(31) A 2% PH,] content could be deduced from the mass spectrum in (33) Sun, X.; Harder, J.; Krook, M.;"dovall, H.; Sjterg, B. M;
the experiment carried out witBHis]DTB. We do not know if this value is Reichard, PProc. Natl. Acad. Sci. U.S.A993 90, 577-581.

of significance or within experimental erro?H;] species were not detected (34) Zhang, S.; Sanyal, |.; Bulboaca, G. H.; Rich, A.; Flint, D.Atich.
in the experiment with the other substrates. Biochem. Biophys1994 309 29-35.
(32) Shaw, N. M.; Birch, O. M.; Tinschert, A.; Venetz, V.; Dietrich, R; (35) Tse Sum Bui, B.; Florentin, D.; Fournier, F.; Ploux, O.; &,

Savoy, L. A.Biochem. J199§ 330, 1079-1085. A.; Marquet A.FEBS Lett.1998,440, 226-230.
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However, the interpretation of the amount of deuterium esterified with CHOH (100 mL) and IRN-77 sulfonic Amberlite resin
transfer from the substrate into deoxyadenosine is complex, and(2 g) at room temperature for 4 days. The mixture was filtered and the
our experimental results cannot be completely explained by any Solution evaporated under vacuum. The brown residue was dissolved
of the hypotheses that we have discussed. We feel, however N thyl acetate and the solution washed with watex (35 mL). K-
that the whole set of data is more consistent with a transfer of -2 Was added o avoid emulsion.The organic layer was dried with
hydrogen which does not involve an intermediate protein radical. MgSQ, and evaporated under vacuum, yield(3.82 g, 80% fron2

) . 1 + 2') which was crystallized (white solid) from ethyl acetate, mp 162
The observed loss of deuterium remains to be explained. . (l)it. 163°C) 3 Y ( ) Y P

Evidently much more W(_)rk, using other approaches,_ is Necessary 3, 4(9) 6aR)-4-(4-methylethyloxycarbonylbutyl)-5-methylethyl-
to further understand this very complex but fascinating reaction. [g 6.2H,]-2,3,3a,4,6,6a-hexahydro-thieno-[3.4] imidazol-2-one tet-

raphenylborate (5). To a solution of4 (2.69 g, 10.35 mmol) in
Experimental Section methanesulfonic acid (40 mL) was added freshly distilled 2-propanol
(17 mL). The mixture was stirred at 8C for 20 h and then neutralized
with 5 N NaOH. The solution was washed with &, (4 x 50 mL),
¥ind sodium tetraphenyl borate (3.54 g,10.35 mmol) i@ K35 mL)
was added to the aqueous layer. The product was extracted §yICH
(4 x 50 mL). The combined organic layers were treated with brine,
dried with MgSQ, and evaporated under vacuum, yieldh¢3.87 g,
58%).'H NMR (acetoneds): 1.20 (6H, d,J = 6.1 Hz,-O-CH(C3)2);
1.67, 1.72 (6H, 2dJ = 6.6 Hz, -S-CH(CHs),); 1.59-1.75 (4H, m,
-CH2-(CH,)-CH,-COO-); 2.12-2.22 (2H, m, -®,-(CH,)s-COO-);

Chemicals. Materials and MethodsAll reactions using nonagueous
reagents were run under a dry argon atmosphere. Flash chromatograph
was performed on Merck Kieselgel 60 (23800 mesh) and reversed
phase chromatography on Merck Lichroprep RP18-28xm). The
progress of reactions was monitored by analytical TLC on silica gel
60F-254 from Merck. Visualization of TLC was done by UV,
phosphomolybdic acid, or paradimethylamino-cinnamaldehyde.
DOA, and 5-[°H;]DOA were purified on a Nucleosil 5C18 250-4 HPLC
column (Merck)*H RMN spectra were recorded on a Bruker ARX400 o ) AL . _
at 400 MHz.13C RMN spectra were recorded on a Bruker ARX400 at l2-|z3 S(S%HCIj(\Ziag)i)G ; 59 E?I-I& )3d§dH 3 C:Ofe) ’ géG él7HHZm,]gC€;>_|6
100 MHz. Tetramethylsilane was used as an internal standard. Elemental, .’ . C ! ) ALY A
analyses were performed by the ServicegiReal de Microanalyse g: 2)515084?)628 ZﬁOtZJ(iH%T’szﬂ’r\loh)q 6%45(::32{] 623;76?_27
(SIAR-Jussieu). All chemical and biochemical reagents were purchased ' T2 L -~ s .y V! ' y

- . . arom); 7.36-7.38 (8H, m, arom)}*C NMR (acetoneds): 18.44, 19.19
either from Aldrich, Acros, or Sigma. DOA and-BHi]DOA were (-S"-CH(CHa)s): 21.73 (-O-CHCH)s); 24.70, 26.94, 27.36 @Hz)s-
\s/zg;f;gezltzaege from 'Echloro-8-deoxyadenosine by the procedure of CHy-COO-): 33.19 ((CH)3-CH-COO-); 46.18 (€Ds-); 47.96 (-S-

4(R),5(S)-4-([1,14H]-5-carboxypentyl)-5-[Hs]-methyl-imidazo- gggg:gg 521638(?2?_'533 1526931 ?grgg])(Zﬁjlé;:(g;Oi%?i(l)s
lidin-2-one ([?Hs]DTB) 3a. Sodium deuterioxide (1 N, 10 mL) was (CO0-) ' ' ' ' '
added to2 + 2' (500 mg, 1.92 mmol). The solution was stirred at ’ .
80°C for 30 h an(d then gcidified wit2 ?\l HCI and purified on a C18 4(S),5(5)-4-[[6,6-2H]-6-hydroxyhexyl-1-((1-methylethy)thio)]-5-
reversed phase column {B/CHCN: 100/0— 90/10), yielding a white [2H3]-m§thyl-|m|dazo||d|n-2-one (6). To a solution of (1.24 g, 1.69
solid (428 mg, 85%) as a mixture of diastereoisomers. This product mmol) in anhydrous THF (35 ml__) was addeq LiAI0.546 g, 13
(405 mg, 1.52 mmol) was dissolved in a 3/1 mixture of OB and mmol) under argon at 0C. The mixture was stirred under reflux for
anhydro;Js 'THF (33 mL). NiGI(2.75 g, 21.2 mmol) and then NaBD 1 h. NaOH (5 N, 1.5 mL) was added to the solution which was then
(2.67 g, 63.8 mmol) weré added.unde:r ar.gon 5E0The mixture was neutralized win 1 N HCI. The precipitate was removed by filtration
stirred at room temperature for 15 min. The precipitate was removed on Celite which was washed with THF (6 25 mL). The combined

by centrifugation and washed with water (€010 mL). The combined solutions were evaporated under vacuum, and the residue was purified
' - y flash chromatography (GEIl,/CHsCH,OH: 100/0 — 80/20),
supernatants were evaporated under vacuum. The green residue Wagielding 6 (279 mg, 59%)1H NMR (acetonese): 1.29, 1.31 (6H, 24,

dlssolve_d' in water (30 mL). The solution was acidifiediwit N HC.I J = 6.6 Hz, -S-CH(®)s); 1.33-1.80 (8H, M -(G12)-CD,0H); 2.72
and purified by C18 reversed phase chromatograpO(BH;CN: 1H dt.J = 3.1 Hz.J = 10.2 Hz. -S-®&-(CH.).-CD-OH): 3.10 (1H
100/0— 90/10), yielding a white solid. This solid was treated with ¢ e b Hy S g' CHAN: 3 7Zé'l;4 (-j(d g 1)47 1 29624’ ' (H,(\, N
CH:OH (25 mL) and IRN-77 sulfonic Amberite resin (0.5 g). The ™ J = 6.6 Hz,-S-Gi(CHy),); 3.76 (1H, ddJ = 7.1, 9.6 Hz, -GIN-),

— _ - 13,
solution was stirred under reflux for 11 h and then evaporated under 3.8651!;,4 d"JZZ 206 ;42’630-|g g: 5'35’ SggﬁHz(szf;gN)H CC’\|I_|MR
vacuum. The residue was purified by flash chromatography (@HCI (acetoneds): 24.20, 24.63 (-S-CHEH5)); 26.41, 26.99 EHz-(CHy).-

CHyOH: 100/0 — 90/10) vyielding a colorless solid which was CH,-CD;0H); 33.31, 33.50 (-CHH(CHz)o-CH,-CD,OH); 36.49 (-SEH-

saponified wih 1 N NaOH and then desalted by C18 reversed phase (%ﬁ)ﬁ);. fg45;3 (‘igH'(CHZ)rCDzOH): 52.10 (CHN-); 61.34
chromatography (bO/CHCN: 100/0— 90/10).3a (98 mg, 27%) was  CHN-); 164.33 C=0).

obtained as a white solid and further purified by HPLC (Nucleosil- . 4(R),5(S)-4-([_6,(_3-2H2]-6-hydroxyhexyl)-5-[2H3]-methy|-imid§1zoli-
C18 Merck column; HO/CH,CN/TFA: 85/15/0.1), mp: 157C (it. din-2-one (7). Lithium (46 mg, 6.6 mmol) was added, &5 °C, to
159°C) 3 IH NMR (DO + NaOD): 1.0+1.19 (4H, m, -CB-(CH,)- anhydrous liquid ethylamine (20 mL). The solution was stirreet &5

(CHz)-COOH); 1.3-1.39 (2H, m, -CB-(CH,)2-CH2-CH,-COOH); 1.96 °C for 1 h, and a solution 06 (205 mg, 0.73 mmol) in anhydrous
(2H, t, J = 7.6 Hz, -CD-(CHy)s-CH,-COOH); 3.56 (1H, dJ = 7.6 THF (8 mL) was added. The mixture was stirred foh at—15 °C
e ’-C‘:HN-)' 267 ’(1H dl = 7.6 Hz -O—|N-’). 130 NM’R (D0 + and then warmed to room temperature, and ethylamine was evaporated.

NaOD): 14.6 (CDy); 24.2, 27.66 (-CB-(CHz),-(CH2)-COOH); 24.88 MeOH (10 mL) was added and the solution evaporated under vacuum.
('CDz-(CHz)z-CHz-C,Hg-C0,0H)' 27.66 (€D2-(CH2)4-COOH)" 36.72 CH:Cl; (20 mL) was added to the residue. The precipitate was removed

(-CD»-(CHz)3-CHo-COOH); 50.4 (CHN-); 55 (-CHN-); 165.21 C= by filtration and washed with Ci€l; (5 x 10 mL), and the combined
0); 184 COOH). ' ' ' solutions were evaporated under vacuum. The residue was purified by
3a(9),4(9),6aR)-4-(4-methyloxycarbonylbutyl)-[6,62H7]-2,3,3a,4,6,- flash chromatography (CGi€1,/CH;CH,OH: 100/0— 80/20), yielding

6a-hexahydro-thieno-[3.4d] imidazol-2-one (4).Sodium deuterioxide 7(70 mg, 46%)*H NMR (CDCk): 1.10, 1.24 (2H, m, -(Ch)>-CHz-
(1 N, 50 mL) was added t@ + 2' (4.75 g, 18.3 mmol). The solution ~ (CH2)zCD20H); 1.24-1.35 (6H, m, -(CH)s-(CHz)o-CD,OH, -CH-
was stirred at room temperature for 11 days and then acidified with 1 CHz-(CH2)-CD20H); 1.4571.54 (2H, m, -Gi>-(CH;).-CD-OH); 3.65
N HCI and evaporated under vacuum. The colorless oil obtained was ng’ dt,J =51, ?'1 Hz, -GiN-); 3.78 (1H, d.J = 7.6 Hz, -CHN-)..
dissolved in a CHGICHsOH mixture (2/1, 50 mL). TiGJ (10% in *C NMR (CDCk): 23, 25.91, 29.87 (-CHCH-CHz-(CHz).-CD:OH);
H,0, 2.5 mL, 1.93 mmol) was added at room temperature. The solution 30.09 (-(CH)z-CHz-(CHz)>CD:OH); 31.35 (€Hz-(CH,)s-CDOH);
was stirred under reflux fo8 h and at room-temperature overnight 51.9 (CHN-); 56.52 (CHN-).

and then evaporated under vacuum. The black residue obtained was 4(R),5(S)-4-(5-carboxypentyl)-5-FHs]-methyl-imidazolidin-2-
one (3b).Platinum oxide (72 mg, 0.24 mmol) in,® (10 mL) was

(36) Guillerm, G.; Frappier, F.; Tabet, J. C.; Marquet,JAOrg. Chem.
1977, 42, 3776-3778. (37) Lett, R.; Marquet, ATetrahedron1974 30, 3379-3392.
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reduced with a stream of Hor 30 min. After the solution was purged  means of a microbiological assay witactobacillus plantaruni? The

with argon, Q was introduced, and a solution {39 mg, 0.19 mmol) average concentration of biotin in all of the Eppendorfs (four to six
and NaCO; (47 mg, 0.44 mmol) in KO (2 mL) was added. The per experiment) was calculated and the standard deviation deduced.
mixture was stirred for 20 h at room temperature under a stream of The data were normalized to correspond to the formation of @1 ®f

O,. Platinum was removed by centrifugation, and fresh,R85 mg) biotin (mean value of biotin concentration obtained for reference
was added. After treatment by,ts before, the mixture was stirred  samples (DTB+ H;O) of each independent experiment).
for 6 days at room temperature undes. @he catalyst was removed Purification of 5'- or 5'-[?H]-DeoxyadenosineThe proteins of each

by centrifugation and the solution was neutralized and chromatographedsample were precipitated with 3Q of 12% (w/v) trichloroacetic acid.

on a DOWEX column (1x 2-200 ion-exchange resin, 0.03N  After centrifugation, the supernatants were pooled and analyzed by
HCOOH), yielding3b (26 mg, 63%, white solid). Fifteen milligrams  reversed phase HPLC (Nucleosil 5C18 250-4, Merck) using a 20-min
was purified by C18 silica reversed phase chromatographyD(H linear gradient of HO/acetonitrile (100:0 to 68:32) at a flow rate of
CHzCN: 100/0— 80/20), yielding 10 mg of pure product, mp: 156 1.2 mL/min. The product which eluted between 13 and 14 min was

°C (lit. 159°C) .35 H NMR (DO + NaOD): 1.16-1.29 (4H, m, -CH- collected, concentrated under vacuum, dissolved in acetonitrile, and
(CH2)2-(CHy),-COOH); 1.3-1.46 (4H, m, -®H-(CHy),-CH2x-CHy- analyzed by mass spectrometry.
COOH); 2.02 (2H, tJ = 7.6 Hz, -(CH)s-CH,-COOH); 3.63 (1H, dt, Mass Spectrometry Analysis.All El or Cl mass spectra and low
J=17.6, 6.2 Hz, -GIN-); 3.73 (1H, dJ = 7.6 Hz, -GHN-). **C NMR energy collision-induced dissociations (CID) spectra of selected ions
(D20 + NaOD): 14.35 (€Ds3); 25.65 (-(CH)2-CH2-(CHz)2-COOH); were performed using a triple quadrupole tandem mass spectrometer
25.97 (-(CH)3s-CH2>-CH,-COOH); 28.86, 29.3 (§H2)2-(CH,)s-COOH); (R-30-10 Nermag). The samples were introduced into a high-pressure
37.78 (-(CH)4-CH2-COOH); 51.57 (€HN-); 56.31 (CHN-); 165.77 ion source by using a direct desorption DCI probe with heating of the
(C=0); 184.31 COOH). tungsten filament. Mass and CID spectra corresponded to averages of
Biochemicals. Bacterial Strains.The E. coli strain TK101 [pk- 10 full spectra recorded on an EZSCAN acquisition system. The source

BLS2]% overexpressing biotin synthase was a generous gift from operating conditions were electron energy, 100 eV; emission current,
Professor Y. Izumi (Tottori University, Japan). TBecoli strains C-1a 100uA,; repeller, 0 V; pressure of ammonia as reagent gas, as well as
[PEE1010] and DHO1 overexpressing flavodoxin reductase and fla- its deuterated analogue (purchased from CEA Eurisotope, France), close
vodoxin, respectively, were generous gifts from Professor P. Reichard to 107 Torr in the source housing (measured above the secondary

(Karolinska Institute, Sweden). pumping). To perform Ar-induced collision activation, a pressixg,
Purification of the Enzymes. Biotin synthase, flavodoxin, and = 4 x 1075 Torr in the collision cell (essentially single collision
flavodoxin reductase were purified, with some modifications, as conditions) and a laboratory collision energy of 45 eV were applied.

described by Sanyal et &.0Osborne et af? and Bianchi et at*? The lens potentials are chosen to optimize the produetl17 ion.

respectively. Biotin synthase was about 80% pure as judged from SDS-  Deuterium Content of the PH]Dethiobiotins. Mass spectrometry
PAGE, and the UV-vis spectra of pure flavodoxin and flavodoxin  performed under chemical ionization and electron impact ionization
reductase were essentially identical to those reported by Fuijii and conditions with dethiobiotin methyl ester provided respectively the

Huennekené! _ o o protonated molecule MH(m/z 229) and the fragment ionsn(z 213
Enzymatic Assay.A mixture containing 12«M biotin synthase, 2 andm/z 99) as major peak®.The shift of them/z 99 ion allowed the
#M flavodoxin, 0.36uM flavodoxin reductase, 5aM DTB or [?H]- determination of the labeling at position 9. The labeling at positions 6

DTB, 200 uM AdoMet, 5 mM DTT, 2 mM NADPH, and 1 mM and 5 of3a, 3¢, and3d was evaluated from the shift of peaksnafz
cysteine in 40 mM Tris-HCI pH 8 buffer was prepared and equally 213 and atz 229 and from?H NMR data23

distributed in several Eppendorfs. Fe(§SOy). (1 mM) was then Content and Localization of Deuterium in [?H]Deoxyadenosine.
added to each Eppendorf in a final volume of 300 The cofactors The proportion of JH]DOA was determined by chemical ionization
and the enzymes were in.@l for all of the experiments except for the  ysing NH; as ionization gas. The location of deuterium #HJDOA
control experiments performed in.0 where the cofactors were  was determined by fragment ion analysis from the CID experiments
solubilized in QO and the enzymes lyophilized 1, 2, or 3 times before using DOA or 5_[2H1]DOA as reference samples and plét ND; as

resolubilization in RO. A reference sample with nonlabeled DTB as jonization gas. The results with standard deviations are compiled in
substrate and ¥ was tested in parallel for each independent Taple 2.

experiment. The Eppendorfs were left under argonifch atroom

temperature and incubated ®h at 30°C. Two 5uL-aliquots of each Acknowledgment. We thank Professors Reichard and Izumi
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