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ABSTRACT. A Zn-immobilized metal-affinity chromatography technique was used to purify a poly-histidine-
tagged, FeMo-cofactorless MoFe protein (apo-MoFe protein) frafBadeletion mutant oAzotobacter
vinelandii. Apo-MoFe protein prepared in this way was obtained in sufficient concentrations for detailed
catalytic, kinetic, and spectroscopic analyses. Metal analysis and electron paramagnetic resonance
spectroscopy (EPR) were used to show that the apo-MoFe protein does not contain FeMo-cofactor. The
EPR of the as-isolated apo-MoFe protein is featureless except for a Bindt, signal probably arising

from the presence of either a damaged P clustexr B cluster precursor. The apo-MoFe protein has an
0.zf32 subunit composition and can be activated to 80% of the theoretical MoFe protein value by the addition
of isolated FeMo-cofactor. Oxidation of the as-isolated apo-MoFe protein by indigodisulfonate was used
to elicit the parallel mode EPR signal indicative of the two-electron oxidized form of the P clustgr (P

The midpoint potential of the¥P?* redox couple for the apo-MoFe protein was shown to be shifted by
—63 mV when compared to the same redox couple for the intact MoFe protein. Although the apo-MoFe
protein is not able to catalyze the reduction of substrates under turnover conditions, it does support the
hydrolysis of MgATP at 60% of the rate supported by the MoFe protein when incubated in the presence
of Fe protein. The ability of the apo-MoFe protein to specifically interact with the Fe protein was also
shown by stopped-flow techniques and by formation of an apo-MoFe prdteiprotein complex. Finally,

the two-electron oxidized form of the apo-MoFe protein could be reduced to the one-electron oxidized
form (P*) in a reaction that required Fe protein and MgATP. These results are interpreted to indicate
that the apo-MoFe protein produced iméB-deficient genetic backround contains intact P clusters and

P cluster polypeptide environments. Small changes in the electronic properties of P clusters contained
within the apo-MoFe protein are most likely caused by slight perturbations in their polypeptide
environments.

Nitrogenase catalyzes biological nitrogen fixation and is Scheme 1
a complex, two-component metalloprotein composed of the .
iron (Fe) protein and the molybdenuriton (MoFe) protein € protein [4Fe-4S] cluster
(2). The Fe protein is a 64 kD homodimer that contains MokFe protein [P cluster}~
two MgATP binding sites and a single [4Fe-4S] clus® ( MoFe protein [FeMo-cofactor} substrate
The MoFe protein is a 240 ki, tetramer that contains . . o .
two pairs of novel metalloclusters, called P clusters and A major challenge Of. hitrogen fixation _research IS to
FeMo-cofactors4, 5). The structures of the two nitrogenase unders_tand how the mutliple electrons reguwed for substrate
component proteins, together with models of their associatedre_du_cnon are dehvered_by the Fe protein and _accumulated
metalloclusters, have been determined by X-ray crystal- Within the MoFe protein. How P clusters might accept
lography 8, 4, §. During catalysis the Fe protein serves as electrong from the Fe p.roteln.durlng intercomponent glectron
a specific reductant of the MoFe protein, which in turn transfer is currently enigmatic becquse they are believed to
provides the site of substrate reductior).( The most be already fully reduced in the as-isolated resting stjte (

probable direction of electron flow in this process is shown WO approaches that should be useful to probe the function
in Scheme 1 of the P cluster include substitution of amino acids that
provide the coordination shell that surrounds the P cluster,
and alteration of P cluster function by treatment with small
963§f;$a(r§)h SDprR?gf;eir?é' Tﬂag%?ggggggfe(gofg%gngé’mffs'\éilg molecule inhibitors of nitrogenase catalysis, such as NO,
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Table 1: Strains Used in This Study derived from DJ995 that also contains an insertion and
- deletion mutation within th&ifB gene (DJ1003).
strain features i L .
. . - . The plasmid used for initiating construction of DJ1141
DJ wild-typeA. vinelandii parental strain desi d his ol id . kb
DJ995  produces MoFe protein that contains seven tandem was designated pDB280. This plasmid contains a 1.1
histidines within the C-terminal region of tlesubunit Kpnl restriction enzyme fragment that includes portions of
DJ1141 produces MoFe protein that contains eight tandem the A. vinelandii nifH and nifD genes 13) cloned into the
histidines within the N-terminal region of tle-subunit pUC19 vector {4). Plasmid pDB280 DNA was digested

DJ1003 same as DJ995 but also contains an insertion and deletion . . . . PP
mutation withinnifd with Agd, and a DNA cartridge encoding eight histidine

DJ1143 same as DJ1141 but also contains an insertion and deletion C0dons was inserted into this site to form pDB944. The
mutation withinnifB unique Agd restriction enzyme site within pDB280 spans
the third and fourth codons afifD. The synthetic DNA

nitrogenase catalysis without also affecting the function of ragments used to form the cartridge that was inserted into

FeMo-cofactor. For this same reason, evaluation of pertur- PPB280 to construct pDB944 have the following se-
bations in the P cluster environment caused by amino acid duences: ®GGTCATCACCATCACCACCATCACCACTS

substitutions cannot be made with complete confidence that2nd SCCGGAGTGGTGATGGTGGTCGATGGTGATGAS

new spectroscopic or catalytic features have not been elicited! "€ 9ene cartridge contained within th#D coding region

by an attendant alteration in FeMo-cofactor or its polypeptide ©f PDB944 was then transferred to th&. vinelandii
environment. Finally, we have found that many of the chromosome by double-reciprocal recombination events that

potentially most interesting MoFe proteins altered by site- 0¢Curred during transformation using pDB944 as the donor
directed mutagenesis cannot be characterized owing to theif®? VA Procedures for transformatio§) and gene replace-
lability during the standard purification procedure, which Ment (6, 17 were performed as previously described.

involves a heat step and strong ion-exchange chromatography>!"
9, 10. P g g grap )ﬁ) KmR?1 using pDB218 as the donor DNA. Plasmid

pDB218 contains a portion of th&. vinelandii nifB gene
cloned into the pUC7 vector. Plasmid pDB218 also has an
internal portion of thenifB gene sequence deleted and
replaced by a Kigene cartridge. The portion of tmifB
gene deleted in pDB218 is flanked WypH restriction

One possible way to circumvent these problems would
be to isolate an FeMo-cofactorless form of the MoFe protein
that contains intact P clusters and can be activated by the
simple addition of isolated FeMo-cofactor. To be useful for
the approaches described above, it is necessary that such ) ) o
protein be amenable to isolation in sufficient quantities for enzyme S't.GSl(B)' The plasm|_d used for initiating construc-
detailed catalytic, kinetic, and spectroscopic analyses. In thetion of strain D‘?995 was designated pD8875. It contains a
present work, site-directed mutagenesis and gene-replacemel%9 kbSal restriction enzyme fragnjen_t that |ngludes all of
techniques were used to construct MoFe proteins thatn'fD' as well as portions of the flankingfH andnifk genes

: ; i 13), cloned into the pUC119 cloning vectdr9). Plasmid
respectively contain poly-histidine sequences near the N- or( X T :
C-terminus regions of theioi-subunits. An immobilized pDB875 was dlge_st_eo! witklindill, and a DNA c_artrldg_e .
metal-affinity chromatography (IMAC) based technique was encoding seven histidine codons was inserted into this site
developed for the rapid and gentle purification of these MoFe to form _?[I)DBSZd?. Thfglin'qu:{'zggl S'_}_?] within EDBSTDSNA
proteins. Gene-directed mutagenesis was also used tgoPansnitib- codons an ' e synthetic

I . - . ; fragments used to form the cartridge had the following
construct derivatives of these strains which are inactivated ;
for nifB gene function. It has previously been shown that sequences:'BGCTCACCACCATCACCACCACCATGCS

MoFe protein fromnifB-deficient mutants does not contain and SAGCLGCATGQTG dGTGhGTGmngDGGLGGTG?f Thef
FeMo-cofactor but does contain other metal clusters, pre-gene cartridge contained within t coading region o

sumably P clusterslq, 12. The same IMAC-based method pDB827 was then transferred to theinelandiichromosome
described above Was’alsé used to purify “apo-MoFe protein” by double-reciprocal recombination events that occurred

. - : : : . during transformation using pDB827 as the donor DNA.
from thesenifB-deficient strains. The catalytic and biophysi- : .
cal properties of the MoFe proteins produced in the presentitri'n DJlO(?BVZ\I?S conﬁtru dcted blyj/l\ﬁrAansformmg DJ995 to
work are described. m™ using p as the donor ’

EXPERIMENTAL PROCEDURES 1 Abbreviations: Kn<, kanamycin resistance; EPR, electron para-

. . . . . . magnetic resonance; IDS, indigosulfonic acid, indigo disulfonate, indigo
Strain Constructions and DNA Biochemistr§ive dif- carmine; PMSF, phenyimethyl sulfonyl fiuoride; I-AEDANS\-

ferentAzotobactewinelandii strains were used in the present  iodoacetylN'-(5 sulfo-1-naphthyl)ethylenediamine; DTT, dithiothreitol;

work (Table 1). These include the following: (i) the high- PAIfGtE, m%%w'amldsl_geé elet;tr|0pfffl_otg/sns;h SDS{ Sodll?]mN g%decyl
; ; By ; g sulfate; , immobilized metal-affinity chromatography?,

frequency tranSforml.n@' Umelar.]d" wild-type strain des cluster in the as-isolated all-ferrous staté&’, R cluster that is oxidized

ignated DJ (the strain from which all other mutants were py one electron relative to theé'Rtate; P*, P cluster that is oxidized

ultimately derived); (ii) a strain that has eight histidine codons by two electrons relative to the'Pstate.

placed between the third and fourth codons of e 2The term “apo-MoFe protein” has historically been used to

. - . . designate MoFe proteins producedrfE, nifN, nifB, or nifH mutants
vinelandii wild-type nifD gene (DJ1141) (TheifD gene that do not contain FeMo-cofactor. However, the term “apo” is a

encodes the MoFe proteia-subunit (3).) (iii) a strain misnomer because these proteins still retain some form of the P cluster.
derived from DJ1141 that also contains an insertion and It has been previously shown that the properties of apo-MoFe proteins
deletion mutation within theifB gene (DJ1143); (iv) a strain  Produced b%’”r']fE' nifN, or ”'(ij mutanis are not the same as the
that has seven histidine codons placed between codons 48£,rOIDertIes of the proteins groduced byiél mutant (). In the present

a p ork, apo-MoFe protein refers to the form produced lyfB-deficient

and 482 of the wild-typaifD gene (DJ995); and (v) a strain  strain, unless otherwise designated.
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Cell Growth and Protein Purification. Avinelandiicells protein control samples followed the same steps with or
were grown at 30C in a 150-L custom-built fermenter (W.  without the addition of isolated FeMo-cofactor. FeMo-
B. Moore, Inc. Easton, PA) in modified Burk mediur0j cofactor-treated protein was then assayed by the addition of

containing 1quM Na;MoO, and 10 mM urea as a nitrogen 450ug of purified Fe protein. The samples were incubated
source. Cultures were sparged with pressurized air (80 L/minfor 8 min with gentle shaking in a 3T water bath, and the

at 5 psi) and agitated at 125 rpm. When the cell density reaction was terminated by addition of 260 of a 0.4 M
reached~220 Klett units (red filter), cells were de-repressed EDTA solution. H production was monitored by injection
for nif gene expression by concentration (6-fold) using a of 200uL of the gas phase into a Shimadzu (Kyoto, Japan)
custom-built AG Technologies (Needham, MA) tangential- GC-14 equipped with a Supelco 80/100 molecular sieve 5A
flow concentrator and resuspension in Burk medium with column and a TCD detector. Acetylene reduction assays
no added nitrogen sourc2l). Harvested cells were stored were performed under a 10% acetylene atmosphere and
at —80 °C until used. All protein manipulations were monitored using a Hewlett-Packard (Avondale, PA) 5890A
performed under anaerobic conditions maintained using eithergas chromatograph equipped with an@d capillary column

a Schlenk apparatu9)(or an anaerobic glovebox. and a FID detector.
Crude extracts were prepared by the osmotic shock method MgATP hydrolysis was determined by a colorimetric assay
(22) in a degassed buffer that contained 25 mM FHECI (27) that measures the rate of creatine produced from the

(pH 7.9) and 1 mM sodium dithionite. For crude extract MgATP regenerating system used in the activity assay
preparation, the buffer also contained 0.2 mM PMSF to samples described above.
inhibit protease activity. Prior to purification, the extracts = Metal Analysis Fe was quantitated by thea' bipyridyl
were brought to 500 mM in NaCl by the addition of method 28), and Mo was quantitated by inductively coupled
degassed, granular NaCl. Approximately 360 g of cells (wet plasma emission (Utah State University, Soil Testing Labo-
weight) was processed for each purification. Poly-histidine- ratory).
tagged proteins were purified using immobilized metal- Chemical Modification of Cysteines The alkylating
affinity chromatography (IMAC) and DEAESepharose reagent, -AEDANS, was used to determine if the apo-MoFe
anion-exchange chromatography (Amersham-Pharmacia, Pisprotein has solvent-exposed sulfhydryl groups. For this
cataway, NJ). Column eluents were monitoreé\at using analysis 13Qug of protein was brought up to a volume of
a Pharmacia UV-1 optical detector and control unit (Amer- 40 uL by the addition of 0.5 M TrisHCI, pH 8.0, 1 mM
sham-Pharmacia, Piscataway, NJ). sodium dithionite. The alkylation reaction was initiated by
Cell extracts were loaded onto a Zn(ll)-charged IMAC addition of 10uL of a 10 mM I-AEDANS solution to the
column (90 mL of resin in a 2.5 cm 30 cm column) using  protein sample followed by incubation at room temperature.
a peristaltic pump. After loading the extract, the column The alkylation reaction was terminated at specific time points
was washed with three column volumes of Buffer A (25 mM by the addition of 1QuL of a 1.0 M DTT solution to the
Tris—HCI, pH 7.9, 500 mM NacCl, 1 mM sodium dithionite) sample. Approximately 189 of I-AEDANS-treated protein
containing 40 mM imidazoleHCI. The protein that re-  was then loaded onto an SBBAGE gel @4) to separate
mained bound to the column was then eluted using Buffer the individual protein bands and to remove excess I-
A containing 250 mM imidazoteHCI. The eluted protein ~ AEDANS. Protein alkylation was visualized by UV il-
was collected and diluted 8-fold in a degassed buffer (25 lumination of the PAGE gel prior to staining with Coomassie
mM Tris—HCI, pH 8.0) containing 1 mM sodium dithionite.  brilliant blue.
The diluted protein was then loaded onto a DEAE UV/Vis Absorption SpectroscapyJV/Vis spectra were
Sepharose column (30 mL of resin in a 1.5 eml15 cm collected on a Hewlett-Packard 8452A diode array spectro-
column) and eluted using a linear NaCl gradient (2600 photometer. The samples were prepared by passage over a
mM NacCl over 5 column volumes). Proteins eluted and were Sephadex G-25 column to remove sodium dithionite or a
collected at approximately 250 mM NaCl. Proteins were Dowex 1X8-100 ion-exchange column (Sigma, St. Louis,
concentrated using an Amicon concentrator (Beverly, MA) MO) to remove IDS. The samples were sealed inside a 1
fitted with a YM100 filter. Protein was quantitated by a cm path length quartz cuvette under anoxic conditi@®}. (
modified biuret method using bovine serum albumin as the The final protein concentration was 1.2 mg/mL for all
standard Z3), and protein purity was monitored by SBS  samples.
PAGE electrophoresi4). The final purified product was EPR and Redox Titrations of MoFe Protein and Apo-MoFe
pelleted and stored in liquid nitrogen until used. Protein. EPR spectra were recorded on a Bruker (Freemont,
The Fe protein used in all experiments did not possess aCA) ESP300E spectrometer equipped with a dual mode
poly-histidine tag and was purified from wild-typA. cavity and an Oxford (Concord, MA) ESR 900 liquid helium
vinelandii cells using standard methodS, (25. The Fe cryostat. Unless otherwise noted, all spectra were recorded
protein used in these studies was found to be electrophoreti-as follows: Parallel mode spectra were recorded at 12 K
cally pure as demonstrated by a single band migrating onwith a microwave power of 10.1 mW, a microwave
SDS-PAGE gels 24). frequency of 9.39 GHz, a modulation amplitude of 8.0 G, a
Assays.Nitrogenase assays were performed as previously modulation frequency of 100 kHz, and a time constant and
described 10, 295. FeMo-cofactor was extracted into NMF  a conversion time of 10.24 ms each. In each case, the final
and concentrated as previously describ2é).( For apo- spectrum was the sum of 20 scans. EPR spectra acquired
MoFe protein activation experimentsub of isolated FeMo- in perpendicular mode were recorded at 12 K with a
cofactor (0.31 mg/L in Fe, 0.05 mg/L in Mo) was added to microwave power of 6.36 mW, a microwave frequency of
50ug of purified apo-MoFe protein and allowed to incubate 9.64 GHz, a modulation amplitude of 8.0 G, a modulation
for 5 min with gentle shaking in a 3T water bath. MoFe  frequency of 100 kHz, and a time constant and a conversion
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time of 10.24 ms. For each case, the final spectrum wasdithionite was removed from the reduced, as-isolated,

the sum of 10 scans.

Potentiometric redox titrations were performed essentially
as previously describe®@). Protein samples were prepared

proteins and exchanged into a 50 mM HEPES buffer, pH
7.4, by passage over a Sephadex G-25 column. Oxidized
Fe protein was generated by treating the as-isolated Fe

for redox titrations by first passing them over a Sephadex Protein with increments of a 25 mM IDS solution until a

G-25 column equilibrated with the appropriate buffer and at
the required pH value. For all redox titrations, the redox
mediators flavin mononucleotiddef, = —172 and—238
mV), benzyl viologen E, = —361 mV), and methyl
viologen En, = —440 mV) were used at final concentrations
of 50uM each. The redox potential of the titration solution
was adjusted by the addition of small aliquofsao2 mM
sodium dithionite solution or an oxidized 25 mM IDS
solution. At defined potentials, 25@L aliquots were
removed from the titration solution and were immediately
frozen in calibrated quartz EPR tubes (Wilmad Co., Buena,
NJ). The final concentration for each protein sample
analyzed was approximately 7Z81. The reference electrode

persistent blue color was observed. IDS was then removed
by passing the sample over a Dowex anion-exchange column.
Experiments were performed using a Hi-Tech SF61 stopped-
flow spectrophotometer, equipped with a computer-controlled
data acquisition and analysis package (Hi-Tech, Salisbury,
Wilts, UK). The SHU-61 sample handling/mixing unit was
kept inside an anaerobic glovebox, and temperature was
maintained at 22.4 0.1 °C with a Techne C-85D closed
cycle water circulator attached to a Techne FC-200 flow
cooler (Techne Ltd., Duxford, Cambridge, U.K.). For each
experiment, syringe A contained 4M IDS-oxidized Fe
protein, 40uM MoFe protein, 5 mM MgADP, and 200 mM
NaCl in a 50 mM HEPES buffer, pH 7.4, and syringe B

was a Ag/AgCI microelectrode calibrated against a standardcontained 200uM reduced Fe protein, and 10 mM Na
calomel electrode. The electrode calibration was confirmed dithioninte in 50 mM HEPES buffer, pH 7.4. For those

by performing a redox titration of MoFe protein at pH 8.0,
which has a knowrE,, = —309 mV (vs NHE) 81). All
potentials are reported relative to the normal hydrogen
electrode (NHE).

For analysis of the titration data, the relative concentration
of the P state of the P cluster was quantified from the peak-
to-baseline height of th8 > 3 parallel mode EPR signal at
g =11.8 @, 31, 32. Normalized signal intensities were
determined by comparing each signal intensity to the
maximum intensity observed at positive potentials. The

experiments involving apo-MoFe protein, identical experi-
mental conditions were used except that MoFe protein was
replaced with apo-MoFe protein.

The rate constant for primary electron transfer from the
reduced Fe protein to the MoFe protein was also determined
using stopped-flow and was monitored by an increagejn
that occurs as the Fe protein becomes oxidized during
turnover. For these conditions, the apparent first-order rate
constant of primary electron transfer can be determined by
fitting the data to a single-exponential functid3b( 39. In

relative signal intensities were plotted against the applied these experiments syringe A contained.20 MoFe protein,
potential, and each data set was fit to the Nernst equation10 mM MgATP, and 10 mM sodium dithionite in 50 mM

for a one-electron transfeBJ).

Activation of Apo-MoFe Protein as Monitored by EPR
The same apo-MoFe protei-eMo-cofactor ratio used in
the activation assays described abovey§® uL) was used
to examine the EPR of apo-MoFe protein activated by FeMo-
cofactor. A 250uL sample of 36.5 mg/mL apo-MoFe
protein was diluted into 183 mL of 25 mM HEPES, pH 7.4,
and 1 mM sodium dithionite. Isolated FeMo-cofoactor (total
volume 1.8 mL) was then slowly added to the solution with
gentle mixing. Afte a 5 min incubation at 30C, the mixture

was loaded onto a DEAE Sepharose column (10 mL resin,

0.5 x 20 cm column) equilibrated in 25 mM TrdHCI, pH

8.0, and 1 mM sodium dithionite. Excess FeMo-cofactor
was removed by washing the column with 3 volumes of 100
mM NaCl, 25 mM Tris-HCI, pH 8.0, and 1 mM sodium
dithionite. FeMo-cofactor-treated MoFe protein was then
eluted using a linear salt gradient of 26800 mM NaCl
over 4 column volumes. A 256L sample of the reconsti-
tuted protein (6 mg/mL) was loaded under anoxic conditions

HEPES buffer, pH 7.4, and syringe B contained:80 Fe
protein and 10 mM sodium dithionite in 50 mM HEPES
buffer, pH 7.4.

Complex Formation Two different methods were used
to assess complex formation between the Fe protein and
different forms of the MoFe protein. One method involved
the use of an altered Fe protein that is deleted for residue
Leu'?” (AL127 Fe protein) 37). The second method
involved the use of a phosphate analogue, sAlFand
MgATP to capture the Fe proteirMoFe protein complex
(38, 39. In both types of experiments, a Superose-12 gel
exclusion column (Pharmacia, Piscataway, NJ) equilibrated
in 100 mM MOPS buffer, 25 mM Tris, pH 7.3, 100 mM
NaCl, and 2 mM sodium dithionite was used for chroma-
tography. The column eluent was monitored using a
Pharmacia UV-1 detector and control unit (see above). Fe
protein and MoFe protein were added in a 4:1 molar ratio

for both types of experiments.

Electron Transfer to the Apo-MoFe Proteifo determine

into a quartz EPR tube, and the EPR spectrum was recordedf the Fe protein is able to transfer electrons to the oxidized

as described above.

Stopped-Flow SpectrophotometryThe apparent rate
constant for the dissociation of the Fe proteiioFe protein
complex was determined from stopped-flow experiments by
measuring the decrease Agzo during the transition of Fe

P clusters of the apo-MoFe protein, EPR spectroscopy was
used to monitor the signals from the nitrogenase metal

clusters. For these experiments all proteins were exchanged
into a 50 mM MOPS buffer, pH 7.0, that contained 2 mM

sodium dithionite. MoFe and apo-MoFe proteins were first

protein from an oxidized to a reduced state as it dissociatesoxidized with IDS which was then removed by passing the

from the MoFe protein and is reduced by sodium dithionite sample over a Dowex anion-exchange column.

(34). Rate constants were determined by fitting the data to

Sodium
dithionite was removed from the Fe protein by passage over

a single-exponential function. For these experiments, sodiuma Sephadex G-25 column. Proteins were prepared in an Fe
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protein—MoFe protein ratio of 2:1 in the presence of either parameters: (i) proton reduction specific activity (2600
2.5 mM MgATP or MgADP. Samples of the individual 2400 nmol of H formed min! mg of MoFe protein?), (ii)
MoFe/apo-MoFe proteins, together with Fe protein and the acetylene reduction specific activity (1862100 nmol of
appropriate nucleotide, were flash-frozen in a hexane/liquid acetylene reduced mih mg of MoFe protein?), (iii) rate
nitrogen slurry and monitored by EPR. For parallel mode of MgATP hydrolysis observed in hydrogen- or acetylene-
EPR, each plot shown is the sum of 40 scans collected at 17reduction assays (4.5 MgATP hydrolyzed/each 2 e

K with a microwave frequency of 9.4 GHz, a microwave transferred to product), (iv) the amount of Fe protein needed
power of 20.1 mW, a modulation amplitude of 12.6 G at a to achieve half the maximum activity (25.2 uM of Fe
frequency of 100 kHz, and a conversion time and a time protein per approximately 0.42V of MoFe protein used in
constant of 20.48 ms. For perpendicular mode EPR, thea 1.0 mL assay), (v) rate constant of primary electron transfer
spectra are the sum of 50 scans collected at 17 K with afrom the Fe protein to the MoFe protein (32060 s'1), (Vi)
microwave frequency of 9.64 Ghz, a microwave power of Fe protein-MoFe protein dissociation rate constant (4.4
10.1 mW, a modulation amplitude of 8.0 G at a frequency 6.5 s1), (vii) presence of the characteristic= %/, perpen-

of 100 kHz, and a conversion time and a time constant of dicular mode EPR spectrum indicative of the FeMo-cofactor

20.48 ms. (g=4.3, 3.7, 2.0,41], see Figure 4), (viii) presence of the
characteristic parallel mode EPR spectrum indicative of
RESULTS oxidized P clusters @, g~ 11.8, B, 31, 32, see Figure 5)

and, (ix) all three MoFe proteins also exhibited the ability
to form a tight complex when incubated with the Fe protein
in the presence of MgATP and AIF or when incubated

Purification and Characterization of Poly-Histidine-
Tagged MoFe Proteins. Two mutant strains were con-

structed for which IMAC-based methods could be applied \yi A| 127 Fe protein. There is some variation from certain
to MoFe protein purification (Table 1). One of these mutants , hjished values determined by different investigators be-
(DJ1141) has eight histidine codons inserted between the ;56 most kinetic and catalytic parameters of nitrogenase

third and fourth codons of theifD gene and produces a depend on the protein concentration, the assay pH, the
modified MoFe protein that has a histidine tag located near component protein ratios, and the salt concentratit-(

the N-terminus of each of ita-subunits. The other strain ; ; ;

o . X 45). All three MoFe protein types characterized in the
(DJ995) has seven histidine codons |nse_rt'ed betwign __present work were examined under identical experimental
codons 481 and 482 and produces a modified MoFe proteingqgitions for each parameter tested. Thus, a lack of a

having a histidine tag located near the C-terminus of each g hqiantial difference for any of the catalytic, kinetic, or

of its a-subunits. A third strain was constructed that gpectroscopic features measured for the three forms of MoFe
produces a modified MoFe protein containing the same poly- yqtein characterized here indicates that neither of the poly-

histidine stretch within the C-terminal region of the MoFe gtigine-tagged versions of the MoFe protein are appreciably
protein o-subunits as DJ995, but it also contains a factor itrarent from the normal MoFe protein in terms of their
Xa cleavage site (lle-Glu-Gly-Arg) preceding the poly- caavtic or biophysical properties. This conclusion is further

histidine-tagged sequences. However, MoFe protein pro-g,nqorted by the observation that strains DJ, DJ1141 (N-
duced by this strain could not be cleaved by treatment with tag), and DJ995 (C-tag) all exhibit the same diazotrophic

factor Xa protease under anaerobic conditions that includedgrowth rates. Because strains DJ1141 (N-tag) and DJ995

_the presence qf 1.0 mM sodium dithionite in the buffer, so (C-tag) produce proteins having nearly identical properties,
it was not studied further. only strain DJ1141 (N-tag), and derivatives thereof, were
MoFe proteins that contained poly-histidine tags at either studied further in the present work.
the N-terminal or C-terminal regions of their respective  |MAC Purification of Apo-MoFe Protein Strain DJ1141
a-subunits were isolated from crude extracts of nitrogenase-(N-tag) was used as the parenta| strain to construct a mutant
derepressed DJ1141 (N-tag) or DJ995 (C-tag) cells using astrain deleted fonifB (DJ1143). Previous work has shown
simple four-step procedure that includes the following: (i) that MoFe protein produced from this genetic background
passing approximately 30 g of crude extract protein over a does not contain FeMo-cofactor, but does contain other metal
Zn(ll)-charged IMAC column, (i) washing the column with  centers, presumably P clustedsl( 12, 26 (MoFe protein
Buffer A containing 40 mM imidazole, (iii) eluting the bound  that does not contain FeMo-cofactor is referred to as apo-
protein with Buffer A containing 250 mM imidazole, and MoFe protei). Hereafter, MoFe protein will refer to the
(iv) DEAE—Sepharose ion-exchange column chromatogra- poly-histidine-modified form produced by strain DJ1141 (N-
phy. The entire procedure can be completed in about 12 htag), and apo-MoFe protein will refer to the poly-histidine-
and routinely yields approximately 1.2 g of electrophoreti- modified form produced by DJ1143. By using the same
cally pure MoFe protein for each 30 g of crude extract protein |MAC-based approach described above, it was possible to
processed. Also, the heme-containing protein that is often pyrify approximately 400 mg of apo-MoFe protein/30 g of
found as a persistent contaminant in preparations of MoFe 31143 crude extract protein processed. Figure 1 shows an
protein when traditional chromatography methods are usedSpS-PAGE gel for a typical purification of apo-MoFe
(40) is not found when MoFe protein is isolated using the protein. Metal analyses of purified apo-MoFe proteins

IMAC-based method described here. yielded~13 Fe atoms/tetramer and no detectable molybde-
MoFe protein isolated from extracts of the wild-type DJ num.
strain by using the traditional purification protocd, (10 Time-Dependent Alkylation of MoFe Protein and Apo-

was compared to poly-histidine-tagged MoFe proteins puri- MoFe Protein Figure 2 shows a comparison of the time
fied using the IMAC-based method. These comparisons course for alkylation of MoFe protein and apo-MoFe protein.
include the following catalytic, kinetic, and spectroscopic For the apo-MoFe protein, there is already some apparent
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FIGURE 1: SDS-PAGE for the IMAC purification of apo-MoFe ~ FIGURE 3: UVIVis spectra of the apo-MoFe protein and MoFe

protein (DJ1143). Proteins were separated using-SPSGE with protein. Spectra of the as-isolated (solid line) and IDS-oxidized
a 4% stacking gel and a 20% running gel and then stained with (dottéd line) apo-MoFe protein. Also shown is the UV/vis spectrum
Coomassie brilliant blue: lanes 1 andM, standards, (from top:  ©f the MoFe protein in the as-isolated (dastot) and IDS-oxidized

phosphorylase b, 97 400; serum albumin, 66 200; carbonic anhy- (dashed) forms. Before taking the spectra, sodium dithionite or IDS
drase, 31 000; soybean trypsin inhibitor, 21 500 lysozyme, 14 400); Was removed by anaerobic buffer exchange using either a G-25
lane 2, sample of crude extract that was loaded onto the IMAC Column or @ Dowex strong anion-exchange column, respectively.
column: lane 3, IMAC column flow through: lane 4, IMAC column  FTOt€in concentrations were maintained at 1.2 mg/mL for each
eluent from Buffer A, 20 mM imidazoleHCl wash; lane 5, protein ~ SPECtrum. The inset shows the 35100 nm visible region with
collected from the Buffer A, 250 mM imidazoteHCl elution; lane they-axis converted to units of absorption coefficieal. (
6, purified apo-MoFe protein from DEAE column fraction. For lane
2 the amount of protein loaded was30 u«g, and for lane 6 the . .
amount of protein loaded was10 ug. For the other lanes the th_e same sample to air, thzo showed a 7-fold increase
amount of protein loaded was not determined. within one minute.

UV/Vis Spectroscopic Properties of Apo-MoFe Protein

A B Isolated apo-MoFe protein has a distinct maroon color that
is readily distinquished from the greenish-brown color of
TEE=E=E=ET fT====Ss=S purified MoFe protein. The UV/vis spectra of the reduced,

as-isolated, and IDS-oxidized, forms of the MoFe protein
-—a and the apo-MoFe protein are shown in Figure 3. The

respective spectra of the MoFe protein and the apo-MoFe

protein are essentially featureless in the 3300 nm range.

FiIGUrRe 2: Time course for the alkylatlon of the isolated MoFe For the apo_MoFe prote”']’ the amp“tude |n the V|S|b|e range

protein and apo-MoFe protein. Coomassie-stained-SBEXSGE gels . .
of MoFe protein (panel A, top) and apo-MoFe protein (panel B, is lower when compared to that for the MoFe protein. The

top) treated with I-AEDANS as described in the Experimental INSet to Figwe 3 shows that at 400 nm, the reduced apo-
Section. Each lane was loaded witli0 ug of I-AEDANS-treated MoFe protein has ags0 = 35.5 mM* cm™%, whereas the
protein. The leftmost lane in both gels is a control, where the MoFe reduced MoFe protein has amo = 62.3 mM* cm™ (47).
protein or apo-MoFe protein was not treated with I-AEDANS, and Another property is that the respectisgo values for neither

the lanes that follow correspond to 1, 5, 10, 15, and 30 s I-AEDANS . . .
incubations, respectively. The SDSAGE gel of MoFe protein  the @po-MoFe protein nor the MoFe protein appreciably

(panel A, bottom) and apo-MoFe protein (panel B, bottom) was change upon their oxidation by ID&§).
visualized with UV light prior to Coomassie staining. The apo- Activation of Apo-MoFe Protein.The as-isolated apo-
MoFe protein alkylates rapidly, while the MoFe protein is not \joFe protein does not exhibit tf&= 3, EPR signal that is
g_gggfggu&n&]?&Z?Zr:z:]'Ejn25’5_2{/?3#?53?;%202;%“5}?:tgd by Characteristic of the MoFe protein o isolated FeMo-cofactor
arrows for the SDSPAGE gels in both panels. (41, 49, a result that is consistent with the expectation that
apo-MoFe protein does not contain any FeMo-cofactor
(Figure 4A). This result is also consistent with metal
alkylation after ory 1 s of-AEDANS treatment (Figure 2,  analyses that failed to detect any Mo associated with the
panel B). However, even after a 30 s I-AEDANS treatment, as-isolated apo-MoFe protein. Although there isSw 3/,
intact MoFe protein does not show any modification (Figure EPR signal present in the as-isolated apo-MoFe protein, there
2, panel A). These results are consistent with those reportedis anS = 1/, signal that is recognized in thgg= 2 region
by Magnuson, et al46) who showed that apo-MoFe protein  and that disappears completely above 30 K. Spin quantita-
has two cysteines (residuesCys-45 anda-Cys-275) that tion of this species revealed that it is a very minor component
are readily alkylated, whereas the intact MoFe protein is not representing less than 0.05 spins/apo-MoFe protein.
susceptible to rapid alkylation. In a separate experiment, a Apo-MoFe protein could be activated by the addition of
20 min, anoxic incubation of isolated apo-MoFe protein (7.3 isolated FeMo-cofactor to yield a MoFe protein that exhibits
uM in 1 mL) with a 1 mMa,a’ bipyridyl solution did not an S = %/, EPR signal that is identical in line shape amd
resultin a change in thds,, Thus, the iron contained within  values to the isolated MoFe protein (Figure 4B) and does
the intact apo-MoFe protein is not accessible to the metal- not exhibit the broad spectral features seen in the EPR of
chelating reagent., o’ bipyridyl. However, upon exposing isolated FeMo-cofactord@). As discussed below, a small
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T T T all the proteins were purified in the present work, theé P
205 EPR signal cannot be observed because #i#Pand P/
P redox couples exhibit the same midpoint potentials

x 1.92
° ¢ (—309 mV, [31]). The P signal was initially observed for
188 a MoFe protein sample prepared in a pH 7.4 buffs)(
A o~ and recent work has shown that th& " redox couple is

pH-dependentH1). Thus, by exchanging the protein into a
pH 7.4 buffer, and poising the sample at a defined potential,
both forms of the oxidized P cluster from the MoFe protein
B can be observed (Figure 5, A and B, trace 2). For similarly
treated apo-MoFe protein, both of thé"Rind P signals,
having the sam@ values and line shapes as those of the
corresponding intact MoFe protein signals, can be recognized
(Figure 5, A and B, trace 1). The spectra shown in Figure
5B represent the maximum observed intensity of thée P
signal for the samples run. However, each sample had to
c be poised at a different potential for these spectra (see legend
to Figure 5) which suggested that the midpoint potentials
for the metal cluster in the apo-MoFe protein may be
different from that observed in the MoFe protein. Differ-
ences between the spectra shown in Figure 5B are due to
! ! ! ! ! | the contribution of thg = 2 feature from the FeMo-cofactor
1500 2000 2500 3000 3500 4000 S = 3, signal in the MoFe protein sample, and the
Field (Gauss) contribution of a mediator-derived radical signabat 2 in
FIGURE 4: Activation of apo-MoFe protein observed using EPR. the apo-MoFe protein sample. As discussed below, tiie P
(A) Perpendicular mode EPR of the apo-MoFe protein (36.5 mg/ P*" redox couple for the apo-MoFe protein is shifte3
mL, 10 scans). The inset in the upper right corner is<abfow-up mV relative to the intact MoFe protein. Thus, a correspond-

of the gay = 1.95 signal with the associateglvalues shown. (B) _ g mediator-derived radical signal is not recognized for
Perpendicular mode EPR spectrum of the activated apo-MoFe. tact MoF tein b th " |
protein (6 mg/mL, 30 scans), activated as described in the text. Infact Moé protéin because he respectivé samplies were

(C) EPR of MoFe protein (62.7 mg/mL, 10 scans). All spectra have Poised at different potentials.
been amplitude corrected for protein concentration (and also for By monitoring the amplitude of the?’P EPR signal at pH
T 15 e B oo o plmatrg 3.0 e midpaint potental or (hFEredox coupe can
power 6.36 mW (with the exception of the MoFe pgr]o?ein sample, b_e measured by pe_rformlng a mediated re_dox_tltratlon.
which was at 0.201 mW), receiver gain 51 10¢, modulation Figure 6 shows titration data with corresponding fits to the
frequency 100 kHz, and modulation amplitude 12.6 G. Nernst equation for a single electron transfer. The MoFe

protein Nernst fit yields a midpoint potential 6f314 mV

for the PY/P>* couple, a value that is consistent with previous
S =1, EPR signal that is present in the as-isolated apo- reports 62). In contrast, the apo-MoFe protein Nernst fit
MoFe protein persists in the FeMo-cofactor-treated sample. renders a midpoint potential 6377 mV, which represents
The activated protein has a specific activity of 1600 nmol 3 —63 mV shift relative to the MoFe protein.
of H, formed min* mg °" apo-MoFe protein'. The apo- Fe Protein-Apo-MoFe Protein Interactionsincubation
MoFe protein did not exhibit any proton- or acetylene- of the MoFe protein with Fe protein, sodium dithionite, and
I’edUCtiOI’l aCtiVity pl’ior to FeMO'COfaCtor addltlon MoFe MgATP under an argon atmosphere results in the reduction
protein isolated from DJ1141 (N-tag) typically has a specific of protons with approximately-45 MgATP hydrolyzed for
activity of 2000 nmol of H formed min* mg of MoFe  each H evolved @4). The maximum rate for kevolution
proteim?, so the activation achieved by FeMo-cofactor catalyzed by the isolated MoFe protein produced by strain
addition represents about 80% of the theoretical activation pj1141 (N-tag) was approximately 2000 nmol offermed
value. Attempts to enhance the FeMo-cofactor-dependentmin-1 mg of MoFe protein® with a corresponding MgATP
activation of apo-MoFe protein by the addition of either hydrolysis rate of 9800 nmol of MgATP hydrolyzed min
dithiothreitol or Fe protein, with or without MgATP, were mg of MoFe protein' (4.9 MgATP/2¢). Incubation of apo-
not Successful. S|m||ar|y, the a.ddition Of Crude extracts from MoFe protein under the same Cata|ytic Conditions resu'ted
a AnifHDK strain also failed to enhance the activation of i no H, evolution, but MgATP hydrolysis occurred at a rate
apo-MoFe protein. of 5900 nmol of MgATP hydolyzed mirt mg of apo-MoFe

EPR Spectroscopic Properties of Apo-MoFe Protéeimvo protein t, which is about 60% of that supported by the MoFe

EPR signals have been reported that represent two differentprotein. No MgATP hydrolysis was catalyzed by the apo-
oxidation states of the P cluster. One of these signals arisesVloFe protein in the absence of the Fe protein.
from the one-electron oxidation of the P clustet(Btate) Another way to examine the interaction of the nitrogenase
and can be recognized by a rhombic signal in perpendicularcomponent proteins is to measure the apparent first-order
mode EPR withg values of 2.05, 1.94, and 1.8%0). The rate constant of dissociation using stopped-flow spectroscopy.
other signal arises from the two-electron oxidized forfi" (P As described in the Experimental Section, the dissociation
state) and can be recognized bga® 11.8 peak observed rate constant of the component proteins can be indirectly
in parallel mode EPRg; 31, 33. AtpH 8.0, the pH atwhich  measured by determining the rate of sodium dithionite-

dA/dt
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FIGURE 5: EPR spectra of the?P and P+ states of the P cluster in apo-MoFe and MoFe protein. Representative spectra taken from the
redox potential titrations performed as described under experimental methods. (Panel A) Spectra for IDS-oxidized apo-MoFe (trace 1) and
IDS-oxidized MoFe proteins (trace 2) in parallel mode at pH 8.0. The MoFe proteisighal intensity was adjusted for protein concentration.

(Panel B) Spectra for the IDS-oxidized apo-MoFe proteit3@6 mV) (trace 1) and MoFe proteir-230 mV) (trace 2) in perpendicular

mode at pH 7.4. The®P signal is indicated by “a” in the figure. The radical signal exhibited in the apo-MoFe protei3460 G arises

from the mediator solution (as described in results), while the dip observed for the MoFe protein in the same region is due to the FeMo-
cofactorS = 3/, signal.

10fET . L for the apo-MoFe proteinAL127 Fe protein was found to

be approximately 1.073.3

Finally, evidence for specific interaction between the apo-
MoFe protein and the Fe protein was obtained by complex
formation, as evaluated by gel exclusion chromatography,
when apo-MoFe protein and Fe protein were incubated in
1 the presence of MgATP and A{F. These results are similar
to those previously reported for the intact MoFe prot&®, (
39), except that trapping of all of the available apo-MoFe
protein, even when incubated in the presence of a large
excess of Fe protein, could not be achieved (data not shown).
In contrast, incubation of a molar excess of Fe protein relative
to the MoFe protein, together with MgATP and Atfk

resulted in the capture of all the available MoFe protein into
I . _ a tight complex composed of 2 bound Fe proteins/each MoFe

FiGURE 6: Redox titration of the P signal from apo-MoFe protein . : .

and the MoFe protein. Redox titrations were performed as describedprOteIn tetramer 3], contro_l experiments performed in the

in experimental procedures. Normalized intensities of the apo-MoFe Present work).  Another difference observed between the

protein @) and the MoFe proteind) P>* EPR signals are plotted  intact MoFe protein and the apo-MoFe protein was that co-

ﬁgamstt the atpplletfll potential (\15 't\lHE)-t Dat? has befn ':‘/IIFJO Fh? incubation of apo-MoFe protein and Fe protein in the

ernst equation for a one-electron transfer event. Midpoin ; ;

potentials are-377 and—314 mV for the apo-MoFe protein and pres_er)tc?_ of '\?I??TP ancli Al‘zllbe]}/t%nd 15 mllr; r'eSdL.JItetd ;E t

the MoFe protein, respectively. precipitation of the sample. All of these results indicate that,

although the apo-MoFe protein is able to interact with the

. . - . Fe protein, this interaction does not appear to be identical
mediated reduction of the oxidized MgADP-bound Fe protein 4 the normal Fe proteinMoFe protein interaction.

as it is released from the MoFe protein. The measured
dissociation rate constant for the MoFe proteffe protein-
MgADP complex is 3.6 &, and the dissociation rate constant

for the apo-MoFe proteinFe protein-MgADP complex is apo-MoFe protein could be detected by stopped-flow spec-

45 s* (Figure 7). The monophasic behavior of the trophotometry. Furthermore, there was neither a loss in the
absorbance decreases observed in Figure 7 indicates that there P y '

is only a single active apo-MoFe protein species interacting
with the Fe protein. In similar experiments, where the 3 The value for the dissociation rate constant forAhe 27 Fe protein
AL127 Fe protein is used in place of the Fe protein, the rate oM the apo-MoFe protein results from the best fit of a single
. o L exponential to the data. For tight protein complexes, the change in
of MoFe proteir-AL127 Fe protein dissociation is too slow  apsorbance is quite small and difficult to fit accurately, so the value

to be accurately measured. The dissociation rate constanteported here is an approximation.

Normalized Intensity (P*")
o
1

0.0 1 1 1 1 1
-150 =200 -250 -300 -350 -400 -450 -500 -550
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Electron Transfer from the Fe Protein to the Apo-MoFe
Protein. No apparent primary electron transfer from the
reduced Fe protein ahL127 Fe protein to the as-isolated
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Ficure 7: Interaction of apo-MoFe protein with Fe protein

monitored by stopped-flow spectrophotometry. The interaction of

the apo-MoFe and the Fe protein was measured using stopped-

flow methods. The apparent first-order rate consténtesulted

from single-exponential fits to the data. Each trace represents the

change inAs30that occurred after mixing a solution containing 200

uM Fe protein and 10 mM sodium dithionite in 50 mM HEPES,

pH 7.4, with a solution containing the following: (trace 1) 201

reduced MoFe protein without sodium dithionite, 20 oxidized L

Fe protein, and 5 mM MgADPk = 3.6 s%, or (trace 2) 2QuM o +MgATP a .

reduced apo-MoFe protein without sodium dithionite, 20

oxidized Fe protein and 5 mM MgADR,= 4.5 s'. (trace 3) The I N

change inAy3pthat occurred after mixing a 10 mM sodium dithionite | | | |

solution with a solution containing 20 mM oxidized Fe protein and

5 mM MgADP, k = 17 s.. For all experiments, the oxidized Fe 1000 ,2000 3000 4000

protein syringe contained 50 mM HEPES pH 7.4, 200 mM NaCl Field (Gauss)

for buffer. FIGURE 8: MgATP-dependent electron transfer from the Fe protein
to the apo-MoFe protein. (Panel A) Parallel mode EPR for IDS-
oxidized apo-MoFe protein with reduced, sodium dithionite-free,

S =1/, EPR signal characteristic of the reduced Fe protein Flf prﬂtgi)nF\)Nith th(ej .adldition %f Mélllfé)r’ (tg]p) or MgATP (|b0tt,0";))- |

; {Pane erpendicular mode or the same samples in Pane

nor the appearance of apy new EPR signals when Fe PI’.OtelrﬁA with the addition of MgADP (top) or MgATP (bottom). As in

and apo-MoFe were co-incubated under turnover condmons.,:igulre 5, theS = Y/, portion of the P* signal is indicated by “a”.

In contrast, MgATP-dependent electron transfer from the Fe

protein to apo-MoFe protein in the’Pstate was detected.

Figure 8 shows the parallel and perpendicular mode EPRDISCUSSION

spectra of samples where IDS-oxidized apo-MoFe protein

(P cluster in the P state) and reduced Fe protein were co-

incubated in the presence of either MgGADP or MgATP. The

top spectrum in panel A of Figure 8 shows the presence of g, of these modified proteins can be rapidly purified
the parallel mode® EPR signal for the oxidized apo-MoFe  y1,gh the application of an IMAC-based procedure and
protein when incubated with Fe protein and MADP, yio|q proteins having the same catalytic, kinetic, and
indicating that there is no electron transfer under these spectroscopic properties of the normal MoFe protein. Thus,
conditions. However, as shown in the bottom spectrum of , ising the IMAC-based approach, both the heat step and
panel A, there is no parallel mod&'FEPR signal inasample  he strong anion-exchange chromatography step, necessary
for which MgATP was substituted for MGADP, indicating  for the traditional purification of MoFe protein8,(10), can

that an electron-transfer event has occurred andthstBte be avoided. By using the appropriately constructed strains
has been reduced. Panel B shows the spectra of theand by applying the same IMAC-based purification proce-
corresponding samples run in perpendicular mode. In theqyre, it is also possible to purify apo-MoFe protein in
top trace of panel B the characterisBc= '/, signature in  concentrations amenable for detailed catalytic and spectro-
the g ~ 2 region for the reduced Fe protein with MgADP  scopic characterizations. Below, the results of the charac-
bound 64) is evident. In the lower trace, the sample for terization of the apo-MoFe protein isolated in the present
which MgADP has been replaced by MgATP, the signal in work are interpreted and discussed in light of the properties
theg ~ 2 region observed in the top trace, has disappearedof other apo-MoFe proteins that have been previously
with the attendant appearance of a new signal haywvejues described.

corresponding to the'Pstate of the P cluster. Thus, electron  Subunit Composition and Aeéition of Apo-MoFe Protein.
transfer from the reduced Fe protein to the IDS-oxidized apo- Purification of apo-MoFe protein from ak. vinelandii nifB
MoFe protein occurs only in the presence of MGATP such mutant has been previously describéd)( There are two
that the P form of the P cluster is reduced to thé&"Rtate. significant differences between the properties of the apo-
Control experiments using the MoFe protein, rather than the MoFe protein described here and the one previously char-
apo-MoFe protein, gave the same results. acterized. The previously described apo-MoFe protein has

I T T

dA/dt
T
-

Two differentA. vinelandii strains were constructed that
produce MoFe proteins having poly-histidine insertions
located at, or near, their respectixesubunit C- or N-termini.
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an of32y2 subunit organization and is reported to be 100% with the apo-MoFe protein, it is unlikely that such a complex
activatable by FeMo-cofactor additiohl), whereas the apo-  would be identified in the present work because, on the basis
MoFe protein described here does not contaimtseibunit of northern analyses and gene fusion experimebtd,(pur
and is activated to 80% of the theoretical value by FeMo- unpublished work), the expressionrofY is much lower than
cofactor addition. There is in vitro evidence thastabilizes the expression of the genes that encode the MoFe protein
apo-MoFe protein and that it assists FeMo-cofactor insertion subunits. As in the case of the protein, the potential
into the apo-MoFe protein5f). It is possible that our  involvement of théA. vinelandii nifYgene product in FeMo-
inability to achieve 100% of the theoretical activation value cofactor insertion or stabilization of the apo-MoFe protein
could be related to the lack of theprotein. will require the purified protein.

There are several possibilities that could explain why there  Spectroscopic Features of the Apo-MoFe Proteithe
is no y-protein associated with the apo-MoFe protein EPR spectrum of the as-isolated apo-MoFe protein is
described here. One possibility is that the poly-histidine featureless except for a min&= 1/, signal in theg ~ 2
insertion located at the N-terminus of thesubunit of apo- region that has line shapey values, and temperature
MoFe protein purified from DJ1143 overlaps théinding dependence very similar to typical [4Fe-4S] clusters (Figure
site and therefore prevents complex formation betwgen 4, [61, 63). This signal, which integrates to only 0.05 spins/
and the apo-MoFe protein. This possibility was examined MoFe protein, disappears upon oxidation of the sample and
by isolating apo-MoFe protein from DJ1003, which carries reappears upon re-reduction by sodium dithionite. The signal
a poly-histidine insertion near the C-terminus of thasub- also persists even after the addition of FeMo-cofactor,
unit. It was determined that this apo-MoFe protein also did although it is somewhat obscured by the contribution of
not contain they-protein. Because the N- and C-termini of FeMo-cofactor to the EPR spectrumgat= 2. Considering
the a-subunit of the normal MoFe protein are separated by the purity of the protein sample, it is unlikely that the
about 40 A in the crystallographic modes@), it seems observedS = Y/, signal arises from a contaminating protein.
unlikely that both C- and N-terminal insertions would A similar S= ¥/, EPR signal attributed to a damaged P cluster
eliminate the ability or need for to interact with the MoFe  or a P cluster precursor has been reported previodsly (
protein. Nevertheless, the three-dimensional structure of the63). This same signal is also present at-8013 spins/mol
apo-MoFe protein is not known, so this remains a reasonablein an apo-MoFe protein produced by#H-deletion mutant
explanation. A second possibility is that the high salt (64). In related work we have purified an apo-MoFe protein
concentration (0.5 M NaCl) present in the early stages of form produced by anifH-deletion strain using the IMAC-
the apo-MoFe protein purification described here, and not based approach and confirmed a previous report that it is
present in the previously described purification protodd) ( different from apo-MoFe protein in that it contains a more
might prevent the interaction of apo-MoFe protein ané significantS = Y/, EPR signal (0.5 spins/mol of apo-MoFe
final possibility is thaty adventitiously binds to the apo- protein) and that it cannot be activated by the simple addition
MoFe protein in the previously described purification of isolated FeMo-cofactorl( 64). We also find that neither
procedure. In this context it is noted that expressiop i the P* nor Pt EPR signals can be elicited by IDS oxidation
not nif-regulated nor does it dissociate from the apo-MoFe of apo-MoFe protein isolated from mifH-deletion strain.
protein upon activation1(l). These possibilities will only ~ On the basis of these observations, we find the proposal that
be resolved once purified is available in large quantities intact P clusters might be formed in a pathway that involves
and the gene encoding can be inactivated in vivo. the fusion of two [4Fe-4S] cubanes an attractive o6, (
Whatever the reason for our inability to fully reconstitute and suggest that the species giving rise toSke !/, signal
the apo-MoFe protein described here, it is clear from the from apo-MoFe proteins produced from eitiméfiH- or nifB-
high level of activation that is achieved, and the appearancedeletion backgrounds represent either incompletely processed
of a normalS= 3, EPR signal upon FeMo-cofactor addition, or damaged P clusters.
that activation of apo-MoFe protein can be accomplished The MoFe protein P clusters have been prepared in five
by the simple addition of isolated FeMo-cofactor and without different oxidation states at pH 8.0, as illustrated beldyg]([

the presence of the-subunit. Also, because the parallel Scheme 2). All eight iron atoms present in the P cluster in
mode P" EPR signal evoked by IDS oxidation of the apo-

MoFe protein shows the same intensity when compared to Scheme 2
IDS-oxidized MoFe protein (when adjusted for protein

concentration), it is not likely that the apo-MoFe protein we Em = 309 MV pl+ Eme = 309 MV

have purified consists of a significant amount of inactivatable e e

species. P2+ Eng=+90mV P+ _, psuperox
There is also am,f2y, subunit organization in the case e

of apo-MoFe protein produced bylebsiella pneumoniae

nifB mutants {2, 57, 58. However, in this organism the the as-isolated MoFe protein are believed to be in thé Fe
y-subunit has been identified as the product ofriti¥ gene, oxidation state, and this form of the P cluster is often referred
and it does dissociate from the complex upon FeMo-cofactor to as P (the N designation refers to the native or as-isolated
insertion 67, 58, in contrast with the stable hexameric form form [65]). There is no direct evidence that the P cluster
previously reported foA. vinelandii (11). There is also a  can be reduced to a lower oxidation state. TRNesfate of
nifY gene inA. vinelandii, but the function of thaifY product the P cluster can be reversibly oxidized by up to three
in this organism is not yet known, nor is there any phenotype electron equivalents to respectively yield the oxidation states
associated with its inactivatio®9). Even if thenifY gene designated P, P, and P" in Scheme 2. The P cluster
product fromA. vinelandiiis capable of forming a complex can be further oxidized beyond thé'Fstate, but oxidation
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to such “superoxidized” states is not reversiti@)( The that the three-dimensional model of the MoFe-protdte

P\ state is diamagnetic and therefore EPR silent, whereasprotein complex shows that the Fe protein contacts the MoFe
both the Pt and P+ states are paramagnetic and have EPR protein at itsa3-subunit interface and in the closest possible
signals. The P state has a mixed spin syste&=f %/, and proximity to the P cluster53, 67, 68.

5/,) with perpendicular mode signals in the~ 2 and 5 Electron Transfer to the Apo-MoFe ProteilBecause apo-
regions b0). The P' state has an integer spin syste®( MoFe protein is able to catalyze a high level of Fe protein-
3) with a parallel mode EPR signal g~ 11.8 @, 31, 33. dependent MgATP hydrolysis, and because we were able to
The midpoint potentials for botk,; and Ey, (Scheme 2) elicit the P and P* oxidation states within the apo-MoFe
have been determined to be309 mV at pH 8.0, and protein, it was of interest to determine if nucleotide-
therefore, at pH 8.0 the EPR signal for th&" Pxidation dependent electron transfer from the Fe protein to the apo-
state cannot be observe8ll. However, the redox couple MoFe protein could also occur. Figure 8 shows that the

between P and P' is pH-dependentsQ, 5J), so the Pt oxidized apo-MoFe protein is able to accept an electron from
state can be readily identified in a sample that has been IDS-the Fe protein in a MgATP-dependent manner. In these
oxidized at pH 7.4. experiments apo-MoFe protein in thé'Rtate was prepared

If the apo-MoFe protein has intact P clusters that are and mixed with reduced Fe protein and either MgQADP or
structurally and electronically similar to the P clusters present MgATP. In the presence of MgADP théPparallel mode
in the MoFe protein, then it should be possible to elicit the g ~ 11.8 EPR is apparent (Figure 8A) as is tBe= Y,
P and Pt EPR signals by IDS-oxidation of apo-MoFe perpendicular mode EPR signal characteristic of the reduced
protein. Panel A in Figure 5 shows thé'Pstate (parallel Fe protein (Figure 8B). However, in the presence of
mode EPR signal aj ~ 11.8) for both the MoFe protein  MgATP, the P parallel mode signal disappears (Figure 8A),
(trace 1) and the apo-MoFe protein (trace 2) by IDS-mediated the S= ¥/, perpendicular mode EPR signal of the Fe protein
oxidation at pH 8.0. Panel B in Figure 5 shows the P also disappears (as it becomes oxidized to the diamagnetic
state (perpendicular mode signal in thex 2 region) for state), and the’® S= 1/, perpendicular mode signal becomes
both the MoFe protein (trace 1) and the apo-MoFe protein apparent as the P cluster is reduced from tHeskate to the
(trace 2) by IDS-mediated oxidation at pH 7.4. These P''" state.
observations confirm and extend the work of Robinson et Releance of the UV/Vis Spectrum of As-Isolated and
al. (66), who concluded from comparative MCD spectros- Oxidized Apo-MoFe Protein In the normal nitrogenase
copy that P clusters present in mature MoFe protein and anreaction, the reduced and MgATP-bound Fe protein com-
apo-MoFe protein produced from l&. pneumoniae nifB  plexes with the MoFe protein followed by an intercomponent
mutant are electronically very similar or identical to each electron-transfer event that is intimately associated with
other 66). Nevertheless, comparisons between the presentnucleotide hydrolysis. The rate of oxidation of the Fe protein
work and that involving the correspondig pneumoniae  that occurs during these events can be followed in real time
proteins must be considered in light of differences between by monitoring the increase in th&yz by stopped-flow
the respective apo-MoFe proteins. For example, the apo-spectroscopy. Similarly, the rate of dissociation of the
MoFe protein isolated fromK. pneumoniaecontained component proteins can be measured by the decrease in the
molybdenum, had an associatgesubunit, and could only A4z that occurs when the oxidized Fe protein is released
be activated to a very low level. from the complex and becomes reduced. An example of

In the present work it is shown that the respective midpoint the latter type of experiment is shown in Figure 7. In these
potentials for the ®P?* redox couple for MoFe protein and  experiments it is shown that the Fe protein dissociates from
apo-MoFe protein are significantly different 814 vs—377 the apo-MoFe protein at a rate that is only modestly faster
mV, see Figure 6). Thus, there is a detectable difference inthan the Fe protein-MoFe protein dissociation. By using this
the electronic properties of P clusters from the apo-MoFe type of analysis, Lowe and Thorneley have developed a
protein versus the MoFe protein. It is likely that such kinetic model for nitrogenase catalysis and have shown that
differences are the result of modest structural changes in thethe rate-limiting step under optimum turnover conditions is
P cluster polypeptide environment rather than an alternatethe dissociation of the component proteig)( Although
form of the P cluster. Other evidence that there are somestopped-flow determination of the rate constant of primary
differences in the global structure of apo-MoFe protein when electron transfer is straightforward, the smaller, kinetically
compared to MoFe protein is that certain cysteine thiol complex absorbance changes that occur after primary electron
groups from the apo-MoFe are susceptible to alkylation transfer have not yet been adequately explained. As an
whereas the corresponding residues in the mature MoFeexample, a small increase in the absorbancé.gs that
protein are not ¢6], Figure 2). Also, on the basis of AIF occurs in stopped-flow experiments after about 0.5 s has been
dependent complex formation, and th&127 Fe protein proposed to be the result of P cluster oxidatidsb)(
complex formation experiments, interactions between the Fe Although oxidation of the P clusters might occur at this stage,
protein and the apo-MoFe protein do not appear to be asour finding that the UV/vis spectrum of the apo-MoFe protein
effective as interactions between the Fe protein and the MoFedoes not change upon IDS-oxidization does not support the
protein. However, whatever the differences in the folding possibility that any absorbance changes that occur in stopped-
pattern between the MoFe protein and the apo-MoFe protein,flow experiments can be attributed to oxidation of the P
perturbations at the psuedosymmetij@é-subunit interface  cluster to the P state. However, the previous investigation
are likely to be minimal. This conclusion is based on the (69) suggested that the changes in the P clusigrare most
observation that Fe protein and apo-MoFe protein are ablelikely arising from the P" oxidation state 31, 70 of the P
to interact in a such a way that a high rate of MgATP cluster which was not examined in the present work.
hydrolysis capability is maintained. In this context itis noted Furthermore, the previous studie§9| examined EPR
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samples flash frozen after5 s, whereas the stopped-flow
experiments examined time domains of less than one second,
so the possibility of a kinetic rearrangement of the P cluster

that might give rise to a change in th&s, cannot be
discounted.

In summary, a method has been developed for the large-
scale purification of an apo-MoFe protein that contains intact
P clusters and that can be activated by the simple addition
of FeMo-cofactor. The availablity of such an apo-MoFe
protein can now be used to advance studies aimed at
determining the role of P clusters in the nitrogenase catalytic

mechanism.
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