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ABSTRACT. One molecule of MgATP binds to each subunit of the homodimeric Fe protein component of
nitrogenase. Both MgATP molecules are hydrolyzed to MgADP amdfeéactions coupled to the transfer

of one electron into the MoFe protein component. As an approach to assess the contributions of individual
ATP binding sites, a heterodimeric Fe protein was produced that has an Asn substituted for residue 39 in
the ATP binding domain in one subunit, while the normal Bspsidue within the other subunit remains
unchanged. Separation of the heterodimeric Fe protein from a mixed population with homodimeric Fe
proteins contained in crude extracts was accomplished by construction of a seven His tag on one subunit
and a differential immobilized-metal-affinity chromatography technique. Three forms of the Fe protein
(wild-type homodimeric Fe protein [AS¥Asp®, altered homodimeric Fe protein [A%MAsn9], and
heterodimeric Fe protein [AS#Asn®])) were compared on the basis of the biochemical and biophysical
changes elicited by nucleotide binding. Among those features examined were the MgATP- and MgADP-
induced protein conformational changes that are manifested by the susceptibility of the [4Fe-4S] cluster
to chelation and by alterations in the electron paramagnetic resonance, circular dichroism, and midpoint
potential of the [4Fe-4S] cluster. The results indicate that changes in the [4Fe-4S] cluster caused by
nucleotide binding are the result of additive conformational changes contributed by the individual subunits.
The [Asp¥Asn®?] Fe protein did not support substrate reduction activity but did hydrolyze MgATP and
showed MgATP-dependent primary electron transfer to the MoFe protein. These results support a model
where each MgATP site contributes to the rate acceleration of primary electron transfer, but both MgATP
sites must be functioning properly for substrate reduction. Like the altered homodimeri¥/ s Fe

protein, the heterodimeric [ASflAsn®9] Fe protein was found to form a high affinity complex with the
MoFe protein, revealing that alteration on one subunit is sufficient to create a tight complex.

Molybdenum-dependent nitrogenase is composed of two to be rate-limiting for nitrogenase catalysi®). This process
component proteins called the MoFe protein and the Fe is repeated until sufficient electrons have accumulated within
protein. The MoFe protein is a 240 kbag, tetramer, with the MoFe protein to permit substrate binding and reduction
eachaf dimeric unit containing one FeMo cofactor [Mo-  (11).

8Fe-%-homocitrate] and one [8Feg}(P-cluster) (1). FeMo How MgATP binding and hydrolysis are coupled to
cofactor provides the site of substrate reductid)) (hile intercomponent electron transfer and substrate reduction is
the P-ClUS-tel’ is thOUght to prOVide.an intermediate electron- a p00r|y defined aspect of the nitrogenase mechanism. The
transfer site between the Fe protein and FeMo cofa@or ( Fe protein is known to bind two nucleotides (either MgATP
6) The Fe protein is a 64 kDa homodimer that has one or MgADP) with the two b|nd|ng events Showing Strong
nucleotide-binding site on each subunit and a single [4Fe- positive cooperativity 12). The binding of two MgADP or
48] cluster bridged between the two subunifs Ouring ~ MgATP molecules induces protein conformational changes
catalysis, the Fe protein with two bound MgATP molecules that have been detected as changes in the overall shape of
associates with the MoFe protein. This association aCtiva.teSthe Fe protein13) and as Changes in the electronic and redox
the hydrOIySiS of the two MgATP mOleCUIeS, an event that properties of the [4Fe_48] C|ustaz(’ 13 These nucleotide-
is coupled to the transfer of a single electron from the Fe jnduced protein conformational changes are thought to have
protein [4Fe-4S] cluster into the MoFe protei,9). The  an important role in the nitrogenase mechanism.
OX'd'Z?d Fe protein, with two bogn_d ADP molecgles, f[hen One approach that has been used to probe the nitrogenase
dissociates from the MoFe protein in a step that is believed catalytic mechanism has involved placing amino acid
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Ficure 1: Structure of the Fe protein. Thecarbon trace of the

Fe protein is depicted from the X-ray crystal structu4@) (of the

Fe protein complexed with the MoFe protein with bound MgADBP
AlF,~, with one subunit presented as a thin line and the other as a
thicker line. The positions of the bound kg ADP—AIF,~, Asp®®,

the N-terminus, and the [4Fe-4S] cluster are shown. The MoFe
protein docking surface is at the bottom of the figure. The figure
was generated with MOLSCRIPR8) and Raster 3D49).

through the M§" cation and is part of a protein chain that
connects the nucleotide binding site to the surface of the
protein that associates with the MoFe protein (Figure 1).
Substitution of AsgP by Asn does not appear to significantly
alter the binding of the nucleotides to the Fe protein, but it
does alter the coupling of this binding to downstream events
(20). For example, the MgATP- and MgADP-induced protein
conformational changes elicited by nucleotide binding are
impacted for the altered protein. In addition, the altered Fe
protein shows only limited MgATP hydrolysis when com-
bined with the MoFe protein, and no substrate reduction can

be detected. The altered Fe protein is capable of very slow

electron transfer to the MoFe protein, but following electron

transfer, the altered Fe protein does not effectively dissociate

from the MoFe protein. It was concluded that Asp
participates in a nucleotide signal transduction pathway
involved in component protein dissociation.

Because the Fe protein is a homodimer with each subunit
coded for by the singlaifH gene £2), any mutation results
in production of an altered homodimeric Fe protein that
carries an amino acid substitution on each subunit. In the
present work, we have developed genetic and biochemical
strategies for the production and purification of a het-
erodimeric Fe protein for which one subunit retains the
normal As® residue and the corresponding position in the
other subunit is substituted by A8nIn this way it was
possible to evaluate the contributions provided by each
subunit of the Fe protein to events initiated and controlled
by nucleotide binding and hydrolysis.

EXPERIMENTAL PROCEDURES

Strain ConstructionsStrain DJ1274 was constructed in
four steps (Figure 2). In the first step, the wild-type
Azotobactewinelandiiwas transformed with a recombinant
plasmid (pDB1051) that contains a portion of théH gene
and flanking genomic sequences, for which a small deletion
was placed in the N-terminal coding sequenceidifl and
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FiGure 2: Schematic view of genetic constructs. TiéH, nifD,

and nifK genes are indicated as boxes on each line. Strain DJ is
the parental wild-type strain. The Nif phenotype is shown to the
right of each strain designation. The deletion located within the
N-terminal coding sequence offH in strains DJ1271, 1272, and
1273 is indicated as a hatched region. The polyhistidine coding
sequence located at the N-terminal coding regions within DJ1274
is indicated as a solid region. The mutation leading to the3Asn
substitution in DJ1273 and DJ1274 is indicated as a solid dot. Steps
1—4 of the constructions are outlined in the Experimental Proce-
dures section.

replaced with a Krd t gene cartridge. In this way the deletion
and insertion within pDB1051 was transferred to the
vinelandiichromosome. Plasmids used in these constructions
are not capable of autonomous replicatiorAirvinelandii.

In the second step, DJ1272 was constructed by transform-
ing DJ1271 back to the Nif-plus phenotype with plasmid
pDB196. Plasmid pDB196 contains the intadHDK gene
cluster. Plasmid pDB196 also contairifi- coding sequences
(flavodoxin) preceding the cloned portion ofifH and
following the cloned portion ohifK. Thus, transformation
of DJ1274 to the Nif-plus phenotype could occur either
through homologous recombination within thefHDK
region, yielding the original wild-type genotype, or by
homologous recombination with tméfF coding sequences.
The nifF gene is located approximately 29 kilobases down-
stream from thenifHDK cluster, andnifF activity is not
required for the Nif-plus phenotype. Homologous recombi-
nation of pDB196 with thenifF gene should lead to
formation of a merodiploid strain that contains two copies
of the nifHDK gene cluster. The correct construction of
DJ1272 was confirmed by the retention of the original®Km
phenotype exhibited by DJ1271.

In the third step, strain DJ1272 was transformed to the
Nif-minus phenotype by using plasmid pDBLCS792 as the
donor DNA to yield DJ1273. Plasmid pDBLCS792 carried
anifH gene for which the Asji codon had been substituted
by an asparagine codoQ). Because this strain still exhibits
the original Kn® phenotype it can be concluded that both
copies of thenifHDK gene clusters have been retained in
DJ1273. In the final step strain DJ1274 was constructed by
transforming DJ1273 to the Nif-plus phenotype by using

1 Abbreviations: homodimeric [ASFAsp*)] Fe protein, wild-type
iron protein with aspartic acid at position 39 on both subunits;
homodimeric [As#Asn*9 iron protein, iron protein with asparagine
at position 39 on both subunits; heterodimeric [R&fsn®®] Fe protein,
iron protein with one subunit containing aspartic acid at position 39
and the other subunit containing asparagine at position 39; EPR, electron
paramagnetic resonance; MOPSNBrjorpholino)propanesulfonic acid;
Tris, tris(hydroxymethyl)aminomethane; HEPES, 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid; Rmkanamycin resistant; K
kanamycin sensitive; Nif-plus, nitrogen fixation plus; Nif-minus,
nitrogen fixation minus.
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plasmid pDB1002 as the donor. This plasmid contains the visible detector and a molar absorption coefficient of 15.4
nifH gene for which cassette mutagenesis was used to insermM~! cm™* at 259 nm for MgADP 30).
seven tandem histidine codons at the N-terminugit. The ability of altered, inactive Fe proteins to bind to the
Strain DJ1274 retains two copies of th€HDK gene cluster  MoFe protein was tested by a competition assay described
and should express both a His-tagged wild-type Fe protein earlier ¢1). Increasing quantities of the altered Fe protein
subunit and a nontagged Fe protein subunit having thé°Asp (from 0 to 256.g) were added to fixed concentrations of
residue substituted by asparagine. wild-type Fe protein (128g or 2 nmol) and MoFe protein
Strain DJ1298 was constructed by transforming DJ1272 (256 ug or 1 nmol). The percent of acetylene reduction
to the KnP phenotype by using plasmid pDB1002 as the activity remaining was plotted versus the ratio of altered Fe
donor DNA. Strain DJ1298 retains two copies of thi#1DK protein to wild-type Fe protein, and the data were fit to the
gene cluster and should express both a His-tagged wild-typeHill equation:
Fe protein subunit and a nontagged wild-type Fe protein
subunit. i _ n
Protein Expression and Purificatiorwild-type Fe and percentage activity: Viay — (VinalSI)/ (K + [SI) (1)
MoFe proteins were expressed A vinelandii cells and
purified as previously describedl{, 23 with specific
activities >1800 nmol of GH, reduced! min~t mg. Fe
proteins were expressed from the appropriate strain by the
urea/N derepression protocol {). Fe proteins were purified
to apparent homogeneity by a combination of ion-exchange
and gel filtration chromatography as describdd)( His-

whereVmax is 100%, [S] is the concentration of active Fe
protein, Ky, is the Michaelis constant, andis the cooper-
ativity factor.

Spectroscopic MethodX-band (9.64 GHz) EPR spectra
were recorded on a Bruker ESP300E spectrometer equipped
with a dual mode cavity and an Oxford ESR 900 liquid

tagged Fe proteins were further purified by a Zn-affinity helium cryostat. All other parameters are noted in the figure

chromatography systerg4), with step gradient elution with ~ 1€9€nds.
buffer containing either 75 or 250 mM imidazole. Protein Potentiometric redox titrations were performed essentially
concentrations were determined by a modified biuret method @s previously described). Circular dichroism spectra were
with bovine serum albumin as the standa28)( Fe protein ~ done on the indigo disulfonate oxidized Fe proteins es-
concentrations were also determined from the visible absorp-Sentially as previously described1).
tion spectrum, with an absorption coefficient for the oxidized  Fe Chelation.The chelation of iron from Fe proteins was
protein of 13.3 mM?! cm™! at 400 nm 26). All manipula- followed spectrophotometrically by the formation of the
tions of proteins were conducted in the absence of oxygen Fe*—bathophenanthroline disulfonate (BPS) complex, which
in sealed serum vials under an argon atmosphere or insidewas taken to have an absorption coefficient of 22.14ThM
an anaerobic glovebox (Vacuum Atmospheres, Hawthorne,cm™ at 534 nm 82). The Fe chelation assays were
CA) with an argon gas atmosphere. performed in 2 mL volume cuvettes with a 1-cm path length
Protein CharacterizationSDS-PAGE was done as previ- and fitted with serum stoppers. To each cuvette, S5®f
ously described 27) with Coomassie blue staining. The a solution containing 1.0 mM BPS in 50 mM Tris buffer,
molecular mass of each Fe protein subunit was determinedpH 8.0, was added and deoxygenated by bubbling with argon
by matrix-assisted laser desorption ionization time-of-flight for 6 min. Dithionite was added to a final concentration of
mass spectrometry at the Biotechnology Core Facility of Utah 2 mM followed by the addition of Fe protein (4 mg or 0.06
State University. A L portion of protein solution (diluted ~ «mol). The reactions were initiated by the addition of ATP
in water with 0.1% trifluoroacetic acid) was mixed with 1.5 and MgC} to final concentrations of 1 and 2 mM, respec-
uL of matrix solution (a saturated solution afcyano-4- tively.
hydroxycinnamic acid in a 40% acetonitrile/0.1% trifluoro- Stopped-Flow Spectroscoyre-steady-state absorbance
acetic acid solution in water) and allowed to dry on a target. changes resulting from the oxidation of the [4Fe-4S] cluster
Analysis was done with a TofSpec mass spectrometerof the Fe protein were monitored with a Hi-Tech SF61
(Micromass, Inc., Beverly, MA) with ionization by a nitrogen  stopped-flow spectrophotometer equipped with data acquisi-
laser. The spectrometer was run in the linear mode with 20 tion and curve-fitting software (Salibury, Wiltshire, U.K.).
kV acceleration voltage and in the positive ion mode. Both The SHU-61 sample-handling unit was kept inside an
internal and external calibration was used to establish theanaerobic chamber with a gas atmosphere of 950&uid
mass range, with cytochroneeas the standard. N-Terminal 5% H, with less than 1 ppm oxygen. Reactants were
amino acid sequences were determined at the Protein andnaintained at 23.& 0.5 °C by means of a Techne C-85D
Nucleic Acid Shared Facility at the Medical College of circulator (Techne Ltd., Duxford, Cambridge, U.K.) attached
Wisconsin, Milwaukee. to a FC-200 flow cooler33). Data were collected at 430
Activities. Proton and acetylene reduction activities were nm. The reaction was initiated by rapid mixing of a solution
determined as previously described at’8with a MgQATP containing 80uM Fe protein and 10 mM dithionite in 50
regenerating systen2®). MgATP hydrolysis rates were ~mM HEPES buffer, pH 7.4, with a solution containing 20
quantified following separation of ATP and ADP by high- uM MoFe protein, 10 mM dithionite, and 5 mM MgATP in
performance liquid chromatography (HPLC) with a Supel- 50 mM HEPES buffer, pH 7.4. The [4Fe-4S]cluster is
cosil LC-18 column (4.6 mnx 25 cm; Supelco, Bellefonte,  protected from reduction by dithionite while the Fe protein
PA), a mobile phase of 100 mM KIRO, buffer, pH 6.0, is complexed to the MoFe protein. Therefore, the pre-steady-
containing 14% (v/v) methanol and 4 mM tetrabutylammo- state increase in absorbance reflects the oxidation of the Fe
nium hydrogen sulfate, and flow rates of £.3.0 mL min?® protein [4Fe-4S] cluster upon primary electron transfer to
(29). Nucleotides were detected with a continuous flow-tJV  the MoFe protein.
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RESULTS Table 1: N-terminal Amino Acid Sequences and Mass Spectral

Data for Fe Proteins

Construction and Purification of a Heterodimeric Fe
Protein The construction of a merodiploid strain &f.
vinelandii containing two copies of the nitrogenase structural Fe protein source sequeficenass spectrometry N-terminal sequence

subunit mass (Da)

genes (ifH, nifD, andnifK) in the chromosome is outlined [Asp39Asp®P 31365 31317 AMRQCAIYGKG®G
in Figure 2. The final strain (DJ1274) contains one copy of iﬁzgﬁgﬁzg?}; gi gg; gi Z‘lig wgg;&wgrg&m
the Fe protein encoding gengifH) with an additional 21 32587 32547 MHHHHHHAMAMR

nucleotides encoding seven His residues (His tag) on the

- - . f a Sequence predicted from the DNA sequence ofiifté gene 22).
N'terr_nmus of the Fe protein subunit. Th_e other COPY"‘“‘H b Fe protein produced by the wild-type strain. Does not carry a His tag
contains an altered codon that results in the substitution of o either subunitc Third Fe protein fraction eluted by the immobilized
Asn for Asp at position 39. Expression of both copies of the metal affinity chromatography technique. This protein is predicted to
nifH gene is directed from identicalfH promoter sequences have an N-terminal His tag on both subunitSecond Fe protein

; i« fraction eluted by the immobilized metal affinity chromatography
located upstream of each gene copy. This promoter IStechnique. This protein is predicted to have one subunit that carries a

aCt'Vate_d Upon_ removal _Of a fixed nltrogen_source (e.g. His tag and one subunit that does not contain a His %&fp single
conversion to diazotrophic growth), resulting in the expres- amino acid was detected at this position.

sion of both sets ofifHDK genes. Assuming equal expres-
sion frqm bqth copies pf thmﬂ_—| gene and random assembly Table 2 Activities of Fe Proteins
of the dimeric Fe protein, a mixed population of homodimeric
and heterodimeric Fe proteins should accumulate. These
include a wild-type homodimeric [ASP/Asp®] Fe protein,
an altered homodimeric [AS#Asn®?] Fe protein, and a T 810120 1960540 46205580 26L03

; ; ; ; : sp>/Asp>?|@ . .
heterodimeric [Asﬁ?/AsrPg] Ee protein. The homod|me_r|c ASpSIASPMP 1470420 1460+ 60 33205230 32+ 0.5
[Asp®*/Asp*] Fe protein carries a His tag on the N-terminus  [asn39Asn9c ND® ND 14.0+ 03
of both subunits, whereas the heterodimeric [Bgsn®] [Asp39/Asrdd ND ND 280+ 20
Fe protein contains a His tag on only one of the subunits.  2Fe protein produced by the wild-type strain. Does not contain a
The altered homodimeric [AS#AsN®9 Fe protein does not  His tag on either subunit.Fe protein purified from strain DJ1298.
contain a His tag on either subunit. The presence or absencéXne subunit contains an N-terminal His tag, and the other subunit does

; : : not contain a His tag Homodimeric [As8%Asn?®] Fe protein. Does
of His tags located on the various Fe protein types presentnot contain a His tag on either suburfife protein purified from

ina mi)_(ed POpUIaﬁon was used to specifical_ly purify the 531274, One subunit contains an N-terminal His tag and the other
heterodimeric [Asff/Asn®)] Fe protein as described below. subunit does not contain a His tagNot detected.

Fe proteins were first collectively purified from crude
extracts of strain DJ1274 using traditional ion-exchange and protein for which both subunits carry a His tag. The faster-
gel-filtration chromatographyl(?). The purified proteins were  migrating band (predicted to be a subunit without a His tag)
then applled toa Zn'aﬁinity column. A first fraction of the migrated identica”y with Wi|d-type Fe protein and ho-
loaded Fe protein eluted from the column upon washing with modimeric [Asi¥Asr9] Fe proteins, neither of which carries
buffer containing no imidazole. This protein was shown to g His tag on either subunit (data not shown).
be the altered homodimeric [A%Asn*] Fe protein for The molecular mass of the subunits of the various Fe
which neither subunit carries a His tag. A second fraction proteins was determined by mass spectrometry, and the
of Fe protein was eluted from the column when washed with results are shown in Table 1. These results are all in line
a buffer containing 75 mM imidazole. This protein was jth predictions based on the known primary sequences of
shown to be the heterodimeric [A8fAsn®] Fe protein that  the individual subunits for each constru@2. The het-
carries a His tag on only one of the subunits. A third fraction erodimeric Fe protein showed two parent peaks in the mass
of Fe protein was subsequently eluted from the column by spectrum, each with nearly identical intensity. One of these
washing with buffer containing 250 mM imidazole. This peaks shows a mass consistent with the presence of a His
protein was shown to be the wild-type homodimeric [®5p  tag, whereas the other peak corresponds to the mass of a
Asp*] Fe protein that contains a His tag on both subunits. subunit that does not carry a His tag (Table 1). Finally, the
A diploid strain (DJ1298) that produces a mixed population N-terminal sequence was determined for the heterodimeric
of His-tagged Fe proteins that do not have any amino acid [Asp3¥Asn®] Fe protein and compared to the N-terminal
substitutions was also constructed. By USing strain DJlZQSSequences of the W||d-type Fe protein and an Fe protein that
and the purification strategy described above it was possiblecarries a His tag on both subunits of an otherwise wild-type
to isolate a homodimeric [ASpIAsp*] Fe protein for which protein (Table 1).
only one of the subunits carries a His tag. This homodimeric = Characterization of His-Tagged Fe Proteins That Do Not
[Asp*/Asp*] Fe protein with a single His tag was used for Carry Amino Acid Substitutionst was first necessary to
control experiments. determine the effect of N-terminal His tags on Fe protein

The identity of the various Fe proteins used in the present catalytic function. Fe proteins carrying a His tag on either
work was confirmed by SDSPAGE, mass spectrometry, one or both of the subunits, but no other alterations within
and N-terminal protein sequence analysis. SIPAGE the Fe protein coding sequence, were observed to support
analysis of the heterodimeric Fe proteins revealed two proteinhigh rates of proton and acetylene reduction activity (Table
bands on the SDS gel. The slower-migrating band (predicted2). MgATP hydrolysis rates were also similar to those
to be a subunit with a His tag) migrated identically with the supported by the nontagged Fe protein, and ATR&tios
one band observed for the homodimeric [A%psp®] Fe were nearly identical to those of nontagged Fe protein. The

specific acitivity
Fe protein subunitmol of productmin=1-(mg Fe protein)?]

composition GH4 H, MgADP ATP/e
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Fe protein to MoFe protein ratio required for optimal activity T T T T T T
was similar for all Fe proteins examined. In addition, the 2.03

nucleotide induced conformational changes observed for His- ™) ! e

tagged Fe proteins that are otherwise unaltered were identical
to those of the nontagged wild-type Fe protein as assessed
by EPR, CD, midpoint potential determinations, Fe chelation @ i

rates, and primary electron-transfer rates (described below). 004 S

These results demonstrate that the presence of an N-terminal | 193

His tag on one or both subunits of the Fe protein does not )] /\/k/’/_____‘
prevent its proper functioning in catalysis. Wild-type Fe

protein in the following sections refers to Fe protein with @ /\/k/,—
either one or two His tags.

Activities of the Heterodimeric [ASAsr#9] Fe Protein | | | | | |
Fe protein that has the A¥residue position substituted by 3000 3200 3400 3600 3800 4000
Asn® within both subunits showed no substrate reduction Magnetic Field (Gauss)
activity and only trace MgATP hydrolysis activity as reported

; . i ; : Ficure 3: EPR spectra of Fe proteins in the presence of MgATP.
earlier @0; Table 2). Similarly, the heterodimeric [A%h Perpendicular mode EPR spectra for the wild-type homodimeric

Asngg]. Fe protein did not exhibit detectable substrate [asps9/Asp] Fe protein for which one subunit carries a His tag
reduction activities, although this altered Fe protein did show (trace 1), the homodimeric [A%As9 Fe protein (trace 2), and
MgATP hydrolysis activity that was approximately 5% of the heterodimeric [As{/Asn®’] Fe protein for which one subunit
the wild-type rate only in the presence of the MoFe protein. carries a His tag (trace 3). Trace 4 shows the additive spectrum of

. ; . . . . traces 1 and 2. Spectra were recorded at 12 K, with a microwave
Nucleotide Interactions with the Heterodimeric Fe Protein. frequency of 9.64 GHz, a microwave power of 2 m\W, a modulation

The wild-type Fe protein is known to bind two molecules frequency of 100 kHz, a modulation amplitude of 7.97 G, and a
of MgATP or MgADP (7), with the binding of either  conversion time and time constant of 10.24 ms. Protein concentra-

nucleotide resulting in characteristic changes in the line shapetions were 10 mg/mL in 100 mM Tris buffer, pH 8.0, with 2 mM
of the EPR spectrum of the [4Fe-4Skluster (4, 34, 35, dithionite and 1.6 mM MgATP.

the visible region CD spectrumib, 3J), the chelation rate . .
of Fe from the cluster32, 39, and theEn for the [4Fe- either the nucleotide-free or the MgATP-bound CD spectrum

4SPH+ cluster couple X4). Monitoring of these features when compared to wild-type Fe protein (20). However,
was then used to assess changes in the coupling of nucleotigd@nsition to the MgADF_’-bognd %’F;;idr;um was prevented in
binding to protein conformational changes within the het- the case of the hoqulmgrlc [AStAsn?] form of ?he Fe
erodimeric [AsBYAs] Fe protein. protein. The heterodimeric [A&pAS®?] Fe protein also

All of the Fe proteins studied in the present work showed _exh|b|t_ed normal nucl_eotl_de-free and MgAgTP-bound spectra,
identical resting-state, rhombic EPR spectra in the absencedicating that substituting Asp to Asr¥® for only one
of nucleotides, confirming that substitution of A8mvithin subunit does not perturb either the resting state of the protein
one or both Fe protein subunits does not alter the restingOrthe MgATP-induced structural changes (data not shown).
state of the [4Fe-4S] cluster (data not shown). Addition of Howeve_r, th_e spectrum for the MgA_DP-bour_ld_form of the
MgATP to the wild-type Fe protein (or to His-tagged heterodimeric [Asf/Asn*®] Fe protein was similar to the

versions of the wild-type Fe protein) results in a line shape additivc_e spectrum of the wild-type. Fe protein. and _the
change to an axial siggaj;(z 5.03 an)d 1.92) (Figure 3). Inp homodimeric [As#YAsn*] Fe. protein spectra in their
contrast, an altered homodimeric [£8#sn*] Fe protein MgADE-bound forms, suggesting partial ADP-induced con-
shows litle change in EPR spectrum upon addition of formational changes (Figure 4).
MgATP (g = 2.06, 1.94, and 1.86), indicating that the amino A sensitive way to monitor MgATP-induced protein
acid change has prevented MgATP-coupled changes to theconformational changes within the Fe protein is the rate of
electronic properties of the [4Fe-4S] cluster. Addition of chelation of Fe from the [4Fe-4S] cluster by chelators such
MgATP to the heterodimeric [ASFAsn®] Fe protein was  as bathophenanthroline disulfonate (BP$3,(39. Earlier
observed to result in an EPR spectrum witk 2.04, 1.93, studies revealed that addition of MgATP, but not MgADP,
and a poorly defined thirg-value. This line shape change 10 the Fe protein substantially increased the rate of formation
appeared to be between the MgATP_bound Wi|d_type Fe of Fe&"-BPS, which can be monitored by an absorbance
protein spectrum and the MgATP-bound form of the altered increase §2). The substitution of Asfj by Asr* in both
homodimeric [AsA¥Asn9 Fe protein spectrum as indicated subunits was found to greatly diminish the rate of Fe
by comparison to the additive spectrum of the wild-type Fe chelation upon addition of MgATP relative to the rate
protein and the [AS??/ASI’ng] Fe protein. This suggests a observed for the WlId-type Fe protein (Figure 5) Substitution
partial conformational change resulting from MgATP binding ©Of Asp® by Asr* for only one Fe protein subunit resulted
to the heterodimeric Fe protein. in a rate of Fe chelation that is between that observed for
The visible region CD spectrum of the oxidized Fe protein the wild-type Fe protein and the altered homodimeric [Asn
reports conformational changes around the oxidized [4Fe-Asn*] Fe protein. No Fe chelation was detected in the
48] cluster upon binding nucleotides. Earlier studies showedabsence of MgATP for any of the Fe proteins.
that the Fe protein alone, the Fe protein with bound MgATP,  The midpoint potential of the [4Fe-43-" couple changes
and the Fe protein with bound MgADP each exhibits a from —300 mV to —420 mV or —460 mV by the binding
unique CD spectrunB(). Substituting Asg? by Asr®® within of MgATP or MgADP to the Fe protein, respectively4
both Fe protein subunits was previously found to not alter 19). Substitution of Asg’ by Asr®® on both subunits of the

2.06
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AN Ficure 5: Time course for Fe chelation from Fe proteins. The time
«" B course for MgATP-dependent Fe chelation from Fe proteins was
A o determined from the increase in absorbance at 534 nm from
6 o - formation of Fé&-bathophenanthroline disulfonate (BPS) as de-
— scribed under Experimental Procedures. The Fe proteins used were
‘e a wild-type homodimeric [As{i/Asp*] Fe protein for which one
° subunit carries a His tag (trace 1), a heterodimeric fAssn®
- 4 Fe protein for which one subunit carries a His tag (trace 2), and a
=3 homodimeric [AsA%Asn®] Fe protein (trace 3). Apparent first-
4 order rate constants were 0.027, 0.009, and 0.083aspectively.
2
Table 3: Primary Electron Transfer from Fe Proteins to MoFe
Protein
ok | | | ! A Fe protein subunit apparent first-order
350 400 450 500 550 600 composition rate constant (3)
[Asp39Asp*92 118+ 1%
Wavelength (nm) [Asp™/ASE° 1201 10
Ficure 4: CD spectra of Fe proteins in the presence of MgADP. [Asn3¥/Asn39)d 0.025+ 0.009
The visible region CD spectra of IDS-oxidized Fe proteins were [Asp39Asn39e 224+1.0

recorded as described under Experimental Procedures. In panel A
the CD spectra for a wild-type homodimeric [A8#\sp*] Fe
protein for which both subunits carry a His tag (trace 1) and a
homodimeric [AsAYAsn®] Fe protein (trace 2) are shown. In panel

B the spectrum of a heterodimeric [A8fAsn*] Fe protein for
which one subunit carries a His tag (trace 3) is shown. Trace 4
shows the additive spectrum of traces 1 and 2. Protein concentra-
tions were 10QuM in 100 mM Tris buffer, pH 8.0 with 1 mM
ADP and 1.5 mM MgGl.

Fe protein produced by the wild-type strain. Does not contain a
His tag on either subunit.Standard deviations are from three
independent measuremerfig:e protein purified from strain DJ1298.
One subunit contains an N-terminal His tag, and the other subunit does
not contain a His tagf Altered Fe protein. Does not contain a His tag
on either subunitt Fe protein purified from DJ1274. One subunit
contains an N-terminal His tag, and the other subunit does not contain
a His tag.

type and altered [AS¥Asn®?] homodimeric Fe proteins

Fe protein did not change tli&, (—300 mV) in the absence  (Table 3). This observation indicates that each MgATP
of nucleotides from that observed for the wild-type Fe binding site contributes to the rate acceleration of primary
protein. However, the addition of MgADP to the altered electron transfer to the MoFe protein. While primary electron
homodimeric [AsA®%Asn*®] Fe protein did not lower th&n,. transfer was observed for all Fe proteins examined, the
Examination of the heterodimeric [A¥pAsn*] Fe protein presence of Asn at position 39 in one or both subunits
revealed that MgADP changes tiig, from —300 mV to prevented reduction of substrates, which would require the
—390 mV, intermediate between those changes elicited for delivery of at least two electrons into the MoFe protein.
the wild-type and homodimeric [AStAsn®] Fe proteins Following primary electron transfer, the altered [A%n
(data not shown). Asn®®] homodimeric Fe protein forms an essentially non-

Interactions of a Heterodimeric Fe Protein with MoFe dissociating complex with the MoFe protein. This situation
Protein In the absence of MgATP, the Fe protein shows no contrasts with the wild-type Fe protein, where dissociation
detectable electron transfer to the MoFe protein. Upon the from the MoFe protein appears to occur following each
addition of MgATP, a primary electron-transfer event can electron-transfer event. Similar to the homodimeric [®5n
be measured by stopped-flow spectrophotometry with an Asr?9 Fe protein, the heterodimeric [A%Asn*] Fe protein
apparent first-order rate constante1£00 s. For the altered  forms a tight complex with the MoFe protein, as indicated
homodimeric [As&”Asn*’] Fe protein, the MgATP-depend- by its ability to inhibit proper complex formation between
ent primary electron transfer rate is greatly diminished, with the wild-type Fe protein with the MoFe protein (Figure 6).
an apparent first-order rate constant of 0.0025Is contrast,
the heterodimeric [Asfi/Asn®®] Fe protein was observed to DISCUSSION
have a rate constant for primary electron transfer of 212 s Heterodimeric Fe ProteinA system has been developed
which is between the rate constants observed for the wild- that allows the expression and purification of heterodimeric
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T T T T Given the architecture of the Fe protein where nucleotides
100L .- —e| bind 15 A away from the [4Fe-4S] cluste?)( protein
conformational changes are the likely method for com-
munication from the nucleotide binding site and the cluster
(16, 37. In all previous studies, these conformational changes
were examined with nucleotides interacting with both
subunits of the Fe proteil6—21, 3744). In the present
study, with the heterodimeric Fe protein, it was possible to
probe the contributions of nucleotide interactions from each
subunit on the overall conformational changes imposed on
the [4Fe-4S] cluster. The assessment of the nucleotide-
induced protein conformations indicate that the heterodimeric
0 | | , [Asp3¥Asn?9 Fe protein undergoes conformational changes
0 1 2 3 that are intermediate between those of the wild-type and
Aitered Fe protein / MoFe protein (uM/uM) altered homodimeric [ASYAsr?9] Fe proteins. It therefore

FiIGURE 6: Inhibition of wild-type nitrogenase acetylene reduction appears that the contributions to th_e pro_telr_1 Conformatl_o_nal
activity by altered Fe proteins. Inhibition of wild-type nitrogenase changes induced by each nucleotide binding are additive.
acetylene reduction activity was performed as described under This finding is supported by the earlier finding from titration

Experimental Procedures. Wild-type MoFe protein (2§61 nmol) calorimetry that suggested that the binding energy from two

was added to each assay vial. Different amounts (from 32 to 256 ncleotides is required to account for the change induced in
ug, or 0.5-4 nmol) of homodimeric [As#/Asn?%] Fe protein W), the E.. of the clugter 45) g
m .

heterodimeric [Asff/Asn?9] Fe protein for which one subunit carries . . .
a His tag @), or bovine serum albumin®) were added prior to ATP Roles in the Fe ProteinMoFe Protein Complex

initiation of the assay by the addition of 128 (2 nmol) of wild- Results from the current work also address roles played by
type Fe protein. The percentage of the maximum activity observed two nucleotides within the Fe proteitMoFe protein com-

in the absence of added inhibitor is plotted against the molar ratio 1t 9 \Withi i
of altered Fe protein to MoFe protein. The data were fit to the plex. Substitution of Asfy by AsrP within both subunits of

inverse Hill equation, where the cooperativity factor was found to 1€ Fe protein lowers the MgATP-dependent primary electron
be 2.5 for the heterodimeric [A%#Asr®’] Fe and 2.3 for the ~ rate by 4 orders of magnitude compared to that observed
homodimeric [AsA%Asn®] Fe protein. for the wild-type Fe protein. The heterodimeric [A¥sn*?]
Fe protein was observed to have a primary electron-transfer

Fe proteins. There are two main elements to the approachrate 2 orders of magnitude higher than for the altered
developed here. First, expression and assembly of thehomodimeric [AsRY¥Asn*®] Fe protein but 2 orders of
heterodimer Fe protein occurs in vivo, allowing the proper magnitude lower than for the wild-type Fe protein. This
maturation of the Fe protein. As is the case for many suggests that the proper functioning of one subunit of the
metalloproteins, the proper assembly of the mature protein Fe protein with regard to MgATP provides partial stimulation
involves accessory proteins. In this system, the Fe proteinof the rate of electron transfer. The full acceleration of the
is expressed i\ vinelandii, where the appropriate genetic rate of electron transfer would be predicted to result from
background is present to permit nitrogenase maturation.the additive effects of the two MgATP binding/hydrolysis
Because both copies of théfH gene are expressed under reactions. The order of MgATP hydrolysis and electron
the control of identicahifH promoters, expression from both  transfer has not been clearly definetb), so in the present
genes is coordinate and balanced. The second element tavork the rate acceleration could result from either MgATP
the system is the presence of an N-terminal His tag on onebinding or hydrolysis.
of the two Fe protein subunits. This situation permits rapid  Finally, the present results reveal that alteration on only
and complete separation of homodimeric and heterodimericone subunit of the Fe protein is sufficient to activate the
Fe proteins from a mixed population of Fe proteins formation of a tight complex between the Fe protein and

During the design of the His-tagged constructs, examina- the MoFe protein. Earlier it was found that the homodimeric
tion of the X-ray structure of the Fe proteii)(suggested  [Asn®¥Asn®] Fe protein formed a tight complex with the
that placement of a His tag on either the C-terminus or the MoFe protein 20). In the present work, it is shown that the
N-terminus would have minimal impact on the activities of heterodimeric [Asf/Asn*®] Fe protein also forms a tight
the protein (Figure 1). However, placement of a His tag on complex with the MoFe protein. Given that the docking
the C-terminus of both subunits was found to significantly interface on the MoFe protein is pseudosymmet#ic) ( it
reduce the activity of the His tagged Fe protein, and so this is possible that the heterodimeric Fe protein only forms a
construct was not pursued further. In contrast, addition of a tight complex in a certain orientation with the MoFe protein.
His tag to the N-terminus of either one or both subunits of  In summary, we have developed a system for the produc-
the Fe protein had minimal effect on activity or other tion and isolation of a heterodimeric form of the nitrogenase
properties of the Fe protein. Thus, these and other constructs=e protein. This system should be useful in probing many
derived from them were used in the current work. aspects of the Fe protein catalytic function. Characterization

ATP Interactions with Fe ProteinOne of the open  of a heterodimeric Fe protein for which the A%presidue
guestions about the nitrogenase mechanism is how nucleotidevithin only one of the two Fe protein subunits was
binding and hydrolysis are coupled to conformational substituted by Asi? has led to the following conclusions.
changes in the Fe protein. Extensive studies have beenThe contributions from each subunit to the nucleotide-
conducted to probe the protein conformational changesinduced conformational changes that affect the biophysical
induced in the Fe protein upon binding nucleotid8g) features of the [4Fe-4S] cluster are additive. The acceleration

% Maximum Activity

N
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of the rate of electron transfer from the Fe protein to the 21.
MoFe protein is the consquence of an additive effect resulting

from the binding/hydrolysis of one MgATP to each Fe
protein subunit. The formation of a tight Fe proteiMoFe
protein complex can result from the modification of only
one subunit of the Fe protein.
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