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ABSTRACT: Biotin synthase (BS) is an AdoMet-dependent radical enzyme that catalyzes the insertion of
sulfur into saturated C6 and C9 atoms in the substrate dethiobiotin. To facilitate sulfur insertion, BS
catalyzes the reductive cleavage of AdoMet to methionine ardkbédxyadenosyl radicals, which then
abstract hydrogen atoms from the C6 and C9 positions of dethiobiotin. The enzymééwmerichia

coli is purified as a dimer that contains one [2Fe2S]luster per monomer and can be reconstituted in
vitro to contain an additional [4Fe-48]cluster per monomer. Since each monomer contains each type
of cluster, the dimeric enzyme could contain one active site per monomer, or could contain a single
active site at the dimer interface. To address these possibilities, and to better understand the manner in
which biotin synthase controls radical generation and reactivity, we have examined the binding of AdoMet
and DTB to reconstituted biotin synthase. We find that both the [2F&-23]ster and the [4Fe-43]

cluster must be present for tight substrate binding. Further, substrate binding is highly cooperative, with
the affinity for AdoMet increasing- 20-fold in the presence of DTB, while DTB binds only in the presence

of AdoMet. The stoichiometry of binding is ca. 2:1:1 AdoMet:DTB:BS dimer, suggesting that biotin
synthase has a single functional active site per dimer. AdoMet binding, either in the presence or in the
absence of DTB, leads to a decrease in the magnitude of thevigible absorption band at400 nm

that we attribute to changes in the coordination environment of the [4P&-di8§ter. Using these spectral
changes as a probe, we have examined the kinetics of AdoMet and DTB binding, and propose an ordered
binding mechanism that is followed by a conformational change in the enzgoisstrate complex. This
kinetic analysis suggests that biotin synthase is evolved to bind AdoMet both weakly and slowly in the
absence of DTB, while both the rate of binding and the affinity for AdoMet are increased in the presence
of DTB. Cooperative binding of AdoMet and DTB may be an important mechanism for limiting the
production of 5-deoxyadenosyl radicals in the absence of the correct substrate.

Biotin synthase (BS)catalyzes formation of the thioether hydrogen atom abstraction from the substr&eConsistent
ring in the essential vitamin biotin (for reviews, see réfs  with this assignment, biotin formation is accompanied by
and 2). Thioether ring formation requires substitution of production of the AdoMet reductive cleavage products 5
sulfur for hydrogen atoms at the saturated C6 and C9 deoxyadenosine and methionirg {0).

positions of the substrate dethiobiotin. Functionalization of AdoMet-dependent radical enzymes comprise a newly

t.hese_rclal_atlvely unreagctive carbon atom_s n deth|ob|_ot|n 'S identified protein superfamilyl(l), the members of which
likety |n|t|at¢d by hydrogen atom ab_s_tractlo@,(generatlng . _catalyze the formation of protein and/or substrate radicals
car_bpn radicals at one or bOth p03|t|ons. ITD"O.tm synthase is through reductive cleavage of AdoMétX 13); the growing
purified from Escherichia colias a dimeric iror-sulfur list of confirmed superfamily members includes biotin
protein @) that requiresS-adenosylk-methionine (AdoMet) synthase as well as pyruvate formate-lyasd) (class Ili
and reduced flavodoxin for maximal activitg-t8), sug- ribonucleotide reductasé¥), lysine 2 3-aminorr,1utasd©
gesting that biotin synthase is an AdoMet-dependent radical benzylsuccinate synthaskT ’ Ii)pl)oyl syﬁthase 18), and spo’re
enzyme that couples reductive cleavage of AdoMet to photoproduct lyasel@). Minimally, these enzymes share a
t This research has been supported by NIH Research Grant GM59175c0mmon iror-sulfur cluster binding motif, CxxxCxxC, that
(.T.J). binds a [4Fe-43] cluster under anaerobic conditiorZ)¢-
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! Abbreviations: AdoMetS-adenosylk-methionine; BS, biotin syn- i iani i
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pyruvate formate-lyase; Tris, tris(hydroxymethyl)aminomethane hy- radical. In all AdoMet-dependent radical enzymes, this high-

drochloride. energy radical then initiates catalysis by abstraction of a
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hydrogen atom either directly from the substr2e26) or
from an intermediate protein residug4( 27).
Sulfur insertion between the C6 and C9 positions of
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stoichiometric AdoMet binding requires concurrent binding
of dethiobiotin, thus decreasing the level of uncoupled radical
generation by minimizing productive binding of AdoMet

dethiobiotin requires abstraction of one hydrogen atom from alone.
each of these positions. Studies by Marquet and co-workers

have shown that formation of substoichiometric amounts
of biotin (~0.3 equiv of biotin per BioB monomer) is
accompanied by production of3 equiv of 3-deoxy-
adenosine and methionin®){ and they have proposed that
AdoMet is a stoichiometric oxidant of dethiobiotin. When
dethiobiotin is labeled with deuterium at either C6 or C9,
the B-deoxyadenosine that is produced contairs0% of

the initial deuterium 3). Together, these data suggest that

biotin synthase sequentially catalyzes the direct abstraction

of a hydrogen atom by transient-8eoxyadenosyl radicals
from both the C6 and C9 positions in dethiobiotB). (Biotin
synthase will also catalyze reductive cleavage of AdoMet
in the absence of dethiobioti@®). When aerobically purified
biotin synthase is reconstituted to contain one [4Fe4S]
cluster per monomer, photoreduced to a [4FetdSiister
with deazaflavin, and then incubated with AdoMétdgoxy-

adenosine and methionine are produced in a slow reaction

that is no longer coupled to biotin formatio28). Reductive

MATERIALS AND METHODS

Materials. Unless otherwise stated, all reagents were
obtained from commercial sources and used without further
purification. N-Terminally histidine-tagged BS was purified
as previously described29) and was used for all of the
experiments described in this paper. Unless otherwise stated,
all protein purification steps were performed under aerobic
conditions and all protein reduction, reconstitution, and
analyses were performed under an oxygen-free argon or
nitrogen atmosphere. For aerobically purified BS, the protein
concentration was determined immediately after purification
using anegs, of 8400 Mt cm™ per monomer30), and all
protein concentrations are given as the monomer concentra-
tion. For other samples, the protein concentration was
determined using the Bradford assay with BSA as a standard;
the resulting values were divided by a correction factor of
1.10, determined by quantitative amino acid analy3).(

cleavage of AdoMet in the absence of substrate will generate  Reconstitution of [4Fe-43] Clusters in BioBAerobically

a high-energy 5deoxyadenosyl radical that likely quenches

purified BS contains only [2Fe-23] clusters. Protein

by abstracting a hydrogen atom from either the protein or a Samples were generated that contained [4Fé8ysters

buffer component. Uncoupled’-Beoxyadenosyl radical

by three different methods. BS containing approximately one

generation is thus a potentially damaging side reaction that[2Fe-2St" and one [4Fe-43] cluster per monomer was
could lead to oxidative damage comparable to that causedgenerated by incubating the protein with Fe®MaS, and

by hydroxyl radicals, and minimizing this reaction in vivo
is likely an evolutionary advantage.
If the minimization of uncoupled’'&leoxyadenosyl radical

DTT in 50 mM Tris (pH 8) as previously described(j.
BS containing approximately one [4Fe-4STluster, with
no residual [2Fe-23] clusters, was generated by the method

generation is an evolved feature of AdoMet-dependent radicalOf Johnson and co-worker23): BS initially containing
enzymes, then these enzymes should incorporate structural2Fe-2St* clusters was incubated with sodium dithionite in
and/or mechanistic features that can increase the rate 0f60% ethylene glycol and 50 mM Tris (pH 8) for 4 h. BS

AdoMet cleavage in the presence of the proper secondcontaining primarily [4Fe-43f clusters was also generated
substrate. In biotin Synthase’ the Simp|est mechanism forby a modification of the method of Fontecave and co-workers

promoting coupled radical generation under in vivo condi-
tions would be to couple the binding of AdoMet and
dethiobiotin. We have investigated the binding of both
substrates to active and inactive cluster forms of biotin
synthase, and find that DTB binds only in the presence
of AdoMet; the stoichiometry of binding is ca. 2:1:1
AdoMet:DTB:biotin synthase dimer. In contrast, AdoMet
alone will bind weakly to biotin synthase, but the affinity
and stoichiometry of binding are greatly improved in the
presence of DTB. High-affinity binding of both DTB and
AdoMet requires the presence of both [2Fe?2Shnd
[4Fe4St clusters. We have observed that AdoMet binding

(28): BS was stripped of most of the initial [2Fe-2S]
clusters by incubation with sodium dithionite (2 mM), methyl
viologen (5u4M), and EDTA (100 mM) for 6 h, and then
desalted by being passed through a Sephadex G25 column
to yield the apoprotein. This apoprotein retained ca. 10% of
the original [2Fe-237 cluster, as judged by the UWisible
spectrum. This protein was then reconstituted with EeCl
N&S, and DTT to yield a protein that appeared to contain
~80—90% [4Fe-4S]" and ~10—20% [2Fe-2S]" clusters,

as judged by manually fitting the UWisible spectra. All

of the reconstitution steps were performed under argon, and
excess reagents were removed after reconstitution by passing

is associated with a slight decrease in the magnitude of thethe sample through a Sephadex G25 column (1>cr25

UV —visible absorption band associated with the [4Fe4S]

cm) equilibrated with 100 mM Tris and 100 mM NacCl

cluster, and have used this spectral perturbation to investigate(pH 8).

the kinetics of substrate binding using a stopped-flow
spectrophotometer. AdoMet binding proceeds with two

Equilibrium Binding of Substrates to BioBSubstrate
binding was assessed by a microdialysis mett3djl ¢arried

kinetic phases whose rate constants and amplitudes dependut in an anaerobic chamber. BS (80 of ~100 uM

on the concentrations of both AdoMet and DTB; we propose

monomer), either as purified or anaerobically reconstituted,

a complex ordered binding mechanism that can account forwas dialyzed against varying mixtures of DTB, AdoMet, or

the observed kinetics. Finally, as further evidence of a tightly

both substrates (200, 0.01-5 mM) for 16 h at 20°C. A

bound enzyme substrate complex, we observe that substrate sample of the dialysis buffer was analyzed to determine the

binding results in dramatic stabilization of the [4Fe#4S]
cluster to oxidative degradation following exposure to air.
We propose that under physiologic concentrations, tight

free substrate concentration, while the protein/substrate
mixture was analyzed to determine the total substrate (free
+ bound). Dethiobiotin was assessed by HPLC analysis using
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a Symmetry C18 column (3 mnx 150 mm, Waters) generated using HopKinSim 1.7.2 (D. Wachsstock, The
equilibrated with a 95:5 HD/CH;CN mixture (5 mM HPOy) Johns Hopkins University, Baltimore, MD) and the mech-
at 35°C and compared to a standard of commercial DTB anism as depicted in Figure 9.

(Sigma) prepared gravimetrically. AdoMet was assessed by  Oxidative Degradation of the [4Fe-48] Cluster. The
HPLC analysis using a Symmetry C18 column (3 mm  ajr sensitivity of the [4Fe-43} cluster was examined in
150 mm, Waters) equilibrated with 50 mM ammonium the presence and absence of substrates for BS containing
acetate (pH 6.8) at 35C and compared to a standard of [2Fe-2S}+ and [4Fe-4S) clusters in a 1:1 ratio. BS (final
AdoMet determined using afso 0f 15400 Mt cm™. The  concentration of~50 xM) was reconstituted and anaerobi-
extent of AdoMet degradation and racemization was deter- cally repurified as previously describe8Dj. The protein was
mined by incubating AdoMet alone in the same buffer and gpjit into two portions, and DTB (50M) and AdoMet (100
analyzing degradation products by HPLC. The activity of ;M) were added to one sample. Each sample was removed
reconstituted biotin synthase before and after dialysis wasfrom the anaerobic chamber, and 700 of each protein
compared in a 60 min assay at 37 as previously described  mixture was diluted with 70@L of air-saturated 100 mM
(32. Tris and 100 mM NaCl (pH 8.0). Spectra were recorded at
When AdoMet was added to BS containing [2Fe?2S]  intervals, and the ratio of absorbance at 410 nm to that at
and [4Fe-4S]" clusters in a 1:1 ratio, either in the presence 452 nm was plotted over time. After 2 h, the samples were
or in the absence of saturating DTB, a small decrease in theretyrned to the anaerobic chamber and assayed in the absence

UV —visible spectrum at ca. 383120 nm was observed.  of DTT, FeC}, and NaS as previously describe2).
Using this spectral change as a probe, accurate binding

constants for AdoMet could be determined. BS (4 RESULTS

monomer) was reconstituted as previously described and

incubated under argon in an anaerobic cuvette. DTB and Substrate Binding Is Optimal in the Presence of both
AdoMet stock solutions were equilibrated with argon in [2Fe-2SF" and [4Fe-4S}* Clusters.Biotin synthase cata-
separate vials. DTB (10@M) was added to selected samples. lyzes a complex multistep reaction that requires the simul-
AdoMet was titrated into the protein sample, and after each taneous presence of dethiobiotin, AdoMet, a sulfur donor,
addition, the sample was stirred at 25 for 10 min and a  and a low-potential electron within the enzyme. The reaction
UV —visible spectrum was recorded. The ratio of absorbance sequence that we have proposed is initiated by electron
at 410 nm to that at 452 nm was examined as a function of transfer into the [4Fe-43] cluster, triggering reductive
added AdoMet. TheKy was determined by fitting the cleavage of AdoMet to yield a&leoxyadenosyl radical. This

resulting data to a quadratic binding isotherm: transient high-energy radical then abstracts a hydrogen atom
from dethiobiotin, generating a C9-centered dethiobiotin
o= Qg T Aa{nE+ L+ K; — radical, which is followed by trapping of this substrate radical

[(NE+ L+ Kd)2 _ 4nEL]°'5}/2nE by a sulfur atom from the [2Fe—2§]cluster.62). A seconq
equivalent of AdoMet would then be required for formation

wherea = Ay1dAssz N is the number of binding sites per of the second €S bond. This reaction sequence would
BS monomerE is the BS monomer concentratidnjs the ~ optimally require the presence of both [2Fe#ZShnd
concentration of added AdoMet, aid is the dissociation ~ [4Fe-4St" clusters as well as dethiobiotin and AdoMet prior
constant. to initiation of the reaction. Other mechanisms that require
Examination of the Kinetics of AdoMet Bindinghe  ©nly the [4Fe-4S}" cluster have been propose2B(40). As
kinetics of AdoMet binding to reconstituted biotin synthase @ first step toward resolving these potentially conflicting
were examined using stopped-flow WVisible spectro- mechanisms, we have explored the ability of biotin synthase
photometry_ All experiments were performed using a Hi- to bind both substrates fOlIOWing reconstitution of the iron
Tech SF-61 DX2 stopped-flow spectrophotometer with the sulfur clusters by various previously described methods.
temperature maintained at 20C. To ensure complete Using a simple microdialysis procedure originally devel-
anaerobiosis, the interior components of the stopped-flow oped for assessing binding of AdoMet to methionine synthase
instrument were soaked with and all enzyme solutions (31), we screened the aerobically purified protein containing
contained the enzymatic oxygen-scrubbing system proto-only [2Fe-2S}" clusters, the protein reconstituted to contain
catechuic acid dehydrogenase (0.5 mg/mL) and protocat-only [4Fe-4S} clusters, either by the method of Duin et al.
echuic acid (20Q«M) (33). Solutions were made anaerobic (22) or by the method of Ollagnier-De Choudens et 28)(
in glass tonometers by exchanging argon for air using and the protein reconstituted to contain one [2Fe~28hd
adaptations of previously described techniquz$.(Biotin one [4Fe4S}" cluster per monomei3Q, 36). Each of these
synthase (30@M) was reconstituted to contain [2Fe-25] proteins (~100 uM) was equilibrated in 100 mM Tris and
and [4Fe-4S]" clusters in a 1:1 ratio and was then diluted 100 mM NaCl (pH 8.0) by being passed through an anaerobic
to 50 uM monomer in 100 mM Tris and 100 mM NaCl desalting column, and then equilibrated against either
(pH 8) in an anaerobic tonometer. AdoMet (580004 M) AdoMet alone, DTB alone, or AdoMet and DTB (all at 200
was diluted in the same buffer and bubbled with argon for M) in an anaerobic chamber for 15 h at ZD. At this point,
15 min before being transferred to an anaerobic tonometer.the protein with bound substrates and the buffer with excess
All concentrations are diluted 2-fold after mixing in the unbound substrates were separated and analyzed for substrate
stopped-flow instrument has taken place. Rate constantscontent by HPLC. To our initial surprise, we found that only
were obtained from multiple exponential fits based on enzyme containing both [2Fe-ZS]and [4Fe-4S]" clusters
the MarquardtLevenberg algorithm using KinetAsyst 2  would bind either substrate with measurable affinity (Table
software (HiTech). Simulations of the kinetic data were 1). When both substrates are incubated together with protein
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Table 1: Substrates Binding to Biotin Synthase Containing
Different Iron—Sulfur Cluster$

0.8

[substratelund[BS monomer]

AdoMet DTB
cluster state AdoMet (+DTB) DTB (+AdoMet)

[2Fe-2ST 0 0 0 0
[4Fe-4ST (22) 0 0 0 0
[4Fe-4ST* (29) 0 0.07 0 0.04
[2Fe-2ST and [4Fe-4S}  0.18 0.77 0 0.51

aBiotin synthase (100uM monomer) initially contained one
[2Fe-2Stt cluster per monomer; this was reconstituted using the 0
alternate methods of Duin et aR3) and Ollagnier-De Choudens et al.
(28) to contain approximately one [4Fe-4S]cluster per monomer, 0 1 2 3 4 5 6
and by the method of Ugulava et Q] to contain approximately one [AdoMet] / [BioB monomer]
[2Fe-2S}* cluster and one [4Fe-48] cluster per monomer. Proteins ol
were dialyzed against DTB (2Q6M) and AdoMet (20QuM), alone or 1
in combination, in an anaerobic chamber for 15 h at@0The amounts
of total and free substrate were determined by HPLC analysis, and the - B T
amount of bound substrate was inferred as the difference between these
values; values are given as equivalents of bound substrate per BS dimer.
Values are averages of three samples.

0.6

/ [BioB monomer]

o
~

bound

0.2

[AdoMet]

T T T T T

/ [BioB monomer]

containing [2Fe-23} and [4Fe-4S}" clusters in an~1:1
ratio, we observe the presence of 0.#70.1 equiv of
AdoMet and 0.51+ 0.1 equiv of dethiobiotin per BS
monomer. Under otherwise identical conditions, but in the
absence of DTB, the reconstituted protein will bind 0.18
equiv of AdoMet. In the absence of AdoMet, DTB does
not bind at all. Protein missing either the [2Fe-2Spr
[4Fe-4St' clusters binds substrates either much weaker or

not at all. In our hands, biotin synthase reconstituted by the ESUISIE tl: geéeTréniSation Ioli the %f,fif;itx OfBbi?Fin Sy?rt]hased%%
A i oMet an y equilibrium dialysis. Biotin synthase
method of Ollagnier-De Choudens et akg( initially uM) was reconstituted to contain one [2Fe-2S]and one

contains~80% [4Fe-4S] cluster.a_nd~20% [2Fe-2SY" [4Fe-4S} cluster per monomeBg) and dialyzed against AdoMet
cluster, as estimated from the WVisible spectrum, and we  and/or DTB in 100 mM Tris and 100 mM NaCl (pH 8.0) using 12

find that in the presence of both AdoMet and DTB, this kDa cutoff dialysis membranes. (A) Biotin synthase is dialyzed
protein binds~0.07 equiv of AdoMet and~0.04 equiv of ~ against AdoMet (&-500 uM) in the presence of DTB [20@M

. o L (O)] or in the absence of DTBX). In the presence of DTB, the
DTB per BS dimer. The observed low binding stoichiometry 413 are fit with a quadratic binding isotherm holding the enzyme

is likely due to a relatively high dissociation constant, as concentration constant at 108, yielding an apparent dissociation
suggested by spectral titrations described below. Aerobically constant of 2.3M and a binding stoichiometry of 0.78. For
purified BS containing only [2Fe-25] clusters also does comparison, curves with 0.69 site/monomer aridyaf 1 M or

; ; .93 site/monomer and k&4 of 4 uM are shown that encompass
not bind either substrate. We conclude that the presence 0f?he scatter of the data (dashed curves). In the absence of DTB, the

bOth [2Fe-2SY a”f%' [4}Fe-493]+ clusters is essential for data are fit holding the enzyme concentration constant apM0
optimal substrate binding. yielding an appareriy of 1004M and a binding stoichiometry of
iihri ; ; ; 0.35 site/monomer. (B) Biotin synthase (1) was dialyzed
EqU|I|_br|l_Jm DIaIy.SIS Demonstrates _that Optlr_na_l Sub- against DTB ((}500;(4I\3I) in the gresence( 02 A)doMet [ZO);)M
strate Binding Requwes_ B(_)th Subs_tra_tSmce a prehmmar_y . (@] orinthe absence of AdoMel). In the presence of AdoMet,
screen of substrate binding to biotin synthase containing the data are fit to a quadratic binding isotherm holding the BS
only [2Fe-2S%" clusters, only [4Fe-437 clusters, or both  monomer concentration constant at 104, yielding an apparent
[2Fe-2S} and [4Fe-4S) clusters suggested that only the Ka of 1 4M and a binding stoichiometry of 0.51 site/monomer. In
latter bound both substrates tightly, we focused our further {he absence of AdoMet, binding was not observed, and we estimate
L . - S a lower limit to the dissociation constant 610 mM.
binding studies on this form of the enzyme. Biotin synthase
(100u4M monomer) was reconstituted to contain [2Fe?2S]  the ratio of bound or total substrate concentration to the BS
and [4Fe4S]" clusters in a 1:1 ratio, and was then dialyzed monomer concentration is plotted in panels A and B of
against buffer that contained varying amounts of DTB- (0  Figure 1.
500 uM) in the presence or absence of AdoMet (209), In the absence of DTB, AdoMet is bound to biotin
or varying amounts of AdoMet (6500uM) in the presence  synthase with low affinity [Figure 1A{)]. Up to an AdoMet
or absence of DTB (20@2M). Following equilibration for concentration of 50@M we observe binding of only-0.35
15 h at 20°C, the buffer containing excess free substrate equiv of AdoMet per BS monomer with l§; of 100 + 20
was removed, and the protein sample (containing both bounduM. In the presence of DTB, AdoMet binds with higher
and free substrate) was precipitated by addition of 5 M affinity and stoichiometry. We observe saturation~dd.78
sodium acetate (pH 4). The final concentration of biotin + 0.1 binding sites per BS monomer with a slight excess of
synthase was determined by the Bradford assay of anAdoMet, with an estimate®y of 2.3 £ 2 uM [Figure 1A
unprecipitated sample, while the concentration of DTB and (O and—)]. A major concern in assessing AdoMet binding
AdoMet in each sample was determined by HPLC analysis; by equilibrium dialysis is the instability of AdoMet toward

bound

[DTB]

[DTB]m_ﬂI / [BioB monomer]
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both hydrolytic degradation and racemization at the chiral
sulfonium @7). To minimize the effect of these processes 2
on our binding results, we performed dialysis at ZD to
slow racemization and used HPLC analysis to separate
AdoMet from the various degradation products. In a repre-
sentative control experiment, after dialysis for 15 h at
20 °C, we observe by HPLG-70% of the initially added
(S9-AdoMet, with the remainder present asrbethylthio-
adenosine (MTA~20%), adenosylhomocysteine (AdoHcy,
~5%), and the unnaturaR(S)-AdoMet (~5—11%; see the
Supporting Information). Both '"8MTA and AdoHcy are
easily separated by HPLC analysis and do not bind to BS 000 350 400 450 500 550 600 650 700
(J. Jarrett, unpublished data), and therefore do not affect our Wavelength (nm)

analysis. However, the unnaturf®d,$)-AdoMet isomer is not
well resolved from the natura§(S isomer, and both isomers
are summed together in analyzing the binding data in Figure
1A. To account for the affect of this on our analysis, we
modeled the data assuming that AdoMet is 10% racemized
in all of the samples and assuming the unnatuRyB)
AdoMet does not bind to BS, obtaining the values of 0.78
binding site and &y of 2.3 uM reported above. However, <
the data can be accommodated by modeled curves with
0.69-0.93 binding site per monomer with dissociation

AAbsorbance
S
?

I S —
300 400 500 600
Wavelength (nm)

Absorbance

05

410 as2

452

/A

1 2 3 4
AdoMet (mM)

410

constants of +4 uM, respectively [Figure 1A (dashed . e Y Seiis - -
Curves)]' 1.1 1 1 1 1 1 1 1

In contrast to AdoMet, DTB binding is not detected in 0 100 200 300 400
the absence of AdoMet at a DTB concentration of up to 1 AdoMet (uM)

mM [Figure 1B @)]. In the presence of AdoMet, DTB  Fgure 2: UV-visible spectral changes observed following
binding is very tight, with apparent saturation of the binding addition of AdoMet to reconstituted biotin synthase. (A) Biotin
sites at a ratio of 0.53 DTB per BS monomer [Figure 1B synthase (7Q:M) was reconstituted to contain [2Fe-2S]and

indi [4Fe-4St* clusters in a ratio of~1:1 per monomer32), mixed
(.f)]' th do ngt Obstirve ff“rther D-{%b'?ﬁ'?gth”p ol m'}/' with DTB (2004M), and AdoMet (6-4004M) was added in small
substrate, and we therefore conclude that there Is only aaliquots. Following each addition, the protein sample was stirred

single DTB binding site per dimer; perhaps this site lies at for 5 min at 20°C and a U\-visible spectrum recorded. In the
the dimer interface. The dissociation constant for DTB is inset, the difference spectrum has a maximal decrease at 400 nm,

difficult to accurately determine due to the high protein suggesting a decrease in absorption by the [4FétASister. (B)

concentrations required in the dialysis experiment, but we The absorbance at 410 nm is decreased following addition of

. . . AdoMet. The ratio of absorbance at 410 nm to that at 452 nm
estimate &°™ of 1 «M, with a range of 0.55 uM being reflects the relative intensity of overlapping absorbance bands due

consistent with the scatter of the data. to [4Fe-4S} and [2Fe-2S¥ clusters. In the presence of DTB (200
AdoMet Binding Is Accompanied by Changes in the-UV  uM), AdoMet binds with high affinity ®). The data are fit to a
Visible Spectrum of the [4Fe-4%] Cluster. When BS quadratic binding isotherm holding the enzyme concentration fixed,

o S i . with the solid curve showing an optimal fit withk of 2 4M and
initially containing one [2Fe-23] cluster per monomer is 5 binding stoichiometry of 0.8, while the dashed curves show

reconstituted to contain an additional [4Fe-4S]luster per  corresponding fits withy values of 0.2 and &M. In the inset, in
monomer 80), the UV—visible spectrum of the resulting the absence of DTB, AdoMet binding is much weakép).(
protein displays a broad spectrum with poorly defined Although a similar decrease in th&.dAss, ratio is observed,
shoulders at ca. 410 and 452 nm (Figure 2A). When AdoMet Saturation of these spectral changes requirgsnM AdoMet. The

is added to this protein, a decrease in absorbance at 410 nrr?fta are fit to a hyperbolic binding isotherm wittkg of 1 mM

is observedAes0= —14004 200 M~ cm™! per monomer) '

and the corresponding band becomes more sharply definedsuggest that the observed spectral change is due to an event
The resulting difference spectrum (Figure 2A inset) broadly that occurs after initial AdoMet binding, and we will
mimics the spectrum of the [4Fe-4S]cluster alone, generically refer to this event as a conformational change.
suggesting that this may reflect a general decrease in theThe shape and magnitude of these spectral changes are not
extinction coefficient due to changes in the ligation state or a function of the presence or absence of DTB.

coordination geometry of the [4Fe-4S]cluster. Although When these spectral changes are replotted as a function
these spectral changes are induced by the binding of AdoMet,of the added AdoMet concentration, the data can be modeled
the changes in the spectrum could be due to either proteinwith standard binding isotherms and the dissociation constant
conformational changes or the covalent interaction of for AdoMet can be extracted (Figure 2B). Although the
AdoMet with the cluster (substrate conformational change). primary spectral change is a decrease in absorbance at 410
There is precedent for the direct interaction of AdoMet with nm, this change is small and is easily masked by scatter in
the [4Fe-4S" cluster in pyruvate formate-lyase activase the data arising from experimental artifacts. To minimize
(23, 25, 38), and for interaction of methionine with the this scatter, we examined the change in the ratio of the
[4Fe-4St cluster in lysine 2,3-aminomutas@4j. The absorbance for shoulders observed in the spectrun? a0
kinetics of AdoMet binding to biotin synthase (see below) and 452 nm; this ratio is 1.18 0.02 for freshly reconstituted
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protein and decreases to 1.#1 0.02 in the presence of 2
AdoMet. When this ratio is replotted for the addition of
AdoMet to biotin synthase in the presence of excess DTB,
we observe a decrease in absorbance that saturates abruptly
at one AdoMet per BS monomer [Figure 2®){. Because
of the observed tight binding, we fit these data to a quadratic
binding isotherm, holding the protein concentration fixed at
70 uM, and find an optimal fit with akq of 2 uM (solid
curve) and 0.8t 0.1 binding site per monomer. As shown, 05 F
the scatter observed in the data could accommodate dis-
sociation constants ranging from 0.2 tald (dashed curves).
This binding curve is consistent with the data obtained from 0300 00 00 w00 700 200
equilibrium dialysis [Figure 1A @)], indicating that the
observed spectral change is indeed due to an event that
accompanies substrate binding. In the absence of DTB
(Figure 2B inset), we observe similar spectral changes, but
with much weaker binding. Although saturation is not
observed up to 1 mM AdoMet, we estimat&gaof ~1 mM,
indicating that concurrent DTB binding results in a 50-fold
increase in the affinity for AdoMet. However, on the basis
of very slow spectral changes that were observed in kinetic
experiments described below, we suspect that this value is
artificially high due to very slow equilibration of at least
one AdoMet binding site and potentially also due to very
slow cluster destruction at high AdoMet concentrationg (
mM). Thus, in the absence of DTB, neither spectral titrations 1.32 ' : . . L -
nor equilibrium dialysis provides a particularly satisfactory 0 500 1000 1500 2000 2500 3000 3500
account of AdoMet binding, with apparent substoichiometric AdoMet (uM)
binding and dissociation constants that range from 100 t0 Figure 3: UV-visible spectral changes observed following
1000 uM. addition of AdoMet to biotin synthase reconstituted with one
Although our preliminary binding screen suggested that [4Fe-4St" cluster per monomer. (A) Biotin synthase€0 uM)

. ) was converted to a form that contains approximately one
BS containing one [4Fe-45] cluster per monomer (and no [4Fe-4SF+ cluster (see Materials and Methods), and AdoMet

[2Fe-2S}" cluster) bound AdoMet either weakly or not at  (0—2 mm) was added in small aliquots. After each addition, the
all (Table 1), a similarly reconstituted preparation of BS has protein was equilibrated for 5 min and a spectrum recorded. A slight
been shown to catalyze reductive cleavage of AdoMet during but noticeable increase in turbidity correlated with the observed
photoreduction in the presence of deazaflad8)(suggest- increase in absorbance at all wavelengths, suggesting that the protein

: . - . was not completely stable in this reconstitution state and slowly
ing that AdoMet likely interacts, at least weakly, with the precipitated during the experiment. In the inset, the difference

[4Fe-4S] cluster in the absence of DTB. We prepared a spectrum (2 mM AdoMet- initial protein) shows a decrease in
sample containing approximately one [4Fe#4S]luster by absorbance at 395 nm that is superimposed upon a general increase
reducing BS containing one [2Fe-2Stluster (12Q:M) with due to precipitation. (B) The_ absorbance at 395 nm was corrected
sodium dithionite (1 mM) in the presence of 2 equiv of FeCl for the turbidity by subtracting the change in absorbance at 520

: 0 : nm, and then divided by the corrected absorbance at 452 nm to
and NaS in 60% ethylene Q'YCO' and 100 mM Tris (pH 8) yield a curve reflecting the apparent decrease in absorbance at 395
for 4 h, followed by desalting to remove excess reagents nm due to AdoMet binding. The data are fit to a binding isotherm
and ethylene glycol. The resulting protein@0 «M) was with a Kq of 1.4+ 0.3 mM.
titrated with AdoMet (6-2 mM), and spectra were recorded
after each addition (Figure 3A). In this case, an increase in (Figure 3B), and fit to a weaKq of 1.4+ 0.3 mM. Addition
absorbance at all wavelengths (and visually observed turbid-of DTB did not affect these results. In contrast, when we
ity) suggests that the enzyme is not completely stable titrated BS containing one [2Fe-ZS]cluster per monomer
throughout the titration and generates a small amount of (but no [4Fe-4S}" cluster) with AdoMet (6-2 mM), we
precipitated protein. However, in the midst of the general observed no spectral changes (see the Supporting Informa-
increase due to protein precipitation, we observe a dip in tion). This was not unexpected, since this oxidized form of
absorbance at 395 nm (Figure 3A inset) that is similar BS was shown to not bind either substrate using equilibrium
to the spectral changes observed in the presence of botrdialysis. Overall, these data suggest that the [2Fé%2S]
[2Fe-2S}F" and [4Fe-4S]" clusters (Figure 2A inset). cluster is not required for AdoMet binding or for interactions
Unfortunately, the magnitude of this spectral change is between AdoMet and the [4Fe-4Skluster; this may prove
comparable to the observed turbidity, and extracting an to be useful in designing experiments that spectroscopically
accurate binding constant is difficult. However, we have probe the physical nature of this interactidB,(25, 38).
attempted to correct for the turbidity by subtracting the However, tight substrate binding appears to require the
change in absorbance at 520 nm (where Figure 2A indicatessimultaneous presence of both AdoMet and DTB bound with
no cluster-associated spectral changes) from the data at 39'BS containing both [2Fe-23] and [4Fe-4S]" clusters.
and 452 nm. The ratio of the residual absorbance at these AdoMet Binds Slowly to Biotin Synthase in the Absence
wavelengths is then plotted as a function of added AdoMet of DTB. The spectral changes that accompany AdoMet

AAbsorbance

300 500 700
Wavelength (nm)

Absorbance

520)

395

(A -AASZO) / (A452-AA
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043 : T ' T a rate constant of6 s* and aAAs;0 of ~0.005; the rate
and magnitude of this small spectral change were unchanged
. with increasing AdoMet concentrations, and a similar spectral
change was also observed in a control where reconstituted
protein is mixed with anaerobic buffer. We suspect that this
small initial decrease in absorbance is due to a slight
dissociation of Fe from the protein upon dilution, and we
have ignored this kinetic phase in further analyses. Also
observed was a very slow kinetic phagg,{~ 0.002 s,
AAs0 ~ 0.005) that is only observed at high AdoMet
concentrationsX1 mM); we suspect this phase corresponds
037 b v v i to slow destruction of the [4Fe-48]cluster and chelation

0.01 01 1 10 100 of the resulting free iron by excess free AdoMet. However,

time (sec) in addition to these two phases that likely result from cluster

instability, all of the kinetic traces show two additional phases
whose associated rate constants (Figure 5A) and magnitudes
7 vary with increasing AdoMet concentrations. At low AdoMet
concentrations, the traces are dominated by a slow phase
with rate constants that vary with increasing AdoMet
. concentrations from 0.02 to 0.2°s[Figure 5A @)]. Our
kinetic simulations suggest that this phase corresponds to a
slow second-order binding of AdoMet as indicated by the
i linear fit from 500 to 3000uM, yielding the following
observed rate constantk;, = 30 M~* st andky = 0.09
s1 [Figure 5A (— — —)]. Deviation from linearity at low
039 i il L AdoMet concentrations is likely due to partial depletion of
0.01 0.1 1 10 100 the pool of free AdoMet. At high AdoMet concentrations,
the traces are dominated by a fast kinetic phase with rate

FiIGURE 4: Transient kinetic analysis of absorption changes ac- constants that vary from 0.5 to 2.3's[Figure 5A (@)].
companying AdoMet binding to biotin synthase. (A) Biotin synthase Saturation of the observed rate constant at high AdoMet

(25 4M monomer after mixing) was reconstitute3?j and rapidly concentrations suggests that this phase corresponds to a rapid
mixed with AdoMet in 100 mM Tris and 100 mM NaCl (pH 8.0).  equilibrium binding of AdoMet with an initiaKq of ~1000

Traces are, from right to left, for 50, 100, 250, 500, 1000, 2000, ,M followed by a conformational change with the following

and 3000uM AdoMet after mixing. (B) Biotin synthase (25M observed rate constant& = 1.53 s! andk = 0.54 s
monomer after mixing) was reconstitute82) and rapidly mixed

with AdoMet in 100 mM Tris and 100 mM NaCl (pH 8.0) LFigure SA (5)]. _ _
containing DTB (20QuM). Traces are, from right to left, for 50, We have used the rate constants derived from Figure 5A

100, 200, 300, 400, 600, 800, and 2Q0@ AdoMet after mixing. as an initial set of values to simulate AdoMet binding in the
Minor variations in the initial absorbance were corrected for each gphsence of DTB, using the mechanism depicted in Figure 9.
trace to give an average initial value o of 0.42. In conducting these simulations, we have made several
binding are sufficient in magnitude to allow kinetic charac- assumptions about the nature of the AdoMBS interaction.
terization of this binding event using a stopped-flow UV  First, we assume that initial binding of AdoMet involves
visible spectrophotometer. If the strong cooperativity of DTB noncovalent interactions that do not contribute to the spectral
and AdoMet binding observed in equilibrium experiments change, and that this initial complex undergoes a slow
is due to one substrate forming a portion of the binding site conformational change that leads to covalent interaction of
for the second substrate, then binding would likely be AdoMet with the [4Fe-4S] cluster @5, 38), resulting in
kinetically ordered and the rate of AdoMet binding would the observed decrease in absorbance. Second, we assume
be affected by the presence of DTB. However, before that binding of the first AdoMet per dimer results in a change
attempting to interpret the potentially complex effect of DTB in the protein that alters the kinetic parameters for interaction
on the kinetics of AdoMet binding, we examined how with the second equivalent of AdoMet. Finally, to simplify
AdoMet alone binds to biotin synthase (in the absence of the kinetic analysis, we have assumed that the rate constants
DTB). Biotin synthase reconstituted to contain [2Fe?2S] for binding of the second equivalent of AdoMet are
and [4Fe-4S} clusters in a 1:1 ratio per monomer (2 unchanged when the first equivalent of AdoMet participates
after mixing) was rapidly mixed with AdoMet (504000 in the intervening conformational change (both paths around
uM after mixing) in 100 mM Tris and 100 mM NacCl (pH the kinetic box in Figure 9 are equivalent). The experimental
8). Spectral changes were monitored at 410 nm for 4 min and simulated data for kinetic traces at 250, 500, and 1000
and are shown in Figure 4A. Both the apparent rate and theuM are shown in Figure 5B. In general, we find that the
magnitude of the observed absorbance changes are increasadpid kinetic phase is simulated well with a single site per
as the concentration of AdoMet is increased. These tracesBS dimer that binds AdoMet with weak initial affinityKg

are fit to four exponential phases, including two major phases= 900 uM, Figure 9), but that undergoes a reversible
that are clearly dependent on the concentration of AdoMet, conformational change (E- E*) with a k; of 3 st and a
and two phases that appear to be independent of AdoMet.k_, of 0.3 s, resulting in a decreased apparent dissociation
First, an initial rapid decrease is observed in all traces with constant Kg+2 = Ka(k-2/k2) = 90 uM]. We have simulated
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0.41

0.4

0.39
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24 . . . T T T 05 difficulty in distinguishing the concentration-dependent and
A -independent components of this phase. Using the modeled
4 o4 rate constants, we calculate the initial dissociation constant
for binding to the second siteK{s) as 200uM with an
effective dissociation constaliz+4 [=Kga(k-4/ks)] of 20 uM.
5 Note that this predicts binding that is much tighter than that
@ observed by either equilibrium dialysis (Figure 1A) or
joez ~ spectrophotometric titrations (Figure 2B inset). At least for
the spectrophotometric titrations, the observation of weak
04 -0 4 01 binding may be partially a kinetic effect due to the very slow
second-order binding constant determined for this second
0 f' o L L L L I 0 binding site. When we kinetically simulate a complete
0 1000 2000 3000 titration using the rate constants described above, we find
[AdoMet] (uM) that equilibrium is not reached even after 5 min between
additions, and on the basis of simulations, we estimate a
nonequilibrium “observed binding constant” 6500 uM
for the experimental conditions cited for the Figure 2B inset.
AdoMet Binds More Rapidly in the Presence of DTB.
Having previously shown that the affinity of biotin synthase
for AdoMet is increased in the presence of DTB (Figure 1A),
we expected the kinetics of AdoMet binding to also be altered
by DTB. We repeated the experiments described above,
mixing reconstituted biotin synthase (284 after mixing)
with AdoMet (25-3000uM after mixing) in a stopped-flow
spectrophotometer, but now with DTB (20/1) added to
003 . . . the AdoMet sample. We observed a decrease in absorbance
o 5 10 15 20 at 410 nm similar to that observed in the absence of DTB;
time (sec) the resulting kinetic traces (Figure 4B) are again fit to four
. . e 1 ~ 1
FIGURE 5: Data modeling for AdoMet binding to biotin synthase. €Xponential phases. The fastelgh,{~ 6 s™*) and slowest
(A) The major spectral changes accompanying AdoMet binding in (kobs &~ 0.002 s?) phases are again found to be minor
Figure 4A (0.2-20 s) are fit to two exponential kinetic phases. contributors to the total absorbance changes, similar in
Dhases are shown a5 a funeiion of the Adoviet concentration. The2gNtude in all of the samples, and not dependent on the
Past rate constant is fit assuming rapid equilibrium binding followed concentration of AdOM.et' Two kinetic phases are Observe.d
by a slower conformational change, while the slow rate constant is Whose rates and magnitudes are affected by the concentration
fit assuming slower second-order binding behavior coupled with a of AdoMet. At low AdoMet concentrations, the kinetics are
slow conformational change, yielding the following kinetic param-  dominated by a slow phase with rate constants that vary with
eters: Kq = 1000uM, k = 1.53 s, andk = 0.54 stforthe fast  jycreasing AdoMet concentrations from 0.020 to 0.21 s

phase andt,, = 30 M~! s7 andky = 0.09 s for the slow phase. . . .
(B) Changes in absorbance from 0.2 to 20 s extracted from Figure [Figure 6A @)]. This phase likely corresponds to a slow

4A are modeled using the rate constants from panel A as a startingSecond-order binding of AdoMet as indicated by the linear
point for kinetic simulations. Experimental data are shown for 250 fit from 200 to 2000 uM, yielding the following rate
(©), 500 (), and 1000uM (a), and each modeled curve is  constants:k,, = 680 Mt st andkys = 0.05 s [Figure
generated by adjusting only the AdoMet concentration in the B6A (— — —)]. At high AdoMet concentrations, the traces are

simulation. The ordered binding mechanism as shown in Figure 9 domi dbvaf h ith hat i
(top) gave reasonable simulations using an extinction coefficient d0Minated by a fast phase with a rate constant that increases

Aéar00f —1400 M-t cm~1 per monomer and the following refined  linearly from 0.068 to 1.5 as the AdoMet concentration

0 H L T

0.01 RS

AAbsorbance

-0.02

parametersiKgy = 900+ 50uM, k, =3+ 0.2 s k ,=0.3+ is increased from 50 to 20Q(M [Figure 6A (@)]. Although
0.0557, ks = 10-50 M~ 57, k-3 = 0.002+ 0.001 5%, ks = 0.5 this phase also would appear to correspond to a second-order
+04s% andk, = 0.05+ 0.04 5. binding of AdoMet with ak., of 680 M1 s71 and ake of

the slower kinetic phase with a second AdoMet binding site 0.1 s [Figure 6A ()], our subsequent data simulation
per BS dimer; however, in this case, the concentration suggests that this is likely due to a peculiar coupling between
dependence indicates that formation of the initial AdoMet  rapid equilibrium AdoMet binding and slow DTB binding.
BS complex is comparable in rate to the subsequent We have performed kinetic simulations using several
conformational change. Although we initially attempted to alternate kinetic models to determine the order of AdoMet
perform the simulation using rates for the conformational and DTB binding and to determine the effect that DTB has
change equivalent to those determined abdgeafd k), upon the kinetics of AdoMet binding. In addition to
we were not able to obtain satisfactory fits, and have insteadassumptions cited above regarding AdoMet binding, we have
allowed for a somewhat slower conformational change ( included one additional assumption: since DTB binding was
~ 0.5 s'1, andk_4 ~ 0.05 s!). Using these parameters for not observed in the absence of AdoMet, we have assumed
the conformational change, the binding step is simulated with that DTB must bind at some point after binding of the first

a ks of 10 M™? s and ak_; of 0.002 s'. The kinetic AdoMet molecule. We started these simulations using
parameters for this slow binding phase are not precisely microscopic rate constants derived from simulations of
determined by the data, in part due to the similar magnitudes AdoMet binding above, and then made the smallest changes
of the rate constants for steps 3 and 4 and the resultingto these rate constants that are consistent with the data. The
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Ficure 7: Effect of varying DTB concentration on the rate of
absorption changes accompanying AdoMet binding to biotin
- synthase. Reconstituted biotin synthase &5 was mixed with
AdoMet (500 uM) and DTB (0-50 uM) in a stopped-flow

. spectrophotometer. Traces are for 0, 10, andidMDTB. The inset
shows the effect of DTB on the change in absorbance associated
. with the fast AdoMet binding phase. Traces were fit to four
exponential decays as described in the legend of Figure 4, and the
. magnitude of absorbance changes associated with the primary fast
kinetic phase (0.22 s) is replotted as a function of the DTB

- concentration. Data are fit to a quadratic binding isotherm holding
the concentration of DTB binding sites at 128 (one per dimer)

- and theKqy at 1 uM.

L L L L < 1 s!) that results in further spectral changes. In this
mechanism, the observed rate constants are largely deter-
mined byKqy andks (fast phase) ané; (slow phase), and
Ficure 6: Data modeling for AdoMet binding to biotin synthase \ye can only place limits on values for other rate constants.

in the presence of DTB. (A) The major spectral changes ac- : . _
companying AdoMet binding in Figure 4B (020 s) are fit to In particular, the rate constant for the associated conforma

two exponential kinetic phases. Rate constants for the @deft tional change must be at least 10,sbut larger values are
axis) and slow M, right axis) phases are shown as a function of also consistent. The range of values for several rate constants
the AdoMet concentration. The fast phase is fit to apparent second-|imits our ability to calculate predicted dissociation constants;

order binding coupled with a fast conformational chang} (while  o\wever, we have again simulated a titration as depicted in
the slow phase is fit assuming slower second-order binding behaV|orF. 2i3 d obtai ssimulated” di iati
coupled with a fast conformational change € —), yielding the igureé b and obtain an average “Simulated: dissociation
following kinetic parametersk,, = 680 M~ s~1 and ky; = 0.1 constant of~10 uM. In the presence of DTB, we predict

s~ for the fast phase ark, = 80 M1 s~ andk,y = 0.05 s’ for that following each addition of AdoMet, the sample would

the slow phase. (B) Changes in absorbance from 0.2 to 20 sreach equilibrium in~2 min, suggesting that the binding

extracted from Figure 4B are modeled using the rate constants fromgy yariment shown in Figure 2B reflects a true equilibrium
the previous simulation of AdoMet binding alone as a starting point titration

for kinetic simulations based upon the mechanism in Figure 9. o o
Experimental data are shown for 100)( 200 ), 300 @), and DTB Blndlng Increases the Afflnlty for AdoMet and the
400 uM (<), and each modeled curve is generated by adjusting Rate of the AdoMet-Induced Conformational Chanbjee

only the AdoMet concentration in the simulation. The ordered equilibrium binding data depicted in Figures 1 and 2

binding mechanism as shown in Figure 9 (bottom) gave reasonable ; -
simulations using an extinction coefficieiearo of —1400 M 1 demonstrate that the presence of DTB increases the affinity

-0.01

AAbsorbance

time (sec)

cmt per monomer and the following refined parameteks; = of BS for AdoMet, and comparison of the kinetic curves in
900+ 50uM, ks = (1 4+ 0.2) x 10 M~ts L ks <1s? ks> panels A and B of Figure 4 suggests that DTB also increases
10 si, ke <1s?k = 450+ 100 M 1s k7 <0.3s? kg > the rate of AdoMet binding. To further probe this phenom-
10 s, andk-g < 1 s enon, we examined the effect of varying the DTB concentra-

experimental and simulated data for kinetic traces at 100, tion (from 0 to 100uM after mixing) on the rate of the
200, 300, and 40kM are shown in Figure 6B, and the observed spectrophotometric change, while holding fixed
mechanism that gives the best simulation over the entire both the BS (25«M monomer after mixing) and AdoMet
concentration and time range is depicted in Figure 9 (bottom). (500 uM after mixing) concentrations. We find that DTB

In this mechanism, the first molecule of AdoMet binds appears to increase the rate of the overall spectrophotometric
weakly as beforely = 900uM), but is then “trapped” by ~ change (Figure 7). The concentration dependence of this
the second-order binding of DTB with the following rate effect is most easily observed by plotting the change in
constantskks = 10* M~1s tandk_s < 1 s'1. The AdoMet- absorbance (0-12 s) associated with the fast kinetic phase
DTB—BS complex then undergoes a rapid conformational (Figure 7 inset), which can be fit to one DTB binding site
change (E— E*), resulting in the observed spectral change per dimer with aKy of ~1 uM. We simulated the kinetic
with a rate constarks of >10 s™*. The second equivalent of traces using the mechanism depicted in Figure 9 to better
AdoMet can then bind with slow second-order rate constantsunderstand the apparent kinetic effect of DTB (data not
(kz ~ 450 Mt st andk-; < 0.3 s!), followed by an shown). From these simulations, we conclude that the
associated rapid conformational changex 10 st andk_g primary effect of DTB is to increase the rate of the AdoMet-
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Ficure 8: Air oxidation of the [4Fe-4S} cluster in reconstituted e=te
biotin synthase in the abseno®)(and presence) of AdoMet Adm‘\ AdoMet
and DTB. Biotin synthase (50M) was reconstituted and repurified || ks ky <035 || kr=4s0MT s
by gel filtration chromatography in an anaerobic chamber. This
protein was divided, and a portion was mixed with an equal volume
of air-saturated 100 mM Tris and 100 mM NacCl (pH 8.0) and the E AdoMet E*AdoMet  kg>10s_ [E*AdoMet
. . DTB _ DTB e —— «DTB
absorbance monitored at 410 and 452 nm. A second portion was E AdoMet E Adomet — T E*AdoMet

equilibrated with AdoMet (5:M) and DTB (25uM) and then
mixed with an equal volume of air-saturated buffer. In the absence Ficure 9: Proposed kinetic scheme for substrate binding to biotin
of substrates, the data are fit to a single-exponential decay with asynthase. In each case, substrate binding steps are assumed to be
rate constant of 0.0L'% In the presence of substrates, a small decay unobservable, while the observed spectral change is assumed to be
is observed at the same rate followed by a very slow decay with due to an undefined conformational change—¢E=*) that results
an estimated rate constant of x510°5 s™%. in a decrease in the extinction coefficient of the [4Fe24 8Juster.

In the absence of DTB (top), biotin synthase can initially bind 1
associated conformational change such that, whereas in th&auiv of AdoMet with aKg of 900 uM and undergo a slow,

: ; : : _ reversible conformational chande & 3 s™1). A second equivalent
absence of DTB this conformational change is partially rate of AdoMet is bound much slowek{ = 10 M1 5%, inducing a

limiting (k; = 3 s™* andks = 0.5 s™), in the presence of  gjmjjar conformational change at a slightly slower réte < 0.5
DTB the conformational change is no longer rate-limiting s-2). Alternately, after the first molecule of AdoMet binds, 1 equiv
and DTB binding and AdoMet bindingk{ and k;, respec- ~ of DTB can bind at a moderate rate & 10* M~* s7%), leading to
tively) become rate-limiting. A secondary effect of DTB gfrgghdngoé‘;oémaaggggr']ghe%”u%\%(lz n%%f;go':ﬂoe"gg?ntg‘ses%ﬁsice
b!ndllng, which may b.e rglated, is that AdoMet and DTB 450 M1 s71), but the subsequent conformational change is again
binding appear to be kinetically ordered such that bound DTB rapig s > 10 s°2), leading to formation of the active enzyre
blocks dissociation of the first equivalent of AdoMet. substrate complex.

Bound Substrates Slow the Oxidation of the [4Fe?4S]

Cluster.The [4Fe-4S}" cluster in biotin synthase is sensitive complete oxidation. Protection of the [4Fe-#Stluster from

to oxygen degradation; this is likely why aerobic purification  gxigation also protects the enzyme against inactivation. When
yields a protein that contains only [2Fe-2S¢lusters. Since 3 sample was mixed with aerobic buffer in the presence of
substrate binding induces a decrease in the extinctiongypstrates, and then assayed anaerobically in the absence of
coefficient of the [4Fe-4SF cluster, it is likely that one or DTT, FeC}, and NaS (32), we obtain~0.7 equiv of biotin

both of the substrates bind in the proximity of or coordinates per monomer, compared with0.8 equiv of biotin obtained
directly to this cluster. In particular, covalent coordination fom a sample that was maintained under constant anaerobic
of AdoMet to the [4Fe-4ST cluster, such as that observed conditions. In contrast, a sample that was exposed to aerobic
for PFL activase 38), may block access of oxygen to the pyffer in the absence of substrates produced no biotin. This
cluster and slow the resulting oxidative degradation. To test g pstrate-induced protection has proven to be useful in our
this, we exposed reconstituted biotin synthase to oxygen by|aporatory in allowing manipulation of reconstituted biotin

vigorously stirring an anaerobic solution of the protein with - gynthase for short periods of time with full exposure to an
an equal volume of aerobic 100 mM Tris and 100 mM NaCl aeropic atmosphere.

(pH 8.0) at 20°C and monitored oxidation by recording

UV —visible spectra over time. In the absence of substrates, pjscuyssioN

the [4Fe-4S]" cluster is completely lost in 5 min and the

resulting spectral changes are well fit to a single rate constant The reaction catalyzed by biotin synthase requires a
of 0.01 s [Figure 7 @)]. The addition of 1 equiv of DTB complex sequence of events that involve two substrates,
and 2 equiv of AdoMet per dimer is sufficient to significantly AdoMet and DTB, and two irofsulfur clusters. The reaction

protect most of the [4Fe-48]cluster [Figure 70)]. In this is initiated by electron transfer from flavodoxin into the
case, we observe a small fraction of the protein that is [4Fe-4S}" cluster, generating a [4Fe-4S]cluster that
oxidized with a comparable rate constar0(007 s*'), which catalyzes the reductive cleavage of AdoMet to methionine

we suspect is protein that does not contain bound substratesand a high-energy &leoxyadenosyl radical. This high-energy
However, the majority of the protein oxidizes at a much radical can be productively quenched by abstracting hydrogen
slower rate that we estimate to bel x 10°5s™ (t;, ~ 19 atoms from the substrate, DTB, generating a substrate radical
h), assuming a comparable total spectral change afteron the path to product, but in the absence of DTB could
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also be unproductively quenched by abstracting hydrogenment of the [4Fe-43] cluster. Transient kinetic analysis
atoms from nearby protein residues or could dissociate fromindicates that these changes occur in a step following
the enzyme and abstract hydrogen atoms from small mol-formation of the initial AdoMet-biotin synthase complex.
ecules or even DNA or RNA. To avoid these potentially Conservatively, we suggest that AdoMet binding induces a
damaging side reactions, AdoMet-dependent radical enzymesconformational change in the protein in the vicinity of the
likely are evolved to exercise kinetic control of radical [4Fe-4S}' cluster or that alters the geometry of the cluster
generation, accelerating reductive cleavage of AdoMet in the itself. However, it is tempting to speculate that the observed
presence of a bound substrate. In biotin synthase, this controkpectral change may be due to slow coordination of a portion
could take several potential forms: DTB binding could alter of AdoMet with the fourth ligation position to the [4Fe-4S]
the redox potential of the [4Fe-4S]cluster, could induce  cluster. This cluster, coordinated by a conserved CxxxCxxC
close association of AdoMet with the [4Fe-4Stluster, or motif in all AdoMet-dependent radical enzymes, is in close
could be tightly coupled to AdoMet binding. Minimally, we  contact with AdoMet in pyruvate formate-lyase activa®®s) (
find that biotin synthase employs the last mechanism to and with the product methionine in lysine 2,3-aminomutase
reduce and or slow binding of AdoMet in the absence of (24). Addition of AdoMet to pyruvate formate-lyase activase
DTB. At physiologic AdoMet concentrations~B0 uM in substituted with a singlé’Fe at this open ligation position
E. coli (39)], biotin synthase binds weakly to 1 equiv of results in an increase in the isomer shift, suggesting a
AdoMet [K4(exp) = 100 uM (Figure 1A), Kgio(calcd) = potential ligand substitution by AdoMet28). Finally,
90 uM] and probably binds with comparable affinity but ENDOR spectra of AdoMet labeled witHO and !N in
much slower kinetics to a second equivalent of AdoMet per the methionyl group bound to PFL activase containing a
dimer [kon = 10 M1 s (Figure 9)]. However, in the [4Fe-4S} cluster indicate direct coordination of these labeled
presence of DTB, biotin synthase binds 2 equiv of AdoMet atoms to at least one Fe in the clustd®)( The minor
with high affinity [appareny = 1—-5 uM (Figures 1A and changes we observe in the YVisible spectrum of biotin
2B)]. DTB binding is not observed in the absence of AdoMet, synthase following AdoMet binding may be a macroscopic
suggesting an ordered binding mechanism in which at leasteffect of similar molecular interactions.
one molecule of AdoMet binds prior to DTB. Thus, AdoMet The stoichiometry of substrate binding to biotin synthase
binding and DTB binding appear to be kinetically and containing [2Fe-2Sf and [4Fe-4S]" clusters in a 1:1 ratio
thermodynamically coupled, with:a20-fold increase inthe s reproducibly one DTB and two AdoMets per dimer. This
affinity for AdoMet in the presence of DTB and=a10000- stoichiometry is consistent with AdoMet being a stoichio-
fold increase in the affinity for DTB in the presence of metric oxidant of DTB, as proposed separately by Marquet
AdoMet. (9) and Shaw 10). Several studies report the formation of
In addition to the tight coupling of DTB and AdoMet ca. 3 equiv of 5deoxyadenosine per bioti3,(9, 10); the
binding, the high-affinity binding of these substrates appears excess 5deoxyadenosine is attributed to some uncoupled
to require the presence of both [2Fe-2Sand [4Fe-4S} AdoMet cleavage, and it is proposed that 2 equiv of
clusters 86). Mechanisms have been proposed for biotin 5'-deoxyadenosine is formed in the irreversible abstraction
formation which require only the [4Fe-45] cluster for of a hydrogen atom from the C6 and C9 positions of DTB.
activity (28, 40), while the initial [2Fe-2S" cluster is The binding data presented in this paper indicate that a single
considered a degradation product resulting from aerobic molecule of DTB is surrounded by two molecules of AdoMet
purification. However, in our hands two alternate methods which, following reductive cleavage, generate two 5
for reconstituting protein containing only [4Fe-4Stlusters deoxyadenosyl radicals that can independently abstract
(22, 28) result in protein samples that bind substrates weakly hydrogen atoms at the C6 and C9 positions of DTB. This
or not at all. When protein reconstituted with one [4Fe?4S]  arrangement of substrates, and the tight cooperativity of
cluster was titrated with AdoMet under anaerobic conditions, AdoMet and DTB binding, may also help to promote
a decrease in absorbance at 395 nm was detected that wasynchronous formation of both-€S bonds in biotin and to
partially obscured by minor precipitation of the protein; limit the production of 6- or 9-mercaptodethiobiotin.
assuming this spectral change also corresponds to AdoMet
binding, we estimate a dissociation constant for AdoMet ACKNOWLEDGMENT
binding to BS containing one [4Fe-£S[cluster of~1.4 mM. ) ) o
Dethiobiotin did not increase the affinity of this preparation e thank Dr. Bruce Palfey (The University of Michigan,
for AdoMet, consistent with our general failure to observe AnN Arbor, M) with assistance in designing and equipping
DTB binding in the absence of the [2Fe-2S¢luster (Table ~ OUr anaerobic stopped-flow system.
1). We conclude that AdoMet binding requires the presence
of the [4Fe-4S}" cluster and is greatly improved by the SUPPORTING INFORMATION AVAILABLE

presence of DTB, while DTB binding requires the Presence  petermination of the stability of AdoMet under dialysis
of the [2Fe-2S]" cluster and AdoMet (and by extension the ., jitions and the titration of [2Fe-Z3]BioB with AdoMet.

[4Fe-4S} clgster). Thus, a,'thOUQh, this stqdy dogs NOL This material is available free of charge via the Internet at
address the issue of catalytic activity, the high affinity of http://pubs.acs.org.

biotin synthase containing both [2Fe-2S5hnd [4Fe-4S]
clusters 86) for AdoMet and DTB is further evidence that
this is the cluster state in the active enzyme.

AdoMet binding results in a small decrease in the After submission of this paper, Johnson and co-workers
extinction coefficient at~400 nm. This spectral change is (43) presented spectroscopic evidence for AdoMet carboxy-
probably due to subtle changes in the coordination environ- late coordination to the [4Fe-4S] cluster in BS.

NOTE ADDED IN PROOF
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