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The ApbC protein has been shown previously to bind and
rapidly transfer iron-sulfur ([Fe-S]) clusters to an apoprotein
(Boyd, J. M., Pierik, A. J., Netz, D. J., Lill, R., and Downs, D. M.
(2008) Biochemistry 47, 8195–8202. This study utilized both in
vivo and in vitro assays to examine the function of variant ApbC
proteins. The in vivo assays assessed the ability ofApbCproteins
to function in pathways with low and high demand for [Fe-S]
cluster proteins. Variant ApbC proteins were purified and
assayed for the ability to hydrolyzeATP, bind [Fe-S] cluster, and
transfer [Fe-S] cluster. This study details the first kinetic analy-
sis of ATP hydrolysis for a member of the ParA subfamily of
“deviant” Walker A proteins. Moreover, this study details the
first functional analysis ofmutant variants of the ever expanding
family of ApbC/Nbp35 [Fe-S] cluster biosynthetic proteins. The
results herein show that ApbC protein needs ATPase activity
and the ability to bind and rapidly transfer [Fe-S] clusters for in
vivo function.

Proteins containing iron-sulfur ([Fe-S]) clusters are
employed in a wide array of metabolic functions (reviewed in
Ref. 1). Research addressing the biosynthesis of the iron-molyb-
denum cofactor of nitrogenase in Azotobacter vinelandii led to
the discovery of an operon (iscAnifnifUSVcysE1) involved in the
biosynthesis of [Fe-S] clusters (reviewed in Ref. 2). Subsequent
experiments led to the finding of two more systems involved in
the de novo biosynthesis of [Fe-S] clusters, the isc and the suf
systems (3, 4). Like Escherichia coli, the genome of Salmonella
enterica serovar Typhimurium encodes for the isc and suf
[Fe-S] cluster biosynthesis machinery.
Recent studies have identified a number of additional or non-

isc/-suf-encoded proteins that are involved in bacterial [Fe-S]
cluster biosynthesis and repair. Examples include the following:
CyaY, an iron-binding protein believed to be involved in iron
trafficking and iron delivery (5–7); YggX, an Fe2�-binding pro-
tein that protects the cell from oxidative stress (8, 9); ErpA, an
alternate A-type [Fe-S] cluster scaffolding protein (10); NfuA, a
proposed intermediate [Fe-S] delivery protein (11–13); YtfE, a

protein proposed to be involved in [Fe-S] cluster repair (14, 15);
and CsdA-CsdE, an alternative cysteine desulferase (16).
Analysis of themetabolic network anchored to thiamine bio-

synthesis in S. enterica identified lesions in three non-isc or -suf
loci that compromise Fe-S metabolism as follows: apbC, apbE,
and rseC (17–21). This metabolic system was subsequently
used to dissect a role for cyaY and gshA in [Fe-S] cluster metab-
olism (6, 22, 23). Of these, the apbC (mrp in E. coli) locus was
identified as the predominant site of lesions that altered thia-
mine synthesis by disrupting [Fe-S] clustermetabolism (17, 18).
ApbC is a member of the ParA subfamily of proteins that

have a wide array of functions, including electron transfer (24),
initiation of cell division (25), and DNA segregation (26, 27).
Importantly, ATP hydrolysis is required for function of all well
characterizedmembers of this subfamily, and all members con-
tain a “deviant”Walker Amotif, which contains two lysine res-
idues instead of one (GKXXXGK(S/T)) (28). ApbC has been
shown to hydrolyze ATP (17).
Recently, five proteins with a high degree of identity to ApbC

have been shown to be involved in [Fe-S] cluster metabolism in
eukaryotes. The sequence alignments of the central portion of
these proteins and bacterial ApbC are shown in Fig. 1. HCF101
was demonstrated to be involved in chloroplast [Fe-S] cluster
metabolism (29, 30). The CFD1, Npb35, and huNbp35 (formally
Nubp1)proteinsweredemonstrated tobe involved in cytoplasmic
[Fe-S] cluster metabolism (31, 32). Ind1 was demonstrated to be
involved in thematuration of [Fe-S] clusters in themitochondrial
enzyme NADH:ubiquinone oxidoreductase (33). There is cur-
rently no report of any of these proteins hydrolyzing ATP.
Biochemical analysis of ApbC indicated that it could bind and

transfer [Fe-S] clusters to Saccharomyces cerevisiae apo-isopropy-
lmalate isomerase (34). Additional genetic studies indicated that
ApbC has a degree of functional redundancy with IscU, a known
[Fe-S] cluster scaffolding protein (35, 36).
In this study we investigate the correlation between the bio-

chemical properties ofApbC (i.e.ATPase activity, [Fe-S] cluster
binding, and [Fe-S] cluster transfer rates) and the in vivo func-
tion of this protein. This is the first detailed kinetic analysis of
ATP hydrolysis for a member of the ParA subfamily of deviant
Walker A proteins and the first functional analysis of amember
of the ever expanding family of ApbC/Nbp35 proteins. Data
presented indicate that noncomplementing variants have dis-
tinct biochemical properties that place them in three distinct
classes.

EXPERIMENTAL PROCEDURES

Materials—FeCl3 (ACS grade), thiamine (�99%), Li2S
(�98%), Fe(NH4)2(SO4)2 (�99%), 3-(2-pyridyl)-5,6-di(2-fu-
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ryl)-1,2,4-triazine-5�,5�-disulfonic acid (�99%), ascorbic acid
(�99%), (C2H3O2)2Zn�2H2O (reagent grade),N,N-dimethyl-p-
phenylenediamine sulfate (98%), and L-cysteine (�98%) were
purchased from Sigma. DL-threo-3-Isopropylmalic acid (96%)
was purchased fromWako Pure Chemical CoOsaka, Japan. All
other chemicals were of the highest purity available. The BCA
protein assay kit and bovine serum albumin were purchased
from Pierce. E. coli BL21 (AI*) cells were purchased from
Novagen.
Bacterial Strains, Culture Media, and Growth Conditions—

Bacterial strains were derivatives of S. enterica serovar Typhi-
murium strain LT2 (specifically DM1) whose genotypes are
shown in Table 1. Plasmids carrying the desired allele of apbC
fused to a C-terminal His tag in pET20b were constructed as
described (17) using XhoI instead of NcoI. All constructs used
were verified by sequencing at theUniversity ofWisconsin Bio-
technology Center. Plasmids were moved between strains via
electroporation. Overnight cultures were grown in Difco nutri-
ent broth with appropriate antibiotic for strains harboring a
plasmid. Test cultures were grown at 37 °C shaking at an
approximate 45° angle to increase aeration. The absorbance of
cultures was taken at 650 nmon a Bausch and Lomb Spectronic
20.
Nutritional Analysis—Complementation analyses were per-

formed in strains where plasmids encoded the only copy of
apbC present in the cell. Complementation was assessed using
5-ml cultures of no carbon E (NCE) medium supplemented
with 1 mM MgSO4 and trace minerals. Cultures were started
with a 1:100 inoculum.When present in the media, the follow-
ing were used at the specified final concentration: adenine, 0.4
mM; thiamine, 100 nM; glucose, 11 mM; tricarballylate, 20 mM;
gluconate, 11 mM; and ampicillin, 30 �g/ml.
Three growth assays, using two genetic backgrounds, were

used to examine the ability of ApbCproteins to function in vivo.
The two genetic backgrounds used were apbC yggX and purF
apbC. In vivo function was assayed by growth on tricarballylate
as a carbon and energy source or growth in the absence of exog-
enous thiamine on either glucose or gluconate, respectively.

The requirement for ApbC in these growth conditions has been
described previously (17, 18, 23, 35, 37).
Anaerobic Work—Anaerobic work was performed using a

Coy anaerobic glove box (Grass Lake,MI) or vacuummanifold.
Before placement inside the anaerobic chamber, solutions were
made anoxic by repeated evacuation and flushing with N2 gas
passed over a heated copper column for removal of O2. Outside
of the glove box, all solutions were added to anaerobic cuvettes
using gas-tight Hamilton syringes.
ApbC and Leu-1 Protein Purification—Purification of ApbC

and Leu-1 has been described previously (34).
Protein Concentration Determination—Protein concentra-

tion was determined using a colorimetric assay or an empiri-
cally determined extinction coefficient (apo-ApbC-His280 �
43.1 mM�1 cm�1). The colorimetric assay was copper-based
and used a reagent containing bicinchoninic acid to detect of
the cupreous ion (Pierce). Bovine serumalbumin (2mg/ml)was
used as a standard.
[Fe-S]Cluster Reconstitution—Iron-sulfur cluster reconstitu-

tion was described previously (34). Briefly, ApbC protein (2.1
mg/ml; 52 �M) suspended in buffer A (50 mM Tris, pH 8.0, 150
mM NaCl) was incubated for 1 h in an anoxic environment in
the presence of 5mMDTT.2 A 5-fold excess of FeCl3 was added
to the protein followed by a 5-fold excess Li2S. Proteins were
incubated for 1 h, and excess S2�, Fe3�, and DTTwas removed
by passing the reaction mixture over a PD-10 column (GE
Healthcare). OnemMDTTwas added to protein post desalting.
Leu-1 Activation Assays—Leu-1 activation assays have been

described previously (34). Briefly, apo-isopropylmalate isomer-
ase (apo-Leu-1) (25�M)was pre-reducedwith 5mMDTT in the
anaerobic glove box for at least 1 h prior to assay initiation. The
Leu-1 activation assays contained 3.5 �M Leu-1, 5 mM DTT, 50
mMTris-HCl, pH 8.0, and 150mMNaCl in a total volume of 500
�l. Assays were initiated by the addition of 4 �MApbC protein.
Ten-�l aliquots of the assay mixture were removed at time
points, and Leu-1 was assayed for the ability to convert 3-iso-
propylmalate to dimethylcitraconate acid spectrophotometri-
cally (dimethylcitraconate �235 � 4.35 mM�1 cm�1) (38).

The second-order rate constant for ApbC dependent Leu-1
activation was determined by linearization of the data and fit-
ting the data using linear regression. The ApbC-dependent
activation of Leu-1 is summarized by Reaction 1,

holo-ApbC � apo-Leu-13 holo-Leu-1
REACTION 1

The amount of holo-ApbC protein present (4 �M initial) in the
assaymixture at a given time point was determined using Equa-
tion 1,

�holo-ApbC� � 4-	SAx/SA40
 � 4 (Eq. 1)

where SAx is the specific activity of Leu-1 at a fixed time point,
and SA40 is the specific activity of Leu-1 after the reaction had
proceeded for 40 min. The second-order rate constant of clus-
ter transfer was determined by fitting the 1/[holo-ApbC pro-
tein] versus time post the addition of holo-ApbC protein to

2 The abbreviation used is: DTT, dithiothreitol.

TABLE 1
Strains and plasmids
Unless indicated otherwise, strains were constructed for this study. The yggX::Gm
allele has been described (77). Tn 10d refers to the transposition-defective mini-
Tn10 (Tn10D-16 D-17) (78).

Strain Genotype
DM5104 DM1 wild type
DM5986 apbC55:Tn10d(Tc) yggX::Gma

DM9450 purF2085 apbC55::Tn10d(Tc)
Plasmid Vector and insert Insert
pET20b pET20b(Ap) None
pES1 pET20b(Ap) apbCb

pES2 pET20b(Ap) apbC (K121A)b
pJB1 pET20b(Ap) apbC (S122A)
pJB2 pET20b(Ap) apbC (C70A)
pJB3 pET20b(Ap) apbC (C283A)
pJB4 pET20b(Ap) apbC (C286A)
pJB5 pET20b(Ap) apbC (S182A)
pJB6 pET20b(Ap) apbC (S116A)
pJB7 pET20b(Ap) apbC (C283A,C286A)

a Resistances are indicated as follows: Tc, tetracycline; Ap, ampicillin; Gm, genta-
mycin.

b Plasmids were constructed for a previous study (17).
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apo-Leu-1 data using linear regression, where k is the slope of
the fit.
Spectroscopic Techniques—The UV-visible absorption spec-

tra were recorded with a Lambda Bio 40 spectrophotometer
(PerkinElmer Life Sciences) using 1.5-ml Sterna Cell cuvettes
that can be anaerobically sealed (Atascadero, CA).
Metal Analysis—Inductively coupled plasma-mass spec-

trometry was conducted by the Soil and Plant Analysis Labora-
tory at the University of Wisconsin-Madison. The concentra-
tion of non-heme iron and acid-labile sulfide was also
determined as described elsewhere (39).
Assay to Monitor Inorganic Phosphate—The direct colori-

metric malachite green/molybdate/polyvinyl alcohol assay
as described by Chan et al. (40) was used to monitor inor-
ganic phosphate (Pi) release from nucleotide hydrolysis.
Assays contained 0–0.34 mg of purified wild-type ApbC, 0
or 5 mM MgCl2, 0 or 200 mM KCl, 0 or 5 mM nucleotide
triphosphate, and 50 mM Tris, pH 8.0. The assays were initi-
ated by addition of ApbC. The mixture was allowed to react
at room temperature for 30 min before 20 �l of the reaction
mixture was removed, diluted to 250 �l with buffer A, and
quickly added to 1 ml of the malachite green/molybdate/
polyvinyl alcohol assay mixture. The mixture was incubated
for 15 min at room temperature before sample absorbance
was monitored at 630 nm in a Molecular Devices Spectra-
MAX Plus microplate reader. Because of daily variation of
absorbance, a standard curve containing 0–15 nmol of Pi
was constructed for each set of assays.
Coupled Spectrophotometric Assay for ApbCATPase Activity—

A continuous spectrophotometric assay was developed that
couples ADP production with the oxidation of NADH to
NAD� (41) as shown in Reactions 2 and 3.

ADP � phosphoenolpyruvate3 ATP � pyruvate
REACTION 2

pyruvate � NADH � H�3 NAD � � lactate
REACTION 3

The assays were initiated when purified ApbC protein (10–350
�g) was added to an assaymixture containing 0.2mMNADH, 4
mM phosphoenolpyruvate, 0–12 mM MgCl2, 200 mM KCl, 20
units of lactate dehydrogenase, 20 units of pyruvate kinase,
0.01–10 mM ATP (stocks prepared in 1 M Tris, pH 8.0), and 50
mM Tris, pH 8.0. The assay volume was 1 ml, and assays were
conducted anaerobically in 1.5ml of Sterna Cell cuvettes (Atas-
cadero, CA) that had a screw cap top and rubber septum. After
the addition of ApbC, the oxidation of NADH was monitored
by following the absorbance change at A340 from 2 to 4 min
(linear region).
The linear steady-state portion of the A340 versus time plot

was used to determine the Hill coefficient by fitting initial
velocity data to Equation 2 (R2 � 0.99),

v � Vmax � S∧ h/	Km
∧ h � S∧ h
 (Eq. 2)

where v is velocity; S is the concentration of varied substrate;
Vmax is the velocity at saturating substrate; Km is the Michaelis
constant for the varied substrate, and h is the Hill coefficient

(labeled nH in Table 4). The kinetic parameters Vmax and Km
were determined by fitting the v versus [ATP] initial velocity
data to Equation 3 (R2 � 0.99),

v � Vmax
1 � S/	Km

1 � S
 � Vmax
2 � S/	Km

2 � S
 (Eq. 3)

The velocity data as plotted in the double-reciprocal form was
fit by Equation 4,

y � 	a � bx � cx ∧ 2
/	1 � ex
 (Eq. 4)

where the initial slope is defined as b � ae; the slope of the
asymptote is c/e; the y intercept is a, and the asymptote inter-
cept is (be � c)/e∧ 2.
Computational Analysis—Nonlinear and linear regression

analyses and curve fitting to first-order rate laws were per-
formed using the software SigmaPlot (version 9.0).
Bioinformatic Analysis—Protein sequences were acquired

from the NCBI website in FASTA format. The accession num-
bers for sequences used are as follows: Ind1 EAK91699; Nbp35
CAA96797.1; Cfd1, AAS56623; Hcf101, AAR97892.1, ApbC
(mrp), NP_461098; and Nubp1, NP_002475.2.
Sequence alignments were performed using the Clustal_W

function of the Lasergene software by DNAstar, Madison, WI.
Default settingswere used, including theGonnet Series for Pro-
teinWeight Matrix, gap penalty of 10, and a gap length penalty
of 0.2. Selected regions of sequences were used to give the best
alignment of the similar regions. The protein sequences for the
proteins used in Fig. 1were acquired in FASTA format from the
NCBI Protein Sequence Data Base.
The ApbC amino acid sequence was used as the input for the

three-dimensional Jigsaw version 2.0 Comparative Modeling
Server by Cancer Research UK using the automatic mode (42–
44). The resulting text file alignment was viewed using the
PyMOL Viewer from Delano Scientific, LLC, for protein struc-
tures. Regions of the proteins that do not have significant sim-
ilarity are excluded from the structures. The accession numbers
of the structures used to thread the ApbC sequence are 2bej_A
for Soj and 2afk_H for NifH and can be found on the NCBI
website.

RESULTS

Protein Sequence Alignments Show Significant Conservation
of Protein Sequence within the ApbC/Nbp35 Subfamily of ParA
Homologs—The ApbC/Nbp35 subfamily proteins show a high
degree of conservation in their central andC-terminal domains.
Representative members of the ApbC/Nbp35 family are shown
in Fig. 1. TheN-terminal 100 amino acids of bacterial ApbC are
sparsely conserved in the plant homologHCF101, yeast Nbp35,
human Nubp1, and mitochondrial Ind1 and therefore are not
included in the alignments. The N-terminal extension is miss-
ing in yeast Cfd1. The N-terminal region of ApbC showed no
similarity to characterized functional domains of the N-termi-
nal extension found in ParA and ParA homologs (25). The cen-
tral and C-terminal domains of these proteins contain two
highly conserved domains as follows: theWalkerA box forATP
binding/hydrolysis, and a CXXC motif in the C-terminal third
of the protein. In Fig. 1 the Walker A box, conserved Cys resi-
dues, and conserved Ser are boxed for clarity. All six of these
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proteins are thought to be involved in [Fe-S] cluster metabo-
lism (29–35).
In Vivo Function of ApbC Is Abolished by Mutations in the

Walker AMotif, CXXCMotif, and aConserved Serine—Anum-
ber of mutant alleles of apbC were created using plasmid pES1,
which encodes the C-terminal hexahistidine-taggedApbC pro-
tein (17). Directed mutations substituted single residues to ala-
nine in three regions of the protein (see Fig. 1) as follows: 1)
deviant Walker A motif necessary for ATP binding/hydrolysis
(ApbCK116A, ApbCK121A, and ApbCS122A) (28); 2) conserved
cysteine residues with spacing consistent with ametal-binding/
thioredoxin motif (ApbCC283A and ApbCC286A) (45); and 3)
conserved serine (ApbCS182A) and nonconserved cysteine
(ApbCC70A).

To probe the in vivo function of ApbC variants, complemen-
tation assays were conducted examining three growth defects
using two genetic backgrounds. Complementation of two of the
growth defects required restoration of the low flux thiamine
biosynthesis pathway (the amount of thiamine pyrophosphate
in wild-type S. enterica grown in minimal glucose medium is
41.4 pmol/mg dry weight (46)). Stains lacking apbC and yggX
(or purF) are thiamine auxotrophs likely because of poor cluster
occupancy of ThiH/ThiC (47, 48, 80). Complementation of a
third growth defect required function of the high flux tricarbal-
lylate catabolic metabolic pathway (35, 37, 49, 50). Strains lack-
ing yggX and apbC are unable to use tricarballylate as a carbon
and energy source, and presumably, this is from poor [Fe-S]
cluster occupancy of TcuB (35).

Plasmids carrying alleles of apbC were introduced into two
genetic backgrounds (apbC yggX and apbC purF) and provided
the only source of apbC in the resulting strains. Each of the
seven mutant alleles was tested for the ability to complement
growth in both the low and high flux demand situations. The
data in Table 2 show that substitutions in the Walker A
(ApbCK116A, ApbCK121A, and ApbCS122A) and CXXC
(ApbCC283A andApbCC286A)motifs resulted in proteins unable
to complement any of the three growth conditions. Changing
the nonconserved Cys-70 to Ala had no detectable effect on in
vivo function of the protein. In all cases, the empty vector and
wild-type control plasmids displayed the growth patterns antic-
ipated by past experiments (17, 35).
The ApbCS182A variant qualitatively restored thiamine syn-

thesis, although there was a 2–4-h lag before exponential
growth initiated (data not shown). In addition, the doubling
times of the yggX apbC or purF apbC strains carrying
ApbCS182A, on glucose or gluconate in the absence of thiamine,
were �1.6-fold higher than with the wild-type protein. The
ApbCS182A variant was unique in its ability to restore growth
under the low demand growth condition monitoring thiamine
biosynthesis but not under the high demand condition moni-
toring tricarballylate utilization.
All ApbC variant proteins accumulated to qualitatively sim-

ilar levels in yggX apbC cells when expressed off a plasmid and
detected by Western blot analysis (data not shown). Thus, the
phenotypes seen were not because of differential protein
stability.

FIGURE 1. Protein sequence alignments of members of the ApbC/Nbp35 subfamily of ParA family of proteins. Protein alignments were assembled using
the Clustal_W method in the Lasergene� software and show only the central portion of the proteins, which have the highest sequence conservation. The three
boxed areas highlight the Walker A box, conserved Ser residue, and CXXC motif. Proteins listed are as follows: ApbC (S. enterica serovar Typhimurium LT2), CFD1
(S. cerevisiae), Nbp35 (S. cerevisiae), HCF101 (Arabidopsis thaliana), huNpb35 (formally Nubp1) (Homo sapiens), and Ind1 (Candida albicans).
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Purification and Metal Analysis of ApbC Proteins—ApbC
proteins were expressed in E. coli BL21 AI* using the pET20
system and purified as C-terminal hexahistidine-tagged fusion
proteins via Ni2�-affinity chromatography. The single column
purification yielded proteins that were �95% pure. The behav-
ior of all ApbC variants resembled that of the wild-type protein
during purification except for ApbCC286A and ApbCC283A,
which had lower yields and precipitated upon long dialysis or
high concentration (�10 mg/ml).
To examine the possibility that variant ApbC proteins could

form intermolecular disulfide bonds, the electrophoretic
mobility of purified ApbC proteins was examined using nonre-
ducing SDS-PAGE. Fig. 2 shows the separation of ApbC pro-
teins into monomers, dimers, and hexamers using a nonreduc-
ing SDS-polyacrylamide gel. Covalent linkage of ApbC
monomers was seen with the ApbCC283A and ApbCC286A pro-
teins. A small but reproducible amount of dimer was also seen
with thewild-type protein. All otherApbCproteinsmigrated as
monomers. Upon the addition of 1 mM �-mercaptoethanol to
the sample buffers, all of the protein samples migrated exclu-
sively as monomers (data not shown). These data suggest that
ApbCC283A and ApbCC286A can form covalent disulfide link-
ages spanning the dimer interface.
Metal Binding by Variant ApbC Proteins—As was seen with

the wild type, none of the ApbC proteins examined co-purified

with a detectable concentration of iron or sulfur atoms. ApbC
did bind two iron and two sulfur atoms per monomer when
chemically reconstituted with ferrous iron and sulfide under
reducing conditions (34).
All the ApbC variant proteins, except ApbCC283A,C286A,

bound approximately two iron and two acid-labile sulfide
atoms per ApbC monomer as has been reported previously
with wild-type ApbC (Table 3) (34). The ApbCC283A,C286A var-
iant protein bound approximately one atom of each iron and
sulfide and was not further characterized here.
ApbC Variant Proteins Can Transfer [Fe-S] Clusters—The

previously described model system using isopropylmalate
isomerase protein Leu-1 from S. cerevisiae was used to assay
the ability of variant ApbC proteins to transfer their respective
[Fe-S] clusters (34, 51). Previous results showed that 2 mol of
holo-ApbC are required for full activation of 1 mol of apo-
Leu-1 (34). The assays described here had 3.5 �M Leu-1 protein
and 4 �M ApbC protein; therefore, apo-Leu-1 was present in a
1.75-fold excess of holo-ApbC dimer.
All ApbC variants were capable of activating apo-Leu-1, but

the data show ApbC protein variants can be divided into two
classes (Table 3). One class of ApbC proteins, consisting of wild
type, ApbCS122A, ApbCS182A, ApbCC283A, andApbCC286A, acti-
vated Leu-1 rapidly and effectively with a second-order rate
constant of �40,000 M�1 min�1. The second class of ApbC
variant proteins, consisting of ApbCK116A andApbCK121A, acti-

FIGURE 2. Nonreducing SDS-PAGE analysis of purified ApbC proteins. The
ApbC protein in each lane is labeled at the bottom of the gel, and the migra-
tion of protein as a monomer, dimer, and hexamer is labeled on the left-hand
side of the gel. Three �g of each ApbC protein was loaded onto the gel.

TABLE 2
Growth allowed by ApbC variants
Doubling times were calculated using the formulas � � ln(X/Xo)/T, where � is the growth rate; X and Xo are absorbance at 650 nm; T(h) is the time between absorbance
readings X and Xo; and doubling time (g) � (ln 2)/� (79). Numbers represent the average of three independent cultures.

Relevant chromosomal genotype

ApbC variant
apbC yggX purF apbC

Glua Glu � Thi TC � Thi Glcn � Adn Glcn � Adn � Thi
Vector NG (0.33)b 2.5 � 0.32 NG (0.21) NG (0.16) 1.5 � 0.07
Wild type 1.6 � 0.03 1.7 � 0.16 2.7 � 0.26 2.4 � 0.28 1.6 � 0.08
ApbC(C70A) 1.7 � 0.17 1.6 � 0.06 3.1 � 0.54 2.0 � 0.02 1.4 � 0.04
ApbC(K116A) NG (0.25) 1.8 � 0.12 NG (0.24) NG (0.18) 1.7 � 0.26
ApbC(K121A) NG (0.31) 2.2 � 0.10 NG (0.19) NG (0.10) 2.1 � 0.24
ApbC(S122A) NG (0.27) 2.3 � 0.16 NG (0.15) NG (0.12) 1.9 � 0.09
ApbC(S182A) 2.7 � 0.09 1.7 � 0.08 NG (0.28) 2.4 � 0.15 1.5 � 0.24
ApbC(C283A) NG (0.27) 2.5 � 0.12 NG (0.19) NG (0.15) 1.6 � 0.16
ApbC(C286A) NG (0.23) 2.4 � 0.22 NG (0.20) NG (0.18) 1.6 � 0.04

a Abbreviations used are as follows: Glu, glucose; Thi, thiamine; TC, tricarballylate, Glcn, gluconate; Adn, adenine.
b NG, no growth was determined when strains showed doubling times of greater than 6 h and/or a final A650 less than 0.35. Average final A650 is indicated in parentheses for
strains determined as no growth.

TABLE 3
Variant ApbC proteins bind and transfer iron-sulfur clusters
ApbC proteins were reconstituted as described under “Experimental Procedures.”
Iron and sulfide were quantified as described elsewhere (39). Metal binding data are
the average of two independent reconstitutions.

ApbC variant Iron Sulfur Rate of cluster transfer to Leu-1a

M�1 min�1

ApbC 2.2 � 0.2 2.1 � 0.1 39,000 � 2,000
ApbCK16A 2.0 � 0.2 1.9 � 0.0 25,000 � 1,000
ApbCK21A 1.9 � 0.1 1.9 � 0.1 27,000 � 1,000
ApbCS22A 1.9 � 0.2 1.8 � 0.1 43,000 � 1,000
ApbCS182A 1.7 � 0.2 1.8 � 0.0 45,000 � 1,000
ApbCC283A 1.8 � 0.1 1.7 � 0.2 45,000 � 1,000
ApbCC286A 1.7 � 0.2 1.9 � 0.1 44,000 � 5,000
ApbCC283A,C286A 0.9 � 0.2 1.0 � 0.0 NDb

a Leu-1 activation assays were conducted as described previously (34). The second-
order rate constant of cluster transfer was determined by a linear transformation
of the data and fitting the data using linear regression as described under “Exper-
imental Procedures.”

b NDmeans not determined.
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vated Leu-1 at �60% of the rate of the first class. The data
distinguishing the two classes in cluster transfer are shown in
Fig. 3.
Kinetic Analysis of ApbCATPHydrolysis Activity—Adiscon-

tinuous direct colorimetric assay designed to detect and quan-
tify inorganic phosphate (Pi) production, indicative of nucleo-
tide hydrolysis, was used to examine the requirements for
ApbC ATPase activity and nucleotide specificity. As shown in
Table 4, Pi release was dependent upon the presence of both
nucleotide and Mg2�. An 8-fold increase in Pi release was seen
upon the addition of K� to the reaction mix. Although ApbC
was unable to hydrolyze the �-� phosphodiester bond of ADP,
the inclusion of equal amounts of ADP andATP in the reaction
mix resulted in complete inhibition of ApbCATPase activity. A
1.2-fold decrease in the amount of Pi release was seen with the
inclusion of both AMP and ATP. ApbC was capable of hydro-
lyzing dATP, CTP, and GTP, but the amount of Pi production
was significantly lower than the amount of Pi production from
ATP hydrolysis.
A continuous spectrophotometric assay coupling ATP

hydrolysis to NADH oxidation using the enzymes pyruvate

kinase and lactic dehydrogenase (Reactions 2 and 3)was used to
define the kinetic parameters for ATPase activity of ApbC pro-
teins. High protein concentrations and anaerobic reducing
conditions (to preventNADHoxidation)were used to compen-
sate for the slow rate of ATP hydrolysis catalyzed by ApbC.
Kinetic parameters were determined from initial velocity

data for the purified enzymes as described under “Experimental
Procedures” (Table 5). The specific activity for wild-type ApbC
was determined to be 45.7 nmol min�1 mg�1 (0.210 mg of
ApbC, 5.1mMMgCl2, 5mMATP, and 200mMKCl, 50mMTris,
pH 8.0). Thus, the activity of ApbC was found to be 3-fold
higher using the coupled assay than that calculated from the Pi
release data in Table 4. This differencemay reflect inhibition of
ApbC by the accumulating ADP in the discontinuous assay.
The coupled assay has an ATP-regenerating system, and there-
fore very little ADP was present in the reaction mix upon initi-
ation of the reaction by ApbC addition or during ApbC-cata-
lyzed ATP hydrolysis.
The relative velocities at various ATP concentrations for

ApbC are shown in Fig. 4. The v versus [ATP] plots (Fig. 4A)
were best fit by modified forms of either the Hill equation
(Equation 2) or the Michaelis-Menten-Henri equation (Equa-
tion 3) (Equation 3 as shown). The double-reciprocal plots (Fig.
4B) show data that are nonlinear and have a rising trend. This is

FIGURE 3. ApbC proteins activate Leu-1 at variable rates. A, time course of
ApbC- (F) or ApbCK121A (E)-dependent Leu-1 activation. Leu-1 activity was
monitored at fixed time points by the formation of isopropylmaleate, which
was monitored at A235. Assays contained 4 �M reconstituted ApbC and 3.5 �M

apo-Leu-1. The reaction was started by adding ApbC to the reaction vessel.
B, plot of 1/[holo-ApbC protein] versus time post ApbC protein addition. The
second-order rate constant of cluster transfer was determined by fitting the
data using linear regression. The concentration of holo-ApbC protein at a
given time point was estimated using Equation 1.

TABLE 4
Nucleotide specificity of ApbC
Inorganic phosphate release was detected after a 30-min incubation using the mal-
achite green/molybdate/polyvinyl alcohol assay as described under “Experimental
Procedures.” Assays were done in triplicate, and the error is listed as standard
deviation. Unless indicated, assays contained 0–0.34 mg of purified ApbC, 6 mM
MgCl2, 200 mM KCl, 5 mM nucleotide mono-, di-, or triphosphate, and 50 mM Tris,
pH 8.0.

Nucleotide (5 mM) Pi release
nmol mg�1

ATP 518 � 18
ATP � Mg2� NDa

ATP � K� 63 � 27
ATP � AMP 429 � 36
ATP � ADP ND
ADP ND
AMP ND

dATP 261 � 30
CTP 42 � 21
GTP 75 � 15
TTP ND
UTP ND

a No phosphate release was detected.

TABLE 5
Kinetic analysis of variant ApbC proteins
ATP hydrolysis was monitored using a spectrophotometric assay coupling the
hydrolysis of ATP to the oxidation ofNADHusing the enzymes pyruvate kinase and
lactic dehydrogenase. Assays contained the following: 0.2 mM NADH, 4 mM phos-
phoenolpyruvate, 20 units of each pyruvate kinase and lactic dehydrogenase, 0–12
mMMgCl2, 200mMKCI.Km,Vmax, and nH (Hill coefficient) values were determined
by fitting the v versus [S] curves to modified forms of either the Michaelis-Menten-
Henri equation (Equation 3) or Hill equation (Equation 2). Assays were done in
triplicate, and the error is listed as standard deviation.

Km1 Km2 kcat nHa

�M �M min�1

Wild type 1.6 � 1.1 300 � 43 1.92 0.48 � 0.05
K116A 5.7 � 2.9 1260 � 170 3.40 0.49 � 0.06
K121A 6.4 � 2.7 930 � 330 1.05 0.35 � 0.04
C283A 15.0 � 6.0 3670 � 1300 0.49 0.29 � 0.05
C286A 11.0 � 8.0 1380 � 600 0.84 0.32 � 0.06

a Abbreviation used is as follows: nH, Hill coefficient.
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characteristic of enzymes displaying negative cooperativity
(52). To verify negative cooperativity, Hill plots were con-
structed for the data. The Hill plot for the wild-type enzyme is
shown in Fig. 4C. The plot shows data that have two separate
linear regions on the graph, each having a distinct slope. One of
the slopes (n � 0.4) corresponds to the Hill coefficient (nH �
0.48; Table 5) derived from fitting the v versus [ATP] data to
Equation 2.
The kinetic parameters for the wild-type and variant S.

enterica enzymes are displayed in Table 5. Fitting the data to
Equation 4 gives two Km values; one Km value for each hypoth-
esized ATP-binding site. The wild-type enzyme had one low
(1.6 �M) and one high (300 �M) Km value for ATP, as would be
expected of an enzyme that displays negative kinetic cooperat-
ivity for a substrate.
With the exception of ApbCS122A and ApbCS182A, all of the

variant ApbC proteins hydrolyzed ATP. The kinetic parame-
ters vary slightly for each variant, and no unifying theme was
noted. The kinetic differences observed for the variant proteins
weremanifest in turnover number, the second-siteKm, andHill
coefficient.
Effect of an [Fe-S] Cluster on ATPase Activity—The ATPase

activity of holo- and apo-ApbC was examined. The presence of
[Fe-S] cluster had no effect on the kinetic parameters of ATP
hydrolysis (data not shown). In addition, it was previously
shown that the addition of 10mMMg�ATP had no effect on the
rate that ApbC activated Leu-1 (34).

DISCUSSION

ApbC is a cytosolic protein whose absence impacts [Fe-S]
cluster metabolism in S. enterica. Previous work in our labora-
tory has described two biochemical activities for ApbC. ApbC
protein can hydrolyze ATP and bind and transfer an [Fe-S]

cluster (17, 34). This study exam-
ined the two biochemical activities
of a number of variant proteins that
are not able to complement an apbC
null mutation. The results herein
show that both of these biochemical
activities are required for in vivo
function, and furthermore, they can
be separated by mutation.
Previous data showed that the

presence of ATP was not necessary
the for [Fe-S] cluster transfer activ-
ity of ApbC (34). The data here con-

firm that the ability to hydrolyzeATP is not necessary for [Fe-S]
cluster transfer. Based on these data we envision a general
model in which ATP binding and hydrolysis are required to
generate holo-ApbC in vivo and not for the subsequent transfer
of the [Fe-S] cluster.
In this study we targeted residues in three locations of the

protein for directed mutagenesis as follows: the Walker A
motif, a conserved Ser, and the Cys residues present in a CXXC
motif. Walker A motifs have been examined in detail and are
used to bind and to hydrolyze ATP and transfer the message of
ATP binding/hydrolysis to a second biochemical activity else-
where in the protein (reviewed in Ref. 28). Motifs consisting of
two Cys residues separated by two residues (CXXC) are com-
mon in proteins that bind [Fe-S] clusters.
The noncomplementing variant proteins examined herein

were defined by three distinct classes. As seen previously, wild-
type ApbC complemented an apbC null mutant, hydrolyzed
ATP, bound [Fe-S] cluster, and rapidly transferred the cluster
to apo-Leu-1; each class of variant ApbC proteins was defective
in one or more of these four areas. The classification of these
proteins is summarized in Table 6.
The first class of ApbC proteins consisting of ApbCK116A and

ApbCK121A hydrolyzed ATP with wild-type kinetics and were
capable of binding an [Fe-S] cluster. However, cluster transfer
from ApbC to Leu-1 was compromised in these variants.
Both reconstitutedApbCK116A and reconstitutedApbCK121A

are dimers (data not shown) and display some degree of nega-
tive kinetic cooperativity (Table 5). One interpretation of these
data suggest that variant proteins can still communicate ATP
binding to adjacentmonomers, butmay be lacking the ability to
communicate ATP binding and/or hydrolysis with the second
function of the protein, which is necessary for in vivo function.
Other members of this ATPase superfamily of proteins that

have mutations directed to the Walker motif have also been
shown to hydrolyze ATP (general (28, 53), Lys-116 (54–57),
Ser-122 (58), and Lys-121 (59–61)). In some proteins within
this family such as NifH, MinD, ArsA, UvrB, and the
F1-ATPase, making directed amino acid substitutions in the
Walker A motif resulted in the absence of a signal between
the ATPase domain and elsewhere within the protein (24, 25,
53, 59–63). In these cases this signal is necessary for the second
function of the protein such as electron transfer or protein
interaction. These parallels suggest the exciting possibility that
further analysis of these ApbC variants will provide clues as to
the signals causing cluster transfer from this protein in vivo.

FIGURE 4. Kinetic results demonstrate cooperative behavior for S. enterica ApbC protein when ATP is
varied (wild-type ApbC shown). The plots illustrate the velocity of ADP production while varying their con-
centration of ATP. Plots are as follows: A, v versus [substrate] fit by Equation 3; B, double-reciprocal plot of the
data in plot 1 fit by Equation 4; C, Hill plot fit using a linear regression (n � slope). Datum points are the average
of three assays. v is defined as nmol/min/mg.

TABLE 6
Noncomplementing ApbC variants can be divided into three classes
Growth results are as shown in Table 2.

Variant Growth ATP hydrolysisa Rapid [Fe-S] cluster transfer Class
ApbC � � �
ApbCK116A � � � 1
ApbCK121A � � � 1
ApbCS122A � � � 2
ApbCS182A �b � � 2
ApbCC283A � � � 3
ApbCC286A � � � 3
a Biochemical results are shown in Tables 3 and 5.
b The ApbCS182A variant could synthesize thiamine but could not utilize tricarbal-
lylate.
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Variants of two other bacterial proteins have been shown to
be defective in [Fe-S] cluster transfer. The variants IscUD39A
andNfu-1D39Awere shown to be compromised in [Fe-S] cluster
transfer to apo-aconitase and apo-dinitrogen reductase,
respectively (64, 65). These protein variants have been useful in
dissecting the mechanism of [Fe-S] cluster biosynthesis and
transfer (36, 66–69). There is no evidence to suggest that either
of these proteins bind or hydrolyze ATP.
The second class of variant ApbC proteins consisting of

ApbCS122A and ApbCS182A had no detectable ATPase activity,
but could bind and rapidly transfer [Fe-S] cluster to Leu-1. The
Ser-182 residue is conserved in all known ApbC homologs, and
the Ser-122 residue resides in the Walker A motif. One expla-
nation for the behavior of these variants is that the ATPase
activity is required for loading the cluster in vivo, and thus, the
in vitro system of [Fe-S] cluster reconstitution bypassed the
need for this activity.
Interestingly, theApbCS182A variant was able to complement

under growth conditions in which the demand for [Fe-S] clus-
ter-containing proteins was low (thiamine biosynthesis), but
not when the demand for [Fe-S] proteins was high (tricarbally-
late utilization). It is plausible that ApbCS182A has a low rate of
ATP hydrolysis that was out of the sensitivity range of the cou-
pled assay, yet sufficient for the low demand of thiamine syn-
thesis. Alternatively, the protein is not capable of hydrolyzing
ATP, but the ApbCS182A variant is locked into a conformation
that allows for a single turnover, which may fulfill the ApbC
requirement in the low flux thiamine requirement condition.
The third class of variant ApbC proteins, consisting of

ApbCC283A and ApbCC286A, could hydrolyze ATP and transfer
an [Fe-S] cluster that was reconstituted on the proteins in vitro.
Our hypothesis is thatApbCbinds an [Fe-S] cluster that bridges
the dimer interface ligated by four Cys residues, two cysteine
ligands from each ApbC monomer. Therefore, we anticipated
that these cysteines would be required for in vivo ApbC
function, as they were. Similarly, studies by others have shown
that the Cys residues that are proposed [Fe-S] cluster ligands in
cluster scaffolding proteins, the proposed intermediate [Fe-S]
cluster carrierNfuA, and eukaryotic ApbChomologs are essen-
tial for in vivo function (11, 31, 68, 70–73). Therefore, it was
surprising that these ApbC variant proteins could bind an
[Fe-S] cluster when artificially reconstituted in vitro. To the
best of our knowledge there is no report of whether similar
variants of the other proteins can bind an [Fe-S] cluster in vitro.

Previous work by Golbeck and co-workers (74) showed that
externally supplied organic molecules such as 2-mercaptoeth-
anol could act as an artificial ligand to a [4Fe-4S] cluster. Similar
bio-inorganic studies have examined the ability of a 16-amino
acid ferredoxin maquette peptide containing four Cys residues
to bind a [4Fe-4S] cluster. The authors found that when one or
more of these Cys residues were changed to Ala, the ferredoxin
maquettes could still bind an [4Fe-4S] cluster, although the
yield of [4Fe-4S] cluster binding was lower (75, 76). DTT was
present in all in vitro ApbC reconstitution assays, making it
feasible that the thiolate moieties of DTT were providing
ligands for an [Fe-S] cluster that was bound by ApbC variants
within an advantageous proteinaceous cavity. In this case,

[Fe-S] cluster binding in the Cys3 Ala variant ApbC proteins
would be an artifact of the in vitro reconstitution.
A strength of this study lies in the combination of in vivo and

in vitro approaches. This approach has allowed us to dissect the
biochemical properties ofApbCwithin the context of biological
activity. The resulting data showed that ApbC has two bio-
chemical activities, and both activities are required for function
in vivo. Identification of protein variants with no defect in the
biochemical assays, but nonfunctional in vivo, indicates that
some aspect of the in vitro assays is not physiologically relevant.
We suggest that the chemical reconstitution of a cluster on
ApbC does not reflect the process that occurs to generate holo-
ApbC in vivo. The results described here with variant proteins
provide a framework for continuing experiments intended to
determine the function ofApbC in the network of [Fe-S] cluster
metabolism.
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