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ABSTRACT: Biotin synthase, a member of the “radical SAM” family, catalyzes the final step of the biotin
biosynthetic pathway, namely, the insertion of a sulfur atom into dethiobiotin. The as-isolated enzyme
contains a [2Fe-28j cluster, but the active enzyme requires an additional [4Fét4Sister, which is

formed in the presence of Fe(MASQy), and NaS in the in vitro assay. The role of the [4Fe-&S]

cluster is to mediate the electron transfer to SAM, while the [2Fé&+28{ister is involved in the sulfur
insertion step. To investigate the selenium version of the reaction, we have depleted the enzyme of its
iron and sulfur and reconstituted the resulting apoprotein with fa@l NaSe to yield a [2Fe-2S&j

cluster. This enzyme was assayed in vitro with,8& in place of Nz5 to enable the formation of a
[4Fe-4Sef™ cluster. Selenobiotin was produced, but the activity was lower than that of the as-isolated
[2Fe-2SF enzyme in the presence of P The [2Fe-2Sé&] enzyme was additionally assayed with

NaS, to reconstitute a [4Fe-48]cluster, in case the latter was more efficient than a [4Fef)ster

for the electron transfer. Indeed, the activity was improved, but in that case, a mixture of biotin and
selenobiotin was produced. This was unexpected if one considers the [ZFeeR8ler as the sulfur

source (either as the ultimate donor or via another intermediate), unless some exchange of the chalcogenide
has taken place in the cluster. This latter point was seen in the resonance Raman spectrum of the reacted
enzyme which clearly indicated the presence of both the [2Fe=28eil [2Fe-2S]" clusters. No exchange

was observed in the absence of reaction. These observations bring supplementary proof that the [2Fe-
2SP* cluster is implicated in the sulfur insertion step.

Biotin synthase (BS),a member of the “radical SAM”  Scheme 1: Reaction Catalyzed by Biotin Synthase
family (1), catalyzes the final step of the biotin biosynthetic
pathway, namely, the insertion of a sulfur atom into HN/ﬁ\NH
dethiobiotin (DTB) (Scheme 1R(4). y

Selenobiotin is a natural substance which has been /ﬁ’\ H
characterized as an excretion product of the furigugco- HN H s “(CH,)COOH
myces blakesleeany(s), and one would expect that it has Biotin

been produced by biotin synthase, using the same mecha-
nism. We decided to investigate this reaction in vitro.

H
9
DTE (CH,),COOH ?
A consistent picture is now emerging for tescherichia HN/ﬂ\NH
H

coli biotin synthase mechanism. The as-isolated enzyme is

H
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1 Abbreviations: AdoMet or SAMS-adenosylmethionine; BS, biotin . . .
synthase; 5-DAF, 10-methyl-5-deazaisoalloxazine; AdpC3+deoxy- a separate site, as determined byssloauer spectroscopy

adenosyl radical; DTB, dethiobiotin; DTT, dithiothreitol; EDTA,  (10). The crystal structure of reconstituted BS in the presence
ethylenediaminetetraacetic acid; HPLC, high-pressure liquid chroma- of DTB and S-adenosylmethionine (SAM or AdoMet) has

tography; [Fe-S] cluster, ironsulfur cluster; [Fe-Se] cluster, iron ~  paan determined and shows indeed the presence of these two
selenium cluster; NADPH, nicotinamide adenine dinucleotide phos-

phate, reduced form; TFA, trifluoroacetic acid; Tris-HC, tris(hydroxy-  distinct clusters at different sites in the protefril). This
methyl)aminomethane hydrochloride. mixed cluster state is essential for optimal activity, and each
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cluster plays a unique chemical role in the catalytic mech- enzyme indicates that this is the case, whereas no exchange
anism. It is now clear that the [4Fe-4S]center, common  was observed in the absence of reaction.

to all radical SAM enzymesl@—14), mediates the transfer

of one electron from NADPH to AdoMet, via flavodoxin MATERIALS AND METHODS

reductase1) and flavodoxin £6). This generates methion- Materials. Chemicals were purchased from either Sigma-

ine and the deoxyadenosyl radical (Ado9H17—19). The . ; : ;
deoxyadenosyl radical then abstracts a hydrogen at C-9 ofAIdrICh Chemlgal Co., VWR Interna_tlonal, or Acro; Orgamcs
unless otherwise stated. Selenobiotin was available in our

dethiobiotin @0), and the resulting DTBradical then laboratory 82). Sodium selenide 30) was prepared as
guenches a sulfur atom. Evidence exists for the participationfoIIOWS Syeleni.um owder (200 mg, 2.53 mnr:ol)pwas added
of the [2Fe-2S]" cluster in the sulfur insertion stef, (21— o N O'H 563 P d sodi fg, : Idehvd foxvlat
23), giving an intermediate whose chemical nature has not 0 Na (. mg) and sodium tormaldenhyde suttoxyiate
yet been defined. A second Ado@Hadical is generated (713 ”.‘9)’ dissolved in argpn-saturated water (2.5 mL): After
from another AdoMet 20), producing a radical at C-6 of the m!i(tltjre had bedenTrs]_tlrregl tat 8 for llhél gﬁ\gg'tg
this intermediate, ending in ring closure. Another hypothesis phreC|p| a efappza_re : 'T ml)l; ure ;vas coo eBSSBl nNMT
has postulated a cysteine desulfurase activity for biotint en transferred into a glovebox (Jacomex ! . )
synthase, leading to an intermediate protein-bound persulfidee.qu'pped with an oxymeter .(ARELCO ARC), filled W'.th a
nitrogen atmosphere containin® ppm oxygen. The sodium

which acts as the sulfur dono24). However, the experi- : ; !
selenide was filtered through a filter paper (No. 00) and left
mental data could not be reproduced by several groups, asto dry for a few days befo?e additiorﬁ) oﬁ‘) 20(mL of)50 mM

dlscugsed preV|ousI326). . : S Tris (pH 8) (hereafter termed “buffer”). The real concentra-
To investigate the selenium version of the reaction, it was . . ;
tion of the stock solution of N&e was determined as

necessary to replace both [Fe-S] centers of biotin synthase

; . L described elsewher&3), by converting NgSe into PbhSe;
with [Fe-Se] centers. The preparation of apo-biotin synthase : k ;
by treatment of the native [2Fe-28]form, either with 0.125 mL of various estimated concentrations 0f$&(0.1,

sodium dithionite T, 26, 27) or with photoreduced 10- 0.2, 0.5, and 1 mM; assuming quantitative conversion of Se

. ; to NaSe) was added to 0.875 mL of a solution of 5 mM
methyl > deazasoalloxazme (5-DAFPS, 28), h_as been lead acetate dissolved in 0.1 N HCI in a spectrophotometric
described previously. We and others have previously shown )

. . . cuvette. The absorbance of the yellowish-brown PbSe
that a [2Fe-2S]" center identical to the one present in the . . X .

: . solution was immediately measured at 400 nm by using a
as-isolated form can be reconstituted when the apoenzyme . efficient for PbSe of 1.18& 10° cm-t M-% The
was incubated with FegIN&S, and DTT in Tris buffer in . ) . '

. . exact concentration of the stock solution of,Sa was found
the presence of traces of oxygen. In this case, the reconsti-

L . . to be 108 mM, indicating that the yield of the synthesis of
tuted enzyme exhibited the same bMisible (7), l\/.lo.ssbauer Na:Se was 85%. This solution was kept inside the glovebox,
(26), and resonance Rama8) (spectra and activity7) as

the as-isolated one under the standard assay conditions. and its concentration remained constant over a long time

We have also already described the reconstitution of agﬁ:gg, hser;gwmg that N&e was stable under an inert
[2Fe-2Seft center in the apoenzyme using selenocystine and P )

NifS as a source of 3e. The selenoenzyme was character- Bacterial Strains and Enzyme PurificatioRreparations
ized by its Fe and Sé contents and by sible and of flavodoxin and flavodoxin reductase have been described

circular dichroism spectroscopy2). Some activity, as  Previously @7, 34). E. coli strain BL21(DE3)pLysSpJJ15-

measured by the paper disc-plate method usargobacillus 4A overexpressing biotin synthase_ bearing 2ty at its
plantarum(29), was observed, but the reaction products were N—tgrmm.us 65 was a generous gift frqm Prof. J. Jarrett
not characterized. In the work presented here, we used pure,(Un_lversuy of Penn_sylvama, Ph!ladelph|a3 PA). Cells were
chemically synthesized N&e @0), to precisely control the  cultivated and purified as described previoustg)(
Seé concentration during the reconstitution and enzymatic ~ Preparation of Apoenzyme§wo methods of reduction
assay. The resulting [2Fe-23&Lenter was further charac-  Using (a) 5-DAF and (b) sodium dithionite were employed.
terized by resonance Raman spectroscopy, a vibrational (&) Solutions of 11%M BS with 10 mM EDTA in 100
technique which is well suited to distinguishing between [Fe- mM Tris-HCI (pH 8.0) (final concentrations) and 5-DAF (2.4
S] and [Fe-Se] clusters3(), due to the large atomic mass MM in DMSO), contained in separate Eppendorf tubes
differences between sulfur and selenium. capped with airtight rubber septums, were degassed for 30
Using the classical in vitro assay conditio5), by just min at room temperature under a stream of moist argon.
replacing NaS with NaSe, we anticipated the formation of ~Using a gastight syringe, 5-DAF (final concentration of 24
an additional [4Fe-4S&] center. With this system, seleno- M) was added to give a final volume of 30 of the
biotin was indeed formed, but the activity was much lower Mmixture. Photoreduction was initiated by irradiation with a
than that of the [2Fe-23] enzyme in the presence of pa white fluorescent tube (18 W) placed 10 cm away. After 1
When this [2Fe-2Sé] enzyme was incubated with p& h, the mixture was desalted on a PD-10 column (Pharmacia-
instead of NgSe (assuming that we would form a mixture Amersham) equilibrated with buffer and the enzyme con-
of [2Fe-2Sef" and [4Fe-4SY" clusters, with the [4Fe-43] centrated on a Centricon 30 centrifugal filter device (Mil-
cluster being more efficient for electron transfer), the activity lipore).
was improved. HPLC analysis of the supernatant revealed a (b) The following manipulations were performed inside
mixture of biotin and selenobiotin. This was unexpected if the glovebox. A 100 mM solution of sodium dithionite was
the [2Fe-2S}" center is the sulfur donor, unless some prepared in buffer, and its concentration was more precisely
exchange of the chalcogenide has taken place in this clusterdetermined by titration with potassium ferricyanide. Aliquots
Analysis of the resonance Raman spectrum of the reacted(200 L) of 150 uM BS were incubated with 30 equiv of
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sodium dithionite for 90 min, during which the enzyme ous stream of moist argon until the red color, which appeared
turned colorless. EDTA (30 equiv, stock solution of 100 mM) upon addition of F&, turned colorless. Then Ma (prepared
was then added and left for a further 60 min to chelate the in argon-saturated buffer) was added with a gastight syringe
free Fé". The apoenzyme was then removed from the to give a final concentration of 100M. This mixture was
glovebox, desalted on a G-25 column, and concentrated usindeft under argon for a further 15 min, followed by incubation
a Centricon 30 membrane concentrator. at 37°C for 4 h. Variants include substituting [2Fe-25]
The absence of [Fe-S] clusters in both preparations wasBS with [2Fe-2Se]" BS and NaS with NaSe (50 and 100
verified by UV—visible spectroscopy. Aliquots of the apoen- uM). After 4 h, the reaction was stopped by precipitation
zymes were frozen in liquid nitrogen and stored-&0 °C with 1% trichloroacetic acid and the mixture centrifuged at
until they were required. 1300@ for 5 min at 4°C, and the amount of biotin formed
Reconstitution of [2Fe-23} and [2Fe-2S€e]" Centers into was determined on the supernatant by the paper disc-plate
Apoenzymedliquots (250uL) of apo-biotin synthase (150 method usingd-. plantarum(29).
uM), 25 mM NasS in argon-saturated buffer, 25 mM FgCl Verification by the resazurin tes2?) showed that oxygen
and 200 mM DTT (both dissolved in water) were deoxy- was still present after the 25 min incubation under argon.
genated in separate vials under a stream of moist argon forFor the test, 10@L of water left under the same conditions
30 min. After this time, using a gastight syringe, DTT was was introduced inside the glovebox and 1f00of reduced
added to the apoenzyme to a final concentration of 5 mM resazurin was added. The water solution turned from
and incubated for a further 30 min. A 6-fold excess of ReCl colorless to pale pink, indicating the presence of traces of
and NaS were then added, and the reaction was allowed to oxygen.
proceed for 90 min after which EDTA (1 mM final Quantification of Biotin and SelenobiotinThis was
concentration) was added and the mixture incubated for 30 performed on 20Q:L aliquots of the assay mixture. After
min to chelate the free iron. The mixture was desalted on a proteins had been removed, the supernatant was loaded on
PD-10 column equilibrated with buffer and concentrated to a HPLC reversed phase C18 Nucleosil 100-5 A, 250 sam
~240uM on a Centricon 30 device. The [2Fe-28e¢nzyme 4 mm column (Macherey-Nagel) equilibrated with 50 mM
was prepared using the same procedure except th&8eNa ammonium hydrogen phosphate (pH 2.6) and methanol (88:
replaced NgS. The stock solution of N&e was diluted to 22 mixture). Absorbance was monitored at 200 nm. Under
a concentration of 25 mM with buffer in an Eppendorf tube, these conditions and at a flow rate of 1 mL/min, biotin eluted
capped with an airtight septum before being removed from at~15 min and selenobiotin at19 min. The selenobiotin:
the glovebox just before use. The UVisible spectra of the  biotin ratio was determined from the areas of their respective
reconstituted S and Se enzymes were recorded, and their F&IPLC peaks. A reference sample containing a mixture of
content was determined. These enzymes were further conboth (prepared fresh) at a concentration gfNd each, run
centrated on a Microcon YM-30 device to reach a minimum under identical conditions, served as a control. The seleno-
concentration of 3 mM for resonance Raman spectroscopy.biotin:biotin ratio of the reference sample was consistently
Reconstitution of [4Fe-43} Centers into Apoenzymes 1.05+ 0.05.
The apoenzyme (170L, 0.94 mM) and 20QcL aliquots of Isolation of Selenobiotin for Mass Spectromefrg.avoid
40 mM Fe(NH)x(SQy), or FeCk, 50 mM NaS, and 100  the presence of salts, the HPLC conditions were modified
mM DTT were placed in separate 1.5 mL Eppendorf tubes and were as follows [eluent A, & with 0.05% TFA; and
and degassed under a continuous stream of moist argon foeluent B, HO with 0.05% TFA (50%) and C4CN (50%)].
30 min at ambient temperature before being introduced into Selenobiotin was eluted using a linear gradient from A to B
the glovebox. The tubes were opened and then left to standof 100:0 to 20:80 over 25 min. The collected fractions were
overnight at 16C. Before reconstitution, the sample volumes evaporated to dryness using a Speed Vac (Jouan) concentra-
were remeasured to calculate the new concentrations totor system.
account for the evaporation that occurred overnight. DTT  Mass SpectrometnCharacterization of selenobiotin was
(10 mM) (8), or 5 mM when used with Fé (28), was added  performed using a MALDI-TOF mass spectrometer (MALDI-
to apo-BS, followed by a 6-fold excess ofFer FE" and TOF-TOF, 4700 Proteomics, Applied Biosystems) in positive
Na&S. After 3 h, 2 mM EDTA (final concentration) was ion reflector mode. A saturated solution ofcyano-4-
added. After 30 min, the sample was desalted on a PD-10hydroxycinnamic acid in CECN and HO (0.1% TFA) (4:
column. The reconstituted enzymes were concentrated withl, v/v) was used as a matrix. The recovered sample from
a Microcon YM-30 device inside the glovebox. Aliquots of HPLC was solubilized in 1L of a H;O/MeOH mixture
the reconstituted enzymes were transferred to airtight cuvetteq1:1, v/v), and 0.5:L was mixed with 2xL of matrix. Then,
for determination of their UV visible spectra. For resonance 0.5 uL of the mixture &40 pmol) was deposited on the
Raman analysis, they were directly frozen on the Ramantarget. As a reference, 100 pmol of synthetic selenobiotin
sample holder inside the glovebox. Their Fe contents were (32) was analyzed under the same conditions. The TOF mass
also determined. spectrometer was tuned to give the highest resolution in the
Enzymatic Assayl he assay has been described previously m/z 200—-300 range, to allow the separation of selenobiotin
(25), but typically, it is realized in a final reaction volume ions from the chemical noise (matrix ions). All mass spectra
of 100 uL and contained from 9 to 12M [2Fe-2St" BS, were recorded using internal calibration.
100 uM DTB, 50 uM AdoMet, 2 mM NADPH, 2 uM Exchange Experiments of [2Fe-2SBS and [2Fe-2Sé&]
flavodoxin, 0.05«M flavodoxin reductase, 2 MM DTT, and BS with NaSe and NgS, respectiely. A mixture of 12uM
200uM Fe(NHy)x(SQy), in 40 mM Tris buffer (pH 8.0). This  [2Fe-2S} BS or [2Fe-2Sé] BS and 2 mM DTT in 40 mM
was placed in a 1.5 mL septum-capped Eppendorf tube andTris buffer (pH 8.0), in a final volume of 500L, was placed
was degassed for 10 min at room temperature by a continu-in a 1.5 mL septum-capped Eppendorf tube and was degassed
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for 30 min at room temperature by a continuous stream of 0.5
moist argon. DTT was added to the reaction mixture A
containing the [2Fe-2S&] enzyme to prevent its conversion
to the apo form. Then, N& (prepared in argon-saturated 044 1 ¢
buffer) or NaSe diluted with buffer in the glovebox just H
before use was added with a gastight syringe to give a final HER
concentration of 10M, and the mixture was left under 0.344
argon for a further 30 min. The reaction mixture was
incubated at 37C for 4 h, concentrated, and desalted on a
Centricon 30 device before being analyzed by-tsible
spectroscopy. The isolated enzyme was further concentrated
on a Microcon YM-30 device for analysis by resonance
Raman spectroscopy.

Exchange Experiments of [2Fe-23e]BS with NaS
during the Enzymatic Reactiohe assays were performed 0 . . . : '
as described above except that the volume of the reaction 300 400 500 600 700
mixture was scaled up to 500L and concentrations of Wavelength (nm)

NADPH and flavodoxin were decreased to 1 mM and\, FicURe 1: UV—visible absorption spectra of 24M biotin synthase
respectively, to minimize fluorescence interferences during in 50 mM Tris-HCI buffer (pH 8.0): (a) as-isolated [2Fe-25]
resonance Raman measurements. For enzyme recovery, 1 rm,+(b) reconstituted [2Fe-28]form, and (c) reconstituted [2Fe-
Eppendorf tubes were employed. The reaction mixture was Sef" form.

incubated at 37C for 30 min. At the end of this time, the  enzyme with either photoreduced 5-DAF (apoDAEp)(or
contents from all the Eppendorf tubes were collected and sodium dithionite (apoDT)7, 26). Apoenzymes prepared
20 uL was saved for quantification ob. plantarum The by photoreduction with 5-DAF could not be used for
remaining fraction was desalted by being passed throughresonance Raman spectroscopy because they were fluores-
Sephadex G-25 (the volume of the gel was 5 times that of cent; consequently, almost all the experiments described
the reaction mixture), concentrated, and further desalted with herein were performed using enzymes reconstituted from apo
argon-saturated buffer by two rounds of a dilutien forms obtained by reduction with dithionite except where
concentration process in a Centriprep 30 concentrator. Thementioned. Reconstitution was effected in the presence of
enzyme was analyzed by Uwisible spectroscopy and DTT and a 6-fold excess of Feand NaSe, yielding an
further concentrated using a Centricon device and a Microconenzyme containing 2.% 0.1 irons per monomer. A value
YM-30 device for resonance Raman spectroscopy. of 2.9 + 0.2 was found for the reconstituted [2Fe-2S]

Analytical MethodsThe protein concentration was mea- ©€nzyme, suggesting the presence of nonspecific Fe in both
sured by the method of Bradfor@@) using bovine serum  reconstituted proteins. The UWisible spectrum of the
albumin as a standard. BS concentrations were expressed€lénoenzyme exhibited absorption bands similar to those

per 41.3 kDa monomeBE). Iron was assayed by the method ~ Of the [2Fe-2S}" enzyme, but they were less well-defined
of Fish 37). with lower absorbance values (Figure 1). For instance, the

[2Fe-2Seft enzyme from three independent reconstitutions
had anAys/Azs0 ratio of 0.11+ 0.01, whereas that of the
as-isolated [2Fe-23] enzyme is around 0.23, in accord with

Absorbance

0.2

Spectroscopic CharacterizatiodV—visible spectra were
recorded on a Uvikon 930 spectrophotometer (Kontron
Instruments). Low-temperature (15 K) resonance Raman

spectra were recorded using a modified Jobin-Yvon T64000 Begzrftedﬂ\]/ alues Oft_(:‘ztﬂ: d0'20F2 @jsTheA““/A_‘FEO rati? W?S
spectrometer equipped with a liquid nitrogen-cooled back- 0-24 for the reconstituted [2Fe-ZSkenzyme. The extinction

thinned CCD detector as described previous)( The coefficient valuesd) of native enzymes and selenoenzymes
457.9 nm line from an argon ion laser (Coherent Innova 90) have been reported to be nearly the saB; (f this is also

C T 0
used for Raman excitation did not exceed 100 mW at the :Lue flor ?S’ a rough ca[[g:tultat(ljon 'nt?]'cﬂﬁs thattor]llyt/hSO /zjgf d
sample. The spectral resolution was3 cnm®. Protein € cluster was reconstiiuted so that the rest of the adde

samples (L, ~3—6 mM) were deposited on a glass slide iran was probably nonspecific Fe. .

that was then transferred to a liquid helium optical cryostat. The resonance Raman spectrum of the as-isolated form
For air-sensitive proteins, samples were deposited onto aOf BS (!:]g_ljre 2a) C.'e'?‘”y Sh.OWS the presence ofa[?FéfZS]
liquid nitrogen-cooled gold-plated copper disk contained in _cluste_r,_ it is very similar (Wlth_respect to both relative band

a glovebox and under a nitrogen atmosphes@ ppm Q). intensities and band frequencies) to that reported by Johnson
The disk bearing the frozen protein sample was then quickly and co-workersf§, 40), who propo_sed tentative assignments
transferred to the optical cryostat. Baseline corrections werefor the observed bands. The relatively intense 301'drand

; ; has been assigned to the,Bnode, while that at 349 cm
ngg:m:g.usmg GRAMS 32. No spectral smoothing was was assigned to thegAmode. These two [FeYSstretching

modes reflect modes primarily involving the terminal sulfur
RESULTS atoms of the three coordinating cysteine residues. Their
relatively high frequencies reflect the incomplete cysteinyl
Characterization of [2Fe-2Sé] Biotin Synthase The coordination of the clusted() which has been confirmed
procedure employed for the reconstitution of the [2Fe2S] by X-ray crystallographyX1) with the identification of an
enzyme was applied to prepare the [2Fe-2Sehzyme. The arginine residue as the fourth coordinating ligand to the [2Fe-
apo form was obtained by reduction of the as-isolated 2SP* cluster. The bands at 330, 366, 393, and 418m
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Ficure 2: Low-temperature (15 K) resonance Raman spectra of
biotin synthase in (a) the as-isolated [2Fe@2Sform, (b) the
reconstituted [2Fe-28] form, and (c) the reconstituted [2Fe-28e]
form. Enzyme concentrations were 1.5, 3.6, and 2.6 mM for spectra
a—c, respectively, all in 50 mM Tris-HCI buffer (pH 8.0). Spectra
were approximately normalized on the 349 ¢rband. Spectra were
recorded using 457.9 nm excitation with a laser power of 50 mW
at the sample. Approximately 500 individual spectra with exposure
times of 1-10 s were averaged. The resolution w3 cnt . An
asterisk indicates a residual from the subtraction of the ice
contributions at 230 crri.

T
250

Table 1: Observed Resonance Raman Bands{cof
Reconstituted [2Fe-2S€] Clusters in Biotin Synthase

[2Fe-2Sef™ BS [2Fe-2S€]™ spinach ferredoxih
217 220 (4.5)
2447 231(0.5)
260 261 (4.5)
- 272 (3)
320 328 (2.5)
349 355 (0)
- 369 (0)

aFrom Meyer et al. 41, 42). ® Values in brackets refer t6Se —
82Se isotopic shifts.

have been assigned to [Fé&Stretching modes involving
primarily the bridging $~ atoms 8, 40). We note that Figure
2a exhibits a distinct band at 320 chwhich appears as a
shoulder in the spectrum reported by Cosper et&lafd
which was not tentatively assigned.

To validate the Se reconstitution procedure, we also
prepared the [2Fe-28] cluster, using the same method.

Tse Sum Bui et al.
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Ficure 3: Chromatograms of reaction mixtures of (A) the standard
assay as described in Materials and Methods containingM 1
[2Fe-2Seft BS and 5QuM Na,Se, (B) the standard assay performed
with 11 uM [2Fe-2Se}t BS and 5«M Na,S, and (C) the control,
the standard assay performed with/iMl [2Fe-2Se}t BS and 50
uM Na,Se without DTB. The column was a C18 Nucleosil 100-5
A, 250 mmx 4 mm column, with a sample amount of 200, a
detection wavelength of 200 nm, a mobile phase of 50 mM

Figure 2b represents the resonance Raman spectrum oémmonium hydrogen phosphate (pH 2.6) and methanol (88:22),

reconstituted [2Fe-23] BS; the similarity between this

and a flow rate of 1 mL/min.

spectrum and that of the as-isolated protein indicates correcton the basis of the lack of a shift of the 355 chband, that

cluster reconstitution. Replacement of the elemental S
bridging atoms with the much heavier’Satoms leads to a
significant perturbation of the spectrum with the 330, 366,
393, and 418 cmt [Fe-¥] bands being, as expected, the
most affected (Figure 2c).

Reconstituted [2Fe-2S8]BS exhibits band frequencies
that are similar to those reported for the reconstituted [2Fe-
2Sef" clusters in ferredoxinsA(, 42) (Table 1). However,
the relative band intensities are different which could be due
to the fact that the reconstituted [2Fe-2Bejlusters in the
ferredoxins reported by Meyer et al. had complete cysteinyl
coordination, which is not the case for biotin synthase.
Isotopic "°Se — 82Se substitution measurements of the
ferredoxin [2Fe-2Sé] clusters led Meyer et al. to conclude,

this mode is predominantly FeS(Cys) in character; this band
corresponds to the one at 349 ¢nn Figure 2¢ which indeed
has been assigned to a terminaHs%Cys) mode40). Other
bands, such as the 260 chband, were sensitive t6Se—
82Se substitution and thus identify it as a [Fe-Se] mode (Table
1).

Under our Raman excitation conditions, the [2Fe-2Se]
cluster is characterized by three distinct bands at 260, 320,
and 349 cm?; however, resonance Raman bands at 320 and
349 cnt are also observed for the [2Fe-2Stluster. It is
important to note that above 350 cin no bands can
beobserved for the [2Fe-2S¢é]cluster, whereas four bands
at 366, 384, 393, and 418 ctnare clearly seen for the [2Fe-
2SP* cluster. These observations will be particularly useful
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Ficure 4: Partial positive ion MALDI-TOF mass spectra of the matrix (a) without and (b) with the fraction recovered from assay. Asterisks
denote the most abundant selenobiotin isotopes (see Table 2).

for the identification and discrimination between the two Table 2: Comparison of Expected and Experimental Values of

clusters in the work described below. Relative Abundances for the Different'z Values of Protonated

Assay of [2Fe-2Sé} Biotin SynthaseThe [2Fe-2Sé&} Selenobiotin (only the most abundant isotopes are indicated)
enzyme was assayed in vitro under the standard conditions expected synthetic (reference) recovered from assay
(25) in the presence of N&e, instead of N&, to allow the relative relative relative
formation of a [4Fe-4Sé] cluster. The reaction mixture, abundance abundance abundance
after removal of the proteins, was then analyzed by HPLC Mz (%) mz (%) m’z (%)

with-a 50 mM ammonium hydrogen phosphate/methanol 289.043 18.38  289.044 19892 289.039 20.7%3
mixture as the eluent. A peak having the same retention time 290.044  17.41  290.043 17461 290.044 21525
as a reference sample of selenobiotin, chemically synthesizedgg%'gig 42'33 335'825 5§f g gg%'ggg sg% g
in our laboratory 82), was observed (Figure 3A). Among 293:040 100. 293:035 100 293_039 -100
all the HPLC conditions that were tested, this eluent was 294.043 12.17  294.04 1262 nd nd
chosen because it allowed the best separation between295.041 18.83 295.043 1742 295.040 19.3%25
selenobiotin and biotin (Figure 3B). However, for mass  2Nondetected ion due to interference with the matrix.
measurements, acetonitrile-trifluoroacetic acid was used
instead, to avoid salt interference. The peak eluting at the
same retention time as the reference selenobiotin, was
collected and characterized by MALDI-TOF mass analysis.
Although MALDI-TOF MS is mainly devoted to the analysis
of large moleculesniyz >1000), it has been found that this T ) - ] )
ionization process can also be used for detecting low-mass Selenobiotin was routinely quantified wittactobacillus
biotin and selenobiotin, even if interferences between the Plantarum(29): selenobiotin standards responded exactly
matrix Signa]s cannot be ruled out. Among the various in the same way as biotin standards in the microbiological
matrices testedy-cyano-4-hydroxycinnamic acid was found ~assay. Both biotin and selenobiotin were also quantified by
to give the highest signal for biotin and selenobiotin. Due HPLC using synthetic compounds injected under the same
to the complex isotopic pattern of selenium, selenobiotin can conditions, as standards. The values were in close agreement
be easily identified by the presence of the most abundantto those obtained usingactobacillus plantarumThe dif-
isotopes, as shown in Figure 4b. Table 2 shows the analysisference did not exceedt 5 %. This shows that the HPLC

of the signals expected for the protonated molecule of peaks were not contaiminated with impurities, as already
selenobiotin compared with those observed for the fraction suggested by the absence of peaks at the retention times of
recovered from the assay and synthetic selenobiotin, whichbiotin and selenobiotin in the control experiment (Figure 3C).

served as a reference. It should be noted that no oxidized
and no cationized forms of selenobiotin were detected for
the fraction recovered from the assay. These results further
identify the product formed in the assay as selenobiotin.
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Table 3: Turnover and Amounts of Biotin and Selenobiotin S 2
Obtained with the Different Types of BS ? ?
HPLC® analysis
selenobiotin:biotin
entry enzyme chalcogenide turnovef ratid . g ~
1 [2Fe-2S€f" 50uM Na;Se  0.13+ 0.02 selenobiotin only e [2Fe-28] . o
from apoDT  10QuM Na,Se 0.09+ 0.03 nd Z |5 = : ;
2  [2Fe-2S€t 50uM Na;Se 0.31+ 0.04 selenobiotin only S E '
from apoDAF 10QuM Na,Se 0.26+ 0.04 nd = i :
3  [2Fe-2Sett 50uM NaS  0.32+0.04 2.6+ 0.44 [2Fe-2Se] i :
from apoDT  10QuM NaS 0.394+ 0.04 2.1+ 0.28 b : ;
4 [2Fe-2S€ 50uM Na,S  0.73+0.14 1.1+ 0.13 i
from apoDAF 10QuM Na,S 0.87+ 0.06 0.86+ 0.05 [2Fe-2S]+[2Fe-2Se]
5 as-isolated 50M Na;Se  0.42+ 0.04 1.2+0.0 c
[2Fe-2St+ 100uM Na,Se 0.28+ 0.06 1.9+ 0.35 0 . . . .
6 as-isolated SﬂM Na,S 0.80+ 0.01 nd 200 250 300 350 400 450
[2Fe-2SF"  100uM NaS  0.984 0.02 biotin only

2 Data are means of three to six independent experimefitse [2Fe-

2Sef" enzymes were reconstituted from apoenzymes, obtained by the

reduction of the as-isolated forms with either sodium dithionite (apoDT)
or 5-DAF (apoDAF). All enzymes were assayed as described in

Materials and Methods, in the presence of the mentioned chalcogenide

¢ Concentrations of chalcogenides resulting in the best activitMsles
of biotin or/and selenobiotin, as quantified byplantarum,per mole
of BS monomer® HPLC conditions: Nucleosil 100-5 C18 column,

Raman shift (cm™)

Ficure 5: Low-temperature (15 K) resonance Raman spectra of
biotin synthase in (a) the reconstituted [2FeZ223prm (3.6 mM),

(b) the reconstituted [2Fe-2Sglform (4.5 mM) before the assay,
and (c) the reconstituted [2Fe-28eform (3.5 mM), isolated from

the assay after a reaction time of 30 min. Same conditions as in

Figure 2. The dashed lines highlight [2Fe-2S¢luster bands that
have appeared in spectrum c.

mobile phase of 50 mM ammonium hydrogen phosphate (pH 2.6) and . . .
methanol (88:22) The selenobiotin:biotin ratio was determined from  The turnover was approximately 0.1. The reaction mixture
the areas of their respective HPLC peaks, as separated in Figure 3Bwas desalted by passing it through Sephadex G-25 equili-

9 Not determined.

The activity of the [2Fe-2Sé} enzyme in the presence
of 50 or 100uM Na,Se (larger amounts were inhibitory)
was low; a turnover o&0.1 was obtained. Selenoenzymes

brated with argon-saturated buffer, concentrated, and further
desalted to ensure the maximum elimination of cofactors that
might cause fluorescence during resonance Raman measure-
ment, by two rounds of the dilutienconcentration process

in a Centriprep 30 device. This procedure was successful

reconstituted from apoenzymes issued from DAF reduction since there was no interference of any fluorescence during

were more active, with a turnover 6£0.3; but this value
was lower than the usual turnoverssfl with the [2Fe-2S}
enzyme and N (Table 3). This may be due to the intrinsic
properties of both the [2Fe-2S¢]and [4Fe-4Séf clusters.

resonance Raman analysis of the isolated enzyme. Both
clusters were present (Figure 5c); this can be clearly seen
when this spectrum is compared with the individual spectra
of the [2Fe-2S}" and [2Fe-2SéT clusters (parts a and b of

Assuming that the latter could be less efficient than the [4Fe- Figure 5, respectively). The reaction was performed with the

4SF* cluster in the electron transfer, we replaced®&by
NaS with the [2Fe-2Sé&f enzymes issued from both
apoDAF and apoDT. Their turnovers were increased by
approximately the same ratio, 3-fold, with the [2Fe-2Se]
enzyme from apoDAF reachirrg0.9 which is similar to that

of the as-isolated enzyme in the presence ofS\N@lable

3).

Analysis by HPLC of the assay mixture after reaction
reveals the formation of a mixture of selenobiotin and biotin
(Figure 3B). The presence of both products was quite
unexpected if the [2Fe-28] cluster is the sulfur donof7(
21-23). If one starts from [2Fe-2S€&] BS, solely seleno-
biotin should have been produced, unless sofiéS&
exchange occurred within the [2Fe-28etenter. As this
could be due to the instability of the [2Fe-28etenter, the
reverse experiment starting from the as-isolated [2F&12S]
enzyme and N&e was performed. Again a mixture of biotin

and selenobiotin was observed. The maximum turnover was

~0.4 (Table 3).

State of the [2Fe-2S(€)] Cluster during Reactionf the
presence of the mixture of biotin and selenobiotin is due to
a chalcogenide exchange in the [2Fe-2S{eg]uster, both

[2Fe-2S€ef" enzyme instead of the [2Fe-ZS]enzyme
because the [2Fe-2S¢]spectrum exhibits no bands above
360 cnt?, hence facilitating the identification of any newly
formed [2Fe-2S]" cluster which presents characteristic bands
in the 360-450 cn! spectral range. In addition to the 260,
321, and 349 cnt bands of the initial [2Fe-2S#] cluster,
Figure 5c clearly exhibits new bands at 366, (384), 393, 418,
and 437 cm! which have been identified as those of the
[2Fe-2St' cluster. The presence of the [2Fe-2Stluster

is signaled, furthermore, by a 301 chband in Figure 5¢

as well as by the 349 cmi band. We note that the relative
intensity of the 349 cmt band in Figure 5c is significantly
higher compared to that observed in Figures 5a and 5b. This
observation further indicates that the 349 énband is
common to both the [2Fe-28]and [2Fe-2SéF clusters and
that the spectrum in Figure 5c is clearly that of a mixture of
both clusters.

In the assay, a [4Fe-48]cluster should also be formed,
but it was not detected on the isolated enzyme, purified under
semianaerobic conditions. This could be due to its extreme
sensitivity to oxygen§, 26, 28, 35) or to the fact that the
resonance Raman signal of the [4Fe#S]uster is signifi-

forms should be present simultaneously in the enzyme atcantly lower than that of the [2Fe-ZS]cluster under similar

some time during the course of the reaction. The [2Fe?2Se]
enzyme was assayed in the presence gBENar an arbitrary
time of 30 min instead of the usual timd 4 h (25) to

excitation conditions. The [4Fe-43]cluster which served
as a reference was prepared by reconstituting an apoenzyme
with Fe(NH,)2(SOy), and NaS in the presence of DTT under

observe the state of the cluster during the course of reaction.strictly anaerobic conditions. Analysis by resonance Raman
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Ficure 6: Low-temperature (15 K) resonance Raman spectra of
biotin synthase isolated after an incubation time of 4 h: (a) as-
isolated [2Fe-23] BS incubated in the presence of$a& and (b)
reconstituted [2Fe-2S&] BS incubated in the presence of JS$a
and DTT. Enzyme concentrations were 6 and 4 mM, respectively.
Same experimental conditions as in Figure 2.

spectroscopy showed that the Raman bands were similar to

those of a [4Fe-43] cluster, as published by Johnson's
group @). It should be noted that, in our hands, if the
reconstitution was done with FeCinstead of Fe(Nk).-
(SQy)2, a mixture of [4Fe-4S} and [2Fe-2S]" clusters was
obtained, in contrast to what has been reporg) (data
not shown).

Importantly, no exchange occurred when either [2F&-2S]
BS or [2Fe-2Sé€] BS was incubated solely with N&e or
N&S, respectively, in 40 mM Tris buffer (pH 8.0). The
incubation was performed as for a typical enzymatic assay
at 37°C for 4 h but with the omission of the other assay
components. After 4 h, the [2Fe-2%ejenzyme was con-
verted to the apo form as checked by bwisible spectros-
copy (spectrum not shown). Hence, the exchange experimen
was repeated but this time with addition of 2 mM DTT.
Analysis by resonance Raman spectroscopy (Figure 6)

showed that there was no observable exchange between th
clusters and the added chalcogenides. Overall, these result

indicate that both the original [2Fe-ZS]and reconstituted
[2Fe-2S€eit are stable as long as they are not solicited for
reaction.

DISCUSSION

We provide here the first experimental proof that BS
containing a [2Fe-2S#] cluster can produce selenobiotin
in vitro. The standard in vitro assay of the native [2Fe?2S]
enzyme is composed of DTB, AdoMet, NADPH, flavodoxin,
flavodoxin reductase, DTT, Pg and NaS, the last two
components being used to form the additional [4Fe~4S]
cluster in situ. To investigate the selenium version of the
reaction, we first replaced both [Fe-S] clusters with [Fe-Se]
clusters. Thus, the [2Fe-2S¢€lenzyme was assayed in the
presence of Ni&e, to reconstitute a [4Fe-43eEluster. The
[2Fe-2Seft enzyme was prepared by reconstituting the
apoenzyme in the presence of DTT, Fg@nd NaSe, and
the apo forms themselves were obtained from the native
[2Fe-2SF" enzyme, by reduction with either sodium dithio-
nite (apoDT) or photoreduced 5-DAF (apoDAF). Both
reconstituted selenoenzymes were tested in vitro. Analysis

Biochemistry, Vol. 45, No. 11, 20068831

of the reaction mixture by HPLC showed the presence of a
compound with the same retention time as synthetic sele-
nobiotin (32), the nature of which was confirmed by mass
spectrometry (Figure 4b). No biotin was formed. The
turnovers, however, were much weaker than that of the [2Fe-
2SP* enzyme with NgS (turnover ofx1), that is,~0.3 and
~0.1 for the [2Fe-2S&T enzymes obtained from apoDAF
and apoDT, respectively.

There could be several reasons for these lower activities.

(a) There is not enough [2Fe-2%er/and [4Fe-4Sé]
because the apoprotein is less efficiently reconstituted with
Se& than with $~. Lower yields of [2Fe-2Sé} clusters
versus [2Fe-237 clusters have already been reported, for
example, in the assembly of spinach ferredoxf)( The
difference in the ionic radii of the two chalcogenides (Se is
larger than S by~0.13 A) might induce a less efficient
folding of the polypeptide around the clust&l). On the
basis of the absorption properties of reconstituted [2Fe?2Se]
BS, we estimated the amount of cluster to be in substoichio-
metric quantity £0.5 [2Fe-2S€]"). The amount of [4Fe-
4Sett in the assay was not quantified, but the concentrations
of added F&" and Sé& were optimized to produce the best
activity.

(b) [Fe-Se] enzymes are more oxygen-sensitive than their
corresponding sulfur counterpart3lf. In our assay which
contains traces of oxygen, as discussed in Materials and
Methods, we know that the presence of DTT tends to
preserve the [2Fe-2Sg]cluster but we have no data related
to the stability of the [4Fe-4S#] cluster. Since a turnover
of 1 was obtained under these conditions with the [2F&42S]
enzyme and N, this means that the [4Fe-4Skenter is
viable, but that might not be the case for the [4Fe-4Se]
cluster.

(c) The reduction potentials of [Fe-S] and [Fe-Se] clusters
are different. They vary from one protein to another and
depend on a number of parameters. For instance, the

ﬁwydrogen bond network surrounding the clusters is likely to

be modified upon chalcogenide substitution in the [Fe-S(e)]
clusters, and this is different in each proteBi) In our
Sssay, the [4Fe-4S¢]cluster might not be at the right redox
ﬁotential to transfer electrons.

At this stage, however, it is extremely difficult to analyze

the contribution of each factor, and we decided to simply
investigate what would happen if we replace,8a with
NaS to form a mixed [2Fe-2S¢#] [4Fe-4St enzyme. We
observed that the activities of both [2Fe-238S increased
by ~3-fold and the selenoenzyme reconstituted from apo-
DAF could even reach a turnover efl (Table 3), which
indicates that [2Fe-2S&] BS can function as well as [2Fe-
2SF" BS. However, the turnover of the [2Fe-28eg¢nzyme
reconstituted from apoDT was still not very higi0.35.
We have no straightforward explanation for the different
activities between the two selenoenzymes, but it might be
due to some subtle differences in the folded state of the
apoenzymes obtained with the two reductants.

Interestingly, when the reaction mixture described above
was analyzed, a mixture of selenobiotin and biotin was found.
This result was quite unexpected since our recent observa-
tions 22), in agreement with those of other grou24,(23),
strongly indicate that the [2Fe-2Z3]cluster is the sulfur
source (either as the ultimate donor or via another intermedi-
ate), in which case solely selenobiotin would have been
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formed. An exchange between the [2Fe-2Se&lenter and literature, but apparently, this does not seem to be the case
free S, giving rise to a [2Fe-2S&j/[2Fe-2S}" mixture, in BS. One possible reason might be that the [2F&-2S]
could account for this result. Such an exchange of selenidescluster is deeply buried inside the active site cléff)(hence
with free sulfides has been reported in some [Fe-Se] centersyrendering it not easily accessible to solvent.
for instance, there was partial substitution of Seith >~ At this point, it is necessary to note that early studies have
in the cluster of [4Fe-4S&] ferredoxin of Clostridium reported the conversion of [2Fe-2Stlusters to [4Fe-43]
pasteurianumOn the other hand, there was no exchange clusters 26, 35, 40). To avoid confusion, it should be
with the [4Fe-4S]" enzyme and free e (43). Biotin emphasized that this conversion occurs only when strong
synthase could behave similarly; exchange occurring with chemical reductants such as sodium dithionite and 5-DAF
the [2Fe-2Sé]" enzyme, whereas the [2Fe-2Senzyme are used. The dissociation of the [2Fe2S]luster followed
remained stable. To verify the last point, we carried out the by a reassociation of iron into a [4Fe-4S]cluster was
reverse experiment in which we used the as-isolated [2Fe-proposed as an explanatio85]. However, as we recently
2SP* enzyme and N#Se. Again, a mixture of biotin and  showed by Masbauer spectroscop?d), once the active
selenobiotin was formed. The turnover under these conditionsstate containing a 1:1 mixture of [2Fe-2Shnd [4Fe-4S]"
was~0.4. clusters is formed, the addition of the physiological reductant
Thus far, we have not discussed the different selenobiotin: (NADPH, flavodoxin, and flavodoxin reductase) did not alter
biotin ratios obtained in entries-3 of Table 3. For each  the clusters’ proportions. It is only when DTB was introduced
entry, three to six independent experiments have beeninto the system that the amount of [2Fe-ZSkluster
performed, leading to consistent values for selenobiotin anddecreased. The amount of [4Fe-&Swhose function is to
biotin quantification. Thus, the differences in the values of transfer an electron to AdoMet as mentioned above, remained
the selenobiotin:biotin ratio is not due to experimental unchanged. The latter observation renders very unlikely the
uncertainty. At this stage, this variation is not easy to possibility of any exchange of chalcogenides between the
rationalize, but the important phenomenon is that a mixture [4Fe-4S(e)}" cluster and the [2Fe-2Se(%)]cluster during
of selenobiotin and biotin is always obtained when the two turnover. Therefore, the presence of a mixture of [2F&-2S]
chalcogenides are present. and [2Fe-2SéT clusters (Figure 5c) is obviously due to the
A possible explanation for the presence of this mixture exchange of the selenide of [2Fe-28eBS with free sulfide.
might be that some exchange between free chalcogenidesThis exchange, as pointed out above, is strictly connected
and those of the [2Fe-2S(&)]clusters had been taking place. to the reaction process.
If this were the case, we would be able to observe the Thus, the production of selenobiotin and the presence of
simultaneous presence of a mixture of [2Fe22%)hd [2Fe- a mixture of [2Fe-2SéT [2Fe-2S}" clusters in the assay
2Seft clusters in the enzyme. For reasons described above containing [2Fe-2Sé] BS and NaS provide additional
resonance Raman spectroscopy was chosen for detection oévidence that the [2Fe-2S(&)]cluster is involved in the
the two clusters. Thus, [2Fe-2%&]BS was assayed in the  sulfur insertion step. However, the nature of the intermediates
presence of N& for 30 min. As the assay contained several still remains to be clarified. Whether the [2Fe-2S¢luster
components, namely, AdoMet, NADPH, FMN in flavodoxin, is the ultimate sulfur donor has been recently discus®gd (
and FAD in flavodoxin reductase, which might cause 23, 25). Johnson and co-workers suggested that it could be
fluorescence during resonance Raman measurements, oua protein-bound sulfur resulting from the degradation of the
major concern was to remove these potential interfering cluster. This hypothesis cannot be completely excluded, but
species during isolation of the enzyme. After the reaction, it should be supported by further experimental arguments.
the enzyme was extensively desalted using Sephadex G-23t relies on a published observation concerning aconitase,
and Centriprep 30 concentrators. The isolated enzyme provedshowing that persulfides could be generated in the apoprotein
to be sufficiently nonfluorescent; besides the [2Fe-2Se] following [Fe-S] cluster degradation. This has been discussed
cluster, an additional [2Fe-28]cluster was clearly observed in ref 25, where we pointed out that in the cited work on
in the resonance Raman spectrum (Figure 5c). In contrast,aconitase, the apoprotein was obtained by oxidation with a
when either [2Fe-2S&] BS or [2Fe-2S]" BS was incubated  large excess of ferricyanide but the biotin synthase assay is
solely with NaS with DTT or NaSe, respectively, no realized under strongly reducing conditions, in which case
exchange was observed (Figure 6a,b). We thus conclude thathe presence of a persulfide is very unlikely. We still favor
the exchange revealed in Figure 5¢c occurs only when therethe first hypothesis, namely, the [2Fe-2S] center as the final
is reaction. donor. This makes sense since our mechanism implies that
Jarrett’'s group showed B¥fFef’Fe differential labeling  a carbon radical is trapped by the sulfur donor, which should
that there was no exchange between free Fe and the Fe opossess a radical character. It is tempting to postulate the
the [2Fe-2S]" cluster during reconstitution experiments with  participation of the irons of the cluster in providing a radical
FeCk and NaS; instead, the added Fe was incorporated into reactivity to the inorganic sulfide. Work is in progress to
the protein to form a [4Fe-43] cluster at a separate, distinct provide further arguments.
site (LO). The presence of these two sites was later confirmed To date, most examples of proteins in which the cluster
by the X-ray structure1(1). Our results show that under sulfide has been replaced by selenide refer to ferredoxins
similar conditions, the [2Fe-2S(8J]BS does not exchange (31), the function of which is to transfer electrons. The only
with free chalcogenides. The two sets of experiments takenexample of which we are aware, concerning a true enzyme,
together imply that the [2Fe-2S(&)]cluster is quite stable. is aconitase 46). With this study, we present a second
Examples in which both the Fe and the sulfide of the cluster example of an enzyme in which the [Fe-S] clusters were
can be easily exchanged with free iron and sulfide like in successfully substituted with [Fe-Se] clusters to yield an
clostridial ferredoxins 44) and aconitase4b) exist in the active homologue.
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