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ABSTRACT. Pyruvate ferredoxin oxidoreductase (POR) from the hyperthermophilic arcli®ygonoccus
furiosus(Pf) catalyzes the final oxidative step in carbohydrate fermentation in which pyruvate is oxidized
to acetyl-CoA and Cg coupled to the reduction of ferredoxin (Fd). POR is composed of two ‘catalytic
units’ of molecular mass~120 kDa. Each unit consists of four subunitgyd, with masses of
approximately 44, 36, 20, and 12 kDa, respectively, and contains at least two [4Fe-4S] clusters. The
precise mechanism of catalysis and the role of the individual subunits are not known. The gene encoding
the 6-subunit of Pf POR has been expressedtircoli, and the protein was purified after reconstitution

with iron and sulfide. The reconstitutedsubunit (recPORY) is monomeric with a mass of 11 879

1.2 Da as determined by mass spectrometry, in agreement with that predicted from the gene sequence.
Purified recPORS contains 8 Fe mol/mol and remained intact when incubated &€86r 2 h, as judged

by its visible absorption properties. The reduced form of the protein exhibited an EPR spectrum
characteristic of two, spiaspin interacting [4Fe-437 clusters. When compared with the EPR properties

of the reduced holoenzyme, the latter was shown to contain a third [4Fé-d8$ter in addition to the

two within thed-subunit. The reduction potential of the two 4Fe clusters in isolated rec® OR03 &

8 mV at pH 8.0 and 24C) decreased linearly with temperaturel(55 mVFC) up to 82°C. RecPOR)
replaced Pf Fd as an in vitro electron carrier for two oxidoreductases from Pf, POR and Fd:NADP
oxidoreductase, and the POR holoenzyme displayed a higher apparent affinity for its own subunit (apparent
Km = 1.0uM at 80°C) than for Fd (apparet, = 4.4uM). The molecular and spectroscopic properties

and amino acid sequence of the isolaedubunit suggest that it evolved from an 8Fe-type Fd by the
addition of~40 residues at the N-terminus, and that this extension enabled it to interact with additional
subunits within POR.

The hyperthermophilic archae®yrococcus furiosuéPf), acyl (or aryl) coenzyme A (CoA) derivatives with ferredoxin
grows optimally at 100C by the fermentation of carbohy-  (Fd) as the electron acceptor. Pyruvate Fd oxidoreductase
drates and peptideg){ The fermentation pathways involve (POR) catalyzes one of the final steps in carbohydrate
four distinct cytoplasmic 2-keto acid oxidoreductases which fermentation, in which pyruvate is oxidized to acetyl-CoA
have different substrate specificitie).( These enzymes and CQ (3). The other three types, termed 2-ketoglutarate
contain thiamin pyrophosphate (TPP) and catalyze the Fd oxidoreductase (KGOR), isovalerate Fd oxidoreductase
oxidative decarboxylation of various 2-keto acids to their (VOR), and indolepyruvate Fd oxidoreductase (IOR), are

P thought to function in peptide fermentation, in which they
This research was supported by grants from the U.S. Department idize 2-k ids derived b S fal
of Energy (FG05-95ER20175) and the National Science Foundation 0XI01Z€ 2-Keto acids derived by transamination of glutamate
(BCS-9320069). and branched chain and aromatic amino acids, respectively
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GA 30602-7229. Telehone: 706 542-2060. FAX: 706 542-0229. Like the analogous enzymes in mesophilic organisms, all
E-mail: adams@bmb.uga.edu. four of the Pf oxidoreductases appear to be composed of

1 Abbreviations: CoA, coenzyme A; Cpalostridium pasteuranium ‘ . s -
DTT, dithiothreitol; EPR, electron paramagnetic resonance; Fd, ferre- two ‘catalytic units’ of mass~120 kDa @, 7, 8). In

doxin: FNOR, ferredoxin:NADP oxidoreductase; IBs, inclusion bodies; Mesophilic enzymes, this unit is typically a single large
IOR, indolepyruvate ferredoxin oxidoreductase; IPTG, isoprgpyt subunit, but this is not the case for the Pf enzymes. In Pf

thiogalactopyranoside; KGOR, 2-ketoglutarate ferredoxin oxidoreduc- IOR, this unit comprises two subunits of mass 66 and 23
tase; Mth, Methanosarcina thermophilaPCR, polymerase chain !

reaction; Pf,Pyrococcus furiosysPOR, pyruvate ferredoxin oxi-  KDa, while in POR, VOR, and KGOR it is four subunits,
doreductase; POR; d-subunit of pyruvate ferredoxin oxidoreductase; termeda, 3, y, ando, with masses of 43, 35, 23, and 12

recPORS, reconstituted form of thé-subunit of pyruvate ferredoxin i
oxidoreductase; SDSPAGE, sodium dodecyl sulfatgolyacrylamide kDa, respectively?). The genes for PfPOR and VOR have

gel electrophoresis; TCA, trichloroacetic acid; TPP, thiamin pyrophos- P€€n cloned and sequence@). ( The two enzymes are
phate; VOR, isovalerate ferredoxin oxidoreductase. encoded by three distinct and adjacent units, with the operons
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Y ) express the genes for the four subunits and to characterize
RCO.COOH the proteins separately. In view of the high thermal stability
+ CoASH B [ [4Feas] |---> of proteins from Pf in general, it was hoped that each subunit
; 5 would incorporate its cofactors and fold into the native
. structure, independent of the other subunits. Herein we
> “Fe'&"“’ present data on the heterologous expression of the gene for
R.CO.SCoA f a the PORY-subunit inEscherichia coli The polypeptide was

%> [4Fe-a5]

+C0, reconstituted in vitro and does indeed fold into a thermostable
) form that coordinates two 4Fe clusters. Moreover, its redox,
FiGURe 1: Model for the structure of 2-keto acid ferredoxin SPectral, and biological properties are very similar to Fds

oxidoreductases. The proposed pathway of electron flow during that contain two [4Fe-4S] clusters, suggesting a direct
catalysis is shown by the dotted lines, where ferredoxin (Fd) is the evolutionary relationship between them and the correspond-

physiological electron acceptor. The hyperthermophilic enzymes jng domain of the mesophilic 2-keto acid oxidoreductases.
consist of four subunits (as indicated) while the mesophilic enzymes

typically contain one large subunit (s@g MATERIALS AND METHODS

organized agor/vory—wvoroa—poroas. An interesting Strains, Cultvation, and Cloning Epicurian coli XL1-
feature of the operon organization is that the gene encodingBlue MRF cells (Stratagene, La Jolla, CA) were used for
they-subunit is common to both enzymes. The amino acid routine maintenance, cloning, and sequencing of plasmid
sequences of the other three subunits are 53% identical DNA. Strains were grown aerobically in Luridertani
Sequence alignments show that the four subunits of POR(LB) medium (1) supplemented with ampicillin (150g/
and VOR show high similarity to discrete domains of the mL), in a rotary shaker at 250 rpm and 3C. Epicurian
single, large subunit of the mesophilic PORS (Thus, the coli BL21(DE3) cells (Stratagene) were used for the protein
small a-subunit aligns with the N-terminal domain of the expression studies. Expression strains were grown aerobi-
large mesophilic subunit and is followed by thedomain, cally in the same medium supplemented with ferrous sulfate
the 6-domain, and, with one additional 60 amino acid (50xM) and were induced at 0-6).8 OD unit (590 nm) by
insertion not present in the hyperthermophilic enzymes, the the addition of isopropyf-p-galactopyranoside (IPTG) at a
p-domain. When the four subunits of the Pf enzymes are final concentration of 1 mM. Induction was carried out for
aligned in a single sequencey0j) and compared to the 6—14 h at varying temperatures. The gene encoding Pf
single subunit of the mesophilic PORs, the pairwise identities POR$ (pord) was PCR-amplified by standard techniques
are about 28%9). Thus, the evolution of the mesophilic using TagDNA polymerase (Boehringer Mannheim) and Pf
PORs can be explained by the rearrangement of four genomic DNA as the template. The N-terminus primer (50-
ancestral genes of the type now present in POR and VORmer, Stratagene) included @ 3) a uniqueNotl restriction
from Pf. site followed by a consensus ribosomal binding site, spacer,

POR and VOR purified from Pf contain TPP and, as uniqueNdd restriction site [incorporated into the start codon
indicated by metal and spectroscopic analyses, at least two(ATG) of the gene], and the first 20 nucleotides of the coding
and more likely three, [4Fe-4S] clusters per catalytic unit region ofpord. The C-terminus primer (25-mer, Stratagene)
(3, 6, 10). However, the locations of the prosthetic groups included 16 nucleotides of coding region and a uniggé!
within the subunits are not known. Amino acid sequence site immediately downstream of the stop codompoid. The
analyses indicate that thflesubunit contains a putative TPP- PCR product was gel-purified and direct-cloned into pCR-
binding domain together with four Cys residues which should script SK&) (Stratagene). One clone, pHH1, containing
be capable of coordinating one [4Fe-4S] cluster. In addition, pord oriented behind the T7 promotor, was selected for
the d-subunit contains eight Cys residues which could further analysis. The cloned PCR product in pHH1 was
coordinate a further two [4Fe-4S] cluste®.( All twelve sequenced by the dideoxy chain termination methiit) (
of these Cys residues are conserved in the mesophilic PORsysing [o-*°*S JdATP (600 Ci/mmol; Amersham International),
as is the TPP-binding motif. It was therefore proposed that 7-deaza-dGTP, and the Sequenase Version 2.0 Kit (USB
all 2-keto acid oxidoreductases contain three [4Fe-4S] Corp., Cleveland, OH). pHH1 DNA was digested wiNdd
clusters per ‘catalytic’ unit, regardless of subunit composition and Bglll restriction enzymes, and the purified insert was
(9). However, the precise mechanism of catalysis by, and subcloned into the expression vector pET21b (Novagen),
electron transfer within, POR and VOR and the role of the generating pHH2.
individual subunits are unclear, and spectral analyses of the Purification of Recombinant POR- Induced pHH2-
native enzymes are complicated by the presence of multiplecontaining cells were harvested after induction for 14 h at
[4Fe-4S] clusters§, 10). The model for the structure of 37 °C [for isolation of inclusion bodies (IBs)] or at 2&
hyperthermophilic and mesophilic 2-keto acid oxidoreduc- (for isolation of soluble PORY and used immediately or
tases and the proposed pathway of electron flow during stored at—80 °C. Unless stated otherwise, all steps were
catalysis is shown in Figure 2). While TPP is likely to carried out anaerobically wherein all buffers were degassed
be bound within thes-subunit/domain, it has yet to be with argon and maintained under a positive pressure of the
established if the twelve conserved Cys do indeed bind threeinert gas. The cell paste was resuspended in 50 mM TrisHCI
4Fe clusters and, if so, whether they are coordinated within (pH 8.0) containing 2 mM dithiothreitol (buffer A) (1 g wet
or between subunits. weight/mL of buffer), treated with 10@g/mL lysozyme and

To investigate the role of the individual subunits of Pf 50 ug/mL DNase I, and broken by two passages through a
POR and the nature of the prosthetic groups that eachFrench press under a stream of argon. Cell extracts were
contains, we have embarked upon a study to individually centrifuged at 120afor 30 min at 4°C. The pellet, which
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contained the insoluble PO®-fraction and consisted
primarily of inclusion bodies (IBs), was washed once in
buffer A containing 1 mM EDTA, 100 mM NacCl, and 0.5%
Triton X-100, followed by two washes with buffer A
containing 100 mM NaCl. The washed IBs were solubilized
overnight (4°C) in buffer A containing freshly prepared,
deionizel 2 M urea and centrifuged at 270fdr 30 min at

Menon et al.

Fractions containing pure, reconstituted PORrecPOR-
0), as determined by SDSPAGE analyses, were pooled,
concentrated, and stored -aR0 °C.

Analyses of Recombinant and Reconstituted BOR4etal
contents (20 elements including Fe) of unreconstituted and
recPOR9, isolated from the soluble fraction, were deter-
mined using plasma emission spectroscopy at the Chemical

4 °C. The solubilized supernatant was resolved at 1 mL/ Analysis Laboratory, University of Georgia. Iron contents

min on a column of Superdex 75 (2:660 cm; Pharmacia
LKB, Piscataway, NJ) equilibrated in buffer A containing 2
M urea, and fractions containing partially purified POR-

of the samples were also measured colorimetricall).(
UV —visible absorption spectra were recorded at@4ising
a Hewlett-Packard HP8452A diode array spectrophotometer.

were concentrated, washed with buffer A, and used for EPR Molecular masses were estimated by gel filtration on a

analyses. IBs solubilizedhi2 M urea were also subjected
to ion exchange chromatography on a .61 cm DEAE-

column (1x 30 cm) of Superdex 75 (Pharmacia) equilibrated
with buffer A containing 200 mM KCI using horse heart

Sepharose FF column (Pharmacia) and eluted with acytochromec (12.38 kDa), carbonic anhydrase (29 kDa), and

nonlinear gradient of ©0.3 M NaCl in 80 mL followed by
0.3-0.6 M NaCl over 130 mL in buffer A. The ‘aggregation
state’ of PORS$ in IBs solubilized with different concentra-

ovalbumin (45 kDa) as standards. The molecular mass of
recPORée was more accurately determined by mass spec-
trometry, using liquid chromatography coupled to electro-

tions of urea (2, 4, or 6 M) was determined by resolving the spray analysis, at the Mass Spectrometry Service at the

protein at 1 mL/min on a column of Superdex 75130
cm) equilibrated in buffer A containing 2, 4y & M urea,
respectively. The soluble form of PO&Rwas isolated from
the 4000@ supernatant of cell extracts. Ammonium sulfate

University of Georgia. The sample was analyzed using a
PE-Sciex API | plus mass spectrometer coupled to an
Applied Biosystems 140B delivery system and ABI 759A

absorbance detector. RecPORwas supplied at 1.6 mg/

was added to 30% saturation, and the solution was centri-mL in HPLC-grade water, injected onto a Kromasil C-4

fuged at 12006 for 30 min at 12°C. The precipitate was
redissolved in buffer A and dialyzed overnight ét@against
the same buffer. The dialysate was centrifuged at 46000

column (1 x 150 mm), and eluted at 30L/min with a
gradient of 106-0% solvent B (90% acetonitrile in solvent
A: water containing 0.1% trifluoroacetic acid). The effluent

for 45 min, and the supernatant was resolved at 2 mL/min was loaded at 1LL/min into the mass spectrometer, and

on a 3.5x 60 cm column of Superdex 200 (Pharmacia) in
buffer A containing 200 mM KCI. Fractions containing
partially purified PORé were combined into five pools{

the electrospray voltage used was 4500 V. Thermal stability
was determined anaerobically by following the change in
absorbance at 394 nm of au® solution of recPORS in

V), based on contaminating protein patterns, concentrated50 mM HEPES (pH 8.0) in a Spectronic 601 spectropho-

by ultrafiltration using a PM10 membrane (Amicon), and
stored at—20 °C until needed.

In Vitro Reconstitution of [4Fe-4S] Clusters in POR-
The protocol for the insertion of Fe-S clusters into apo-

POR+ was adapted from a previously published procedure cryostat.

(13). All steps were carried out anaerobically at®tunless
specified otherwise. POR; partially purified from the
soluble fraction (Superdex 200, pool IV), was precipitated
in 10% (w/v) TCA for 15 min at 4°C and centrifuged at
1200@ for 10 min. The pellet was washed with 100 mM
TrisHCI, pH 8.0 (buffer B), containing 2% (w/v) TCA and
redissolved in buffer B containing 10 mM dithiothreitol
(buffer C) ard 6 M urea, at a final concentration of less than
or equal to 2 mg/mL. The sample was diluted 2-fold with
buffer C, and a fresh solution of 400 mM ferric chloride in
buffer B was slowly added to 2 mM, followed by the addition
of fresh 400 mM sodium sulfide in buffer B to 2 mM. After

tometer (Milton Roy) connected to a constant-temperature
water bath. EPR spectra were recorded on an IBM-Bruker
ER 300D Spectrometer interfaced to an ESP3220 Data
System and equipped with an Oxford Instruments ITC-4 flow
Oxidized EPR samples were prepared by the
addition of thionine (1.3 mM) to purified recPO&R{~100
uM) or native Pf POR €50 4M) in 50 mM TrisHCI (pH

8.0) or 50 mM CAPS (pH 10). Reduced samples were
prepared by the addition of excess sodium dithionite (10
mM). Spin concentrations were estimated by double inte-
gration of spectra recorded & K using 10uW microwave
power and comparing them with spectra of 0.997 mM
CuSQ/10 mM EDTA or 10 mM CuS@10 mM HCl/2 M
NaClO, recorded under the same conditions. Electrochem-
istry was performed using a three-electrode setup with a
glassy carbon working electrode, a platinum counter elec-
trode, and a Ag/AgCI reference electrodé&), Neomycin

a 15 min incubation with gentle stirring, the urea concentra- (2 mM) and MgC} (20 mM) were added as promoters. The

tion was diluted to 0.6 M with buffer C. The diluted

following buffers (100 mM) were used for the pH study:

reconstitution mixture was transferred into an anaerobic hoodacetate (pH 4.0), MES (pH 6.0), MOPS (pH 7.0), EPPS (pH

and filtered through an 0.22m filter attached to a syringe,

washed 3 times with buffer C, and concentrated ap-

proximately 40-fold in an Amicon ultrafiltration unit fitted

8.0), CHES (pH 9.0), and CAPS (pH 10.0). Promoters were
made up in buffers at the appropriate pH. Temperature
dependence studies were done over a range 6824C.

with a PM10 membrane and loaded onto a HiTrap-Q column Results are expressed as midpoint potential vs SHE (standard

(5 mL; Pharmacia) equilibrated in buffer A. The column
was washed with 25 mL of buffer A, and the reconstituted
protein was eluted with a nonlinear gradient of@2 M
NaCl in 20 mL and 0.20.5 M NaCl in 80 mL of buffer A.
The holoprotein eluted at approximately 0.23 M NacCl, while

hydrogen electrode) and corrected for the temperature
dependence of the Ag/AgCI reference electrode.

Biological Assays The efficiency of electron transfer from
POR during pyruvate oxidation to recPGRwvas measured
by the PORé-dependent reduction of metronidazole, based

the apoprotein remained bound under these conditions.on the method previously described for Pf Fb) The
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reaction mixture (2 mL) contained 50 mM EPPS buffer (pH
8.0), sodium pyruvate (10 mM), CoA (0.2 mM), and POR
(20 uM). The reactions were preincubated at &0 for 5
min, metronidazole (10:M) was added, and base line
activity was recorded for 2 min. The reaction was initiated
by the addition of recPOR-(0—5 uM) or Pf Fd (0—30uM).
The reduced electron acceptor (Fd or recP§Rwas

reoxidized by metranidazole, the irreversible reduction of

which was measured at 320 nh7f. A molar absorption
coefficient of 9300 M! cm™* was used for oxidized

metronidazole, and bleaching of the chromophore was

assumed to be a one-electron procd$s18). The low rate

of metronidazole reduction by POR in the absence of an
electron carrier was used to correct all activities. One unit

of POR activity is defined as gmol of pyruvate oxidized/
min with the specified electron acceptor. A two-enzyme

coupled assay system was used to measure the ability of

recPORé to transfer electrons from POR to Fd:NADP
oxidoreductase (FNOR19) from Pf. The assay was
designed to measure the interaction of recRDKth FNOR,
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and an excess of POR was used to ensure that the reductioficure 2: Expression of POR- in E. coli BL21(DE3) as

of recPORé by POR was not the rate-limiting step. The
reaction mixture (1 mL) contained 100 mM EPPS buffer (pH
8.0), sodium pyruvate (10 mM), CoA (0.2 mM), NADP
(0.3 mM), and native Pf POR (44M). After incubation at
80 °C for 5 min, recPOR} (2.5 uM) or Fd (5 uM) was

determined by SDS gel analysis. The samples are cell-free extracts
(~10 ug) from (1) induced pET21b-containing control cells, (2)
uninduced pHH2-containing cells, and (3) induced pHH2-containing
cells. (4) Native Pf POR (where the subunits and their masses, in
kDa, are: a, 44; 3, 36; y, 20; andd, 12), 10ug.

added, and the reaction was initiated by the addition of Pf significant amounts of recombinant PQR-As shown by

FNOR (0.062«M). NADP reduction was measured at 365
nm, and an absorption coefficient of 3400 Mcm™ was

SDS-PAGE analysis (Figure 2), cell-free extracts of induced
pHH2 cells contained a protein, not present in the pET21b

used in all calculations. One unit of activity is defined as 1 control or uninduced pHH2-containing cells, that cor-

umol of NADP* reduced/min using the specified electron

responded in electrophoretic mobility to the authentic

carrier. POR, FNOR, and Fd used in these assays werej-subunit of purified, native POR from Pf. Initial induction

purified in this laboratory using published procedut®slg,
20).

Other Analytical TechniquesProtein concentrations were
routinely estimated by the method of Bradforilf using

experiments were carried out at 3€ for 6—-12 h. Under
such conditions, most of the recombinant PORwas
produced in the form of insoluble inclusion bodies (IBs).
However, the in vivo solubility of recombinant PQRRwas

bovine serum albumin as the standard. Quantitative aminodetermined by the time, temperature, and scale of induction.

acid analysis of pure recPOR-was performed at the
Microchemistry Facility at Emory University. The protein

For example, induction fo4 h at 28°C led to the production
of soluble PORS whereas induction for 14 h at 37TC

content estimated by quantitative amino acid analysis wasresulted in the formation of mostly insoluble IBs. Similarly,
in good agreement with that determined by the colorimetric small-scale cultures induced for 14 h at 28 produced

assay (101 8.5%). Polypeptides were analyzed by SBS
PAGE in Tris—Tricine-buffered 10% acrylamide gels using
the method of Schlgger and von Jagow2p), and proteins
were visualized with Coomassie Blue R-250. For N-
terminus amino acid sequence analysis, RDIas separated

roughly equal amounts of soluble and insoluble PQR-
whereas a culture grown in a 100 L fermentor, under the
same conditions, contained higher concentrations of the
soluble form of PORS. In the latter case, the two forms of
PORd represented as much as 20% of the total cellular

from contaminants in IBs, as described above, and transferredorotein (approximately 15 mg/g wet wt or 60 mg/L culture).

to a ProBlott PVDF [poly(vinylidene difluoride)] membrane

The purification of recombinant POR-was attempted

(Applied Biosystems) as per the manufacturer’s instructions. using both the soluble and insoluble fractions of cell extracts
Sequence analysis was performed on the PVDF membraneof E. coli. POR# solubilized from IBs using concentrations
bound protein at the Molecular Genetics Instrumentation of urea up to 6.0 M existed as high molecular mass

Facility, University of Georgia. Individual and multiple

complexes, as they eluted in the void volume of a Superdex

sequence alignments were performed using the BESTFIT and75 gel filtration column (fractionation range:—30 kDa).

PILEUP programs, respectively, from the University of
Wisconsins Genetics Computer Group (GCG) packagg (

RESULTS
Purification and Reconstitution of Recombinant POR-

This was surprising, as all buffers were anaerobic and
contained DTT to prevent aggregation likely to arise from
the formation of intermolecular disulfides. In addition,
although PORS solubilized from IBsin 2 M urea bound to
DEAE-Sepharose, it eluted over a wide salt concentration

The nucleotide sequence of the PCR-cloned gene encoding0.17 and 0.4 M NaCl), and very little purification was
PORY established that the PCR technique had not introducedachieved. These results indicated that P@ORelated from

any mutations into the coding region. TEe coli BL21-

IBs was present in the form of heterogeneous, misfolded

(DE3)/pHH2 strain used for expression appeared to produceaggregates, that nonspecifically interacted with contaminating
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FiIGure 4: UV—visible absorption of recPOR- (a) Protein (0.15
mg/mL) in 50 mM TrisHCI (pH 8.0), as purified anaerobically in

) . ) the absence of a reducing agent; (b) after reduction with sodium
Ficure 3: In vitro reconstitution of POR- monitored by SDS gel dithionite (6 mM).

electrophoresis. The samples were: 1 and 4, native Pf POR (see o ) o
legend to Figure 2), @g; 2, unreconstituted, soluble PQRrom precipitation of the protein was used to remove existing metal
pooled and concentrated Superdex 200 fractions (P 3, ions, and the protein was then dissolve®iM urea to ensure
purified, reconstituted POR-(2.14g). complete unfolding. The presence of a chaotropic agent to
. . . maintain proteins in their unfolded forms has been shown
proteins. Similarly, Wh”.e the so!u_ble form of PORfrom to be critical for FeS cluster reconstitution in some instances
cell ext.racts was parpally.purlfled, at_least 4-fold, by (25. DTT (10 mM) was also added to ensure that all
ammonium sulfate fractionation, the protein was not resolved sulfhydryl groups were in their reduced states. The recon-
t}y gel filtration, eye:lne6lésolr|1(g[) a ?Dtg)%dex 200 column givtion conditions utilized a 24-fold molar excess of Fe and
(fractionation range: a). was presentin g fije compared to the apoprotein and represented a 3-fold
the void volume and evenly distributed across almost the molar excess of the Fe/S required to convert all the
entirg molecul.ar size range, presumably as multimers of apoprotein into a two [4Fe-4S] form. The putative holo-
varying sybumt humbers. ) ) protein was separated from the reconstitution mixture by
N-terminal sequence analysis of recombinant POR- filtration and ion-exchange chromatography. Colorimetric

separated from the minor contaminating proteins present inprotein analyses indicated that-180% of the apoprotein
IBs by SDS-PAGE, revealed aSingle sequence, AESPFKA-, had been converted to ho|0pr0tein_

which was identical to that determined for thesubunit of Properties of Reconstituted PQR- In contrast to the

native POR purified from Pf, inClUding the absence of the recombinant form of Po@produced b)E coli, which was
N-terminal methionine24). Thus, while the gene encoding jsolated in the form of aggregates that could only be partially
PORSY includes a Met start codon, this residue appears to pyrified from cell-free extracts (to~80% purity), the
be efficiently removed in vivo by th&. coli methionine  reconstituted form was purified to homogeneity in a single
aminopeptidase. Partially purified PQRebtained from  step after reconstitution and corresponded in electrophoretic
both the soluble and insoluble fractions was brown in color, m0b|||ty to thed-subunit of pure, native POR from Pf (Figure
suggesting that iron was incorporated into both forms of the 3). The size of the reconstituted form (hereafter termed
protein inE. coli. However, given that both forms of the  recPORe) was estimated to be approximately &2.0 kDa
protein were isolated as heterogeneous aggregates, which wagy gel filtration chromatography, indicating that, unlike the
a gOOd indication that the protein was misfolded in ViVO, it unreconstituted form1 recPOfR4is a monomeric Species_
was Unlikely that they contained stoichiometric amounts of Mass Spectrometry e|ectrospray ana|ysis y|e|ded a value for
Fe-S clusters. Indeed, a sample of PORartially purified  the apoprotein of 11 872 1.2 Da. This value is in perfect
(~80% pure based on SDPAGE analysis) from IBs  agreement with the predicted size of the polypeptide from
solubilized h 2 M urea and containing 10 mM sodium the gene sequence with the N-terminal methionine removed
dithionite gave a rhombic-type EPR spectrum indicating the (11 880 Da) and corroborates the N-terminal sequence data
presence of reduced [4Fe-4SElusters, but the signal was  optained with the unreconstituted protein; i.e., the N-terminal
so weak that it could not be accurately quantitated. In Met residue is efficiently removed posttranslationallyy
addition, colorimetric analysis of the iron content of POR-  qj.
partially purified from the soluble fraction indicated the Pure recPOR> exhibited an absorption maximum at 280
presence of only 0:30.4 mol of Fe/mol of POR) (assuming  nm with a broad shoulder at 394 nm (Figure 4). Analysis
80% purity, based on SDSPAGE gels). This corresponded  of three independent reconstitution preparations gave values
to at most a 10% occupancy (assuming one [4Fe-4S] cluster/of 0.632-0.635 for the absorbance ra#@ss/Azse. Addition
mol of POR¥). Hence, although a significant amount of  of excess sodium dithionite resulted in a decrease imthe
the recombinant form of POR-was produced irE. coli, value of about 40%, demonstrating that the FeS chromophore
only a small fraction contained FeS clusters. was redox-active. Surprisingly, the protein was also very
In vitro reconstitution of the Fe-S clusters was achieved thermostable, with no significant change in the absorbance
using recombinant POR-that was partially purified from  at 394 nm afte2 h at 85°C. In fact, there was only a 25%
the cytoplasmic fraction oft. coli (Figure 3). Acid loss in theAgg, value after 24 h at this temperature. The Fe
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FiIGURE 5: EPR spectrum of reduced recP@R-The sample e EE——
contained the protein (1.3 mg/mL, 1081) in 50 mM CAPS (pH 300 320 340 360 380 400
10.0) containing sodium dithionite (10 mM). The spectrum was .

recorded at 4.7 K. The instrument settings were: microwave power, Magnetic Field (mT)

100 uW; microwave frequency, 9.596 GHz; receiver gain, &3  Ficure 6: EPR properties of native POR and recP®RThe
10%, modulation amplitude, 0.64 mT; modulation frequency, 100 samples were: (a) POR (12.6 mg/mL, 56M) and (c) recPORS
kHz. (1.36 mg/mL, 114M) in 50 mM TrisHCI (pH 8.0) containing 10

. . mM sodium dithionite. Spectrum b was obtained by subtracting
content of recPOR); obtained from three independent spectrum c from spectrum a. The spectra were recorded at 5 K.

reconstitution experiments, was 88 0.7 mol/mol, as The instrument settings were: microwave power, 10 mW; micro-

determined by colorimetric assays. Plasma emission specWave frequency, 9.592 GHz; receiver gainx8.0° for (a) and 2.5

troscopy established that no other metals were present in 10 for (c); modulation amplitude, 0.511 mT; modulation
o frequency, 100 kHz.

significant amountsX0.1 mol/mol).

Pure recPOR) reduced by excess sodium dithionite the single cluster in the-subunit. It should be noted,
exhibited a broad, rhombic-type EPR signal wiftvalues however, that the holoenzyme is thought to contain two
of 2.013, 1.955, and 1.896 at temperatures below 30 K copies of each subunit, i.eq;f32y20,, SO an alternative
(Figure 5). The general line shape of the spectrum remainedexplanation is that the clusters of the t«subunits are close
unchanged when the temperature was varied from 5 to 30 Kenough within the holoenzyme to interact with each other,
and when the microwave power was varied fromdl to as well as with those in thé&subunits. A third explanation
200 mW (at 8 K). The rhombic spectrum of reduced is that the [4Fe-43] cluster of thes-subunit exists in two
recPORé accounted for 1.7 0.3 spins/mol. All of these  different conformations and that each gives rise to a similar
data taken together therefore suggest that reduced reéPOR-but distinct EPR signal. In any event, the EPR properties
contains two [4Fe-43j clusters with very similar properties, of the d-subunit provide evidence for a third [4Fe-45]
and the presence of “wings” in the EPR spectrum mgar cluster in the holoenzyme, located in ffsubunit, and show
2.044 and 1.874 indicates some sp#pin interaction that the complexity of the EPR spectrum of the holoenzyme
between them. The oxidized form of PGR-obtained by does not arise directly from the properties of the two [4Fe-
treating the protein with excess thioning,(= +60 mV), 4ST* clusters within the)-subunit itself. An examination
gave rise to an isotropic-type signalgat= 2.01 4 8 K (data of the EPR features of th@-subunit in isolation is needed
not shown), characteristic of an oxidized [3Fe-48Juster to provide further insight into this issue.

(26). However, the spectrum represented less than 0.1 spin/ The midpoint potential of recPOR-was determined by
mol, indicating that virtually all of the iron in the oxidized direct electrochemistry using cyclic voltammetry. The
protein was present as intact [4Fe-4Sjlusters. Additional voltammograms were characterized by a rather large peak
resonances at low fieldg (~ 4.3) were not apparent (at 8 to peak distance of115 mV, instead of the expected 57
K, 100 mW), suggesting little if any adventitiously bound mV (at 25°C) for a reversible one-electron transf&7).

iron was present in the recPQRsample. This suggests that the two redox centers present in BOR-

As shown in Figure 6a, the POR holoenzyme in its reduced have slightly different redox potentials and are reduced
state exhibits a complex EPR spectrum, and part of this successivelyZ8). From the peak width of the voltammo-
obviously arises from it$)-subunit (Figure 6c). In fact, gram, an estimate can be made for this difference in potential
comparing the two, it is clear that the predominant features using the working curve reported in Myer and Sha29)(
of the spectrum seen from the holoenzyme do not arise fromIn this way, it was calculated that the first cluster to be
the d-subunit. These must originate from another paramag- reduced is 36:50 mV more positive than the second cluster.
netic species, and this is presumably the putative [4F&t4S] However, it is likely that the broadening of the voltammo-
cluster in thes-subunit of the reduced enzyme. From the gram is a result of both the difference in potential between
difference spectrum (Figure 6b), this reduced cluster exhibits the two clusters as well as slow electron-transfer kinetics
a rhombic spectrum witg values of 2.043, 1.932, and 1.891. between the protein and the electrode. Since it is difficult
The additional complexity seen in the spectrum from the to distinguish between these two effects, a single value was
holoprotein, e.g., atg = 2.065, must arise from the assigned to both clusters using the average of the cathodic
interactions between the two clusters in thsubunit and and anodic peak potentials. This yielded a value-dD3
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+ 8 mV at pH 8.0 and 24C. The midpoint potential of  that are expressed iB. coli as apoproteins2b, 38—43).

the protein was unchanged over the pH range-@@O0 (at Heterologous expression of genes encoding proteins contain-
24°C) but exhibited a linear, temperature-dependent decreasang Fe-S clusters is apparently influenced by a number of
with increasing temperature over the range-82 °C (pH factors, such as the presence of chaperodds45), the

8.0; data not shown). The average change wa$5 mV/ cysteine content of the expressed proteif)( the type of

°C, and the measured reduction potential at the physiologi- Fe-S cluster47), the availability and redox state of iron and

cally relevant temperature of 8 was—500 4+ 2.0 mV. sulfide @8, 49), the protein environment around the cluster
This is more negative than that450 mV) reported by direct  (50), and in vivo turnover rate$(). However, there appears
electrochemical analysis at 8C of the holoenzyme3(). to be no general conclusion on how to maximize the

Since the latter reduction potential reflects all of the redox likelihood of successful heterologous expression of an FeS-
centers in the enzyme, it would appear that either (a) the containing holoprotein. Hence, PQRef Pf was produced
4Fe center of thg-subunit has a higher potential than those in E. coli mainly as apoprotein, although the relative amounts
of thed-subunit or (b) the reduction potential of the isolated of soluble and insoluble forms appeared to vary with
d-subunit increases (by50 mV) upon incorporation into  induction time and temperature. Nevertheless, the recom-
the holoenzyme. At present, we cannot distinguish betweenbinant protein could be readily reconstituted with Fe and
these two possibilities. sulfide to give a form which is assumed to represent the

The function of the POR holoenzyme within Pf is to native state within the POR holoprotein.
oxidize pyruvate to acetyl-CoA and reduce Fd, which in turn ~ The reconstituted, recombinant form of Pf PORson-
is oxidized by FNOR and the electrons are used to reducetained two [4Fe-4S] clusters per molecule, as demonstrated

NADP*. Fd therefore has the ability to both accept electrons by colorimetric Fe analysis and EPR spectroscopy. More-
from POR and donate them to FNOR. The ability of oOver, the resultant recPORwas a thermostable monomer

recPORS (E,, = —403 mV, 24°C) to substitute for Pf Fd  that obviously did not require interactions with the other three

(Em = —370 mV, 24°C; 15) in these two electron-transfer  types of subunits in the octomeric POR holoproteisBfy20,)
reactions was investigated. In the POR assay, the reductiorf0 maintain a stable structure, which, again, is assumed to
of recPORé was measured by coupling its reoxidation to represent the native form. The presence of two [4Fe-4S]
the irreversible reduction of metronidazols(17). In this clusters within the-subunit agrees with that predicted based
assay, recPOR-very efficiently replaced Fd as an electron ©0n sequence analysis (Figure 1), and a comparison of its EPR
acceptor for POR. Kinetic constants were estimated at 80 properties with those of the POR holoprotein provides
°C from linear double reciprocal plots using concentrations €vidence that the latter contains three distinct [4Fe-4S]
of recPORS and Fd in the range-65 uM and 0-30 uM, centers. In light of the Cys content of the four subunits, the
respectively. In fact, the POR holoenzyme displayed a third 4Fe cluster must be coordinated by thesubunit

higher apparent affinity for its own subunit, recP@R- (Figure 1). The EPR analysis also suggests a strong
(apparentK, = 1 uM at 80 °C), than it did for its interaction between the [4Fe-4S] centers in the two subunit

physiological electron carrier, F&k¢ = 4.45uM at 80°C), types 6 andp), in contrast to the interaction between the
although the rate of pyruvate oxidation with recPORV, two clusters present in thiesubunit itself. RecPOR-also

= 2.9 units/mg) was slightly lower than with Fd (4.0 units/ Served as an in vitro electron carrier for two Pf enzymes,
mg). POR and FNOR. This interaction with native POR was

RecPORS also functioned as an electron donor to FNOR SUTPrising, since recPOR-is in all likelihood accepting
in place of Fd. In this assay system, Fd is reduced with electrons from the&-subunit of the holoenzyme, as shown

excess POR, and the ability of reduced Fd to transfer I Figure 1, where Fd is replaced by recPORMoreover,

electrons to FNOR is estimated by the rate of reduction of Native POR displayed a higher affinity for recPOR-

NADP by FNOR (6, 19). In the absence of an electron (aPParenkm = 1.0u4M) than it did for Fd (apparerk, =
carrier (Fd or recPORY, there was a low rate of direct 4.4 uM), its physiological electron acceptor. Similarly,

electron transfer from native POR to FNOR (0.5 units/mg) recPOR6 was able to substitute for Fd (at the same cluster
at 80°C. The rate of NADP reduction increased to 3.6 units/ concentration) and donate electrons to FNOR but with a 50%

mg when Fd (5:M) was added, but an even higher rate, 4.9 increase in rate (as measured by NADP reduction). These
units/mg, was observed if recPQRE2.5 uM) was added results clearly demonstrate the stability and electron-transfer
instead. There was no NADP reduction in the presence of ability of recPORe} at 80°C, althoughlwhy it should be as,
either recPORS or Ed if native POR was not added to the ©F €VEN more, efficient than the physiological redox protein

reaction mixture. is not clear. _ .
The properties of recPOR-are in many ways similar to
DISCUSSION those of [4Fe-4S]-type Fds. For example, this subunit is a

small, acidic protein (predictedl (5.02) that contains two

The recombinant form of thé-subunit of POR was low-potential [4Fe-4S] centers, each of which is presumably
produced in relatively large amounts k coli, but only a coordinated by four Cys residues. Similarly, the prototypical
fraction of the molecules contained [4Fe-4S] clusters and Fd, that fromClostridium pasteurianurtCpa,13), is a small
the majority appeared to be apoprotein in the form of (6 kDa), acidic (jp 3.7) protein containing two low-potential
misfolded aggregatesE. coli has been used as a heterolo- [4Fe-4S] clusters coordinated by eight Cys residues (see, for
gous host to express the genes encoding many-isatfur- example,52). The reduction potentials of the [4Fe-4S]
containing proteins. While this has been successful for centers in both the Pfand Cpa proteins are almost the same
several small proteins such as HiPiPs and some 2Fe- and~—400 mV), and neither shows any pH dependence.
4Fe-Fds 81—37), there are many analogous redox proteins Although the temperature dependence of the midpoint
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Ficure 7: Alignment of the amino acid sequences of Pf P@QRRf VOR-9, Cpa Fd, and Mth Fd. Identities between all four proteins are
indicated using shaded boxes, while those between B@Rd VOR$ are indicated by clear boxes. The eight cysteine residues that
coordinate the two [4Fe-4S] clusters are indicated by asterisks. The accession numbers are:0RIMFAPRYORS; X85250 Q); Cpa Fd,
A94028 56); and Mth Fd, A4296057).

potential of Cpa Fd has not been reported, the change This development of an in vitro reconstitution system for
observed for recPOR-is in the same range as that seen for POR9 is the first step in establishing a flexible system to
other redox proteinsls, 53, 54). The EPR spectra of the  answer some of the questions regarding the catalytic mech-
reduced forms of both recPO&kand Cpa Fd are also similar  anism and pathway of electron transfer in this enzyme and

and arise from the magnetic interaction between Sve in related hyperthermophilic 2-keto acid oxidoreductases. The
1/2 spin systems, each contributed by one [4Fe-4S] clusterfuture individual expression of the other subunits of POR
about 1 nm apartsh). and of related enzymes should also help define which are

Given the remarkable similarity in the properties of directly involved in enzyme catalysis as well as the “mini-
recPORé and the Cpa Fd, it was of interest to compare their mum catalytic unit”. For example, as suggested by Figure
amino acid sequence$§,(56). These are given in Figure 7, 1, can theg-subunit, alone or in combination with the
together with that of thé-subunit of the closely related VOR  §-subunit, catalyze pyruvate decarboxylation?
from Pf (9), and that of the Fd fromMethanosarcina
thermophila(Mth; 57), a moderately thermophilic, metha- ACKNOWLEDGMENT
nogenic archaeon. As indicated, the Fds align with the
C-terminal part of bott)-subunits, and all four proteins are =
highly similar, with Cpa/Mth Fds showing 42%/44% and
40%/34% identity with the POR and VOR subunits, respec- REFERENCES
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