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The [4Fe-4S] Cluster Domain of the Nitrogenase Iron Protein Facilitates
Conformational Changes Required for the Cooperative Binding of Two Nuclebtides
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ABSTRACT. M@ATP binding and hydrolysis are central to all reduction reactions catalyzed by nitrogenase.
The iron (Fe) protein component of nitrogenase is a homodimeric protein with a bridging [4Fe-4S] cluster
and two nucleotide binding sites, one on each subunit. This work presents evidence that the [4Fe-4S]
cluster domain of the nitrogenase Fe protein functions as a hinge region between the two nucleotide
binding domains, participating in the cooperative binding of two nucleotides. Alanine residues at position
98 (located near the [4Fe-4S] cluster) of theotobacterinelandii Fe protein were changed by means

of site-directed mutagenesis to Val (V) and Gly (G), and the resulting altered proteins were purified and
characterized. While the wild-type and A98G Fe proteins were found to bind two nucleotides (MgATP
or MgADP) with strong cooperativity (Hill coefficient of 2), the A98V Fe protein was found to bind one
nucleotide with no apparent cooperativity. The binding of two nucleotides to the wild-type Fe protein is
known to induce protein conformational changes which are reflected as changes in the properties of the
[4Fe-4S] cluster, including a change in the redox potential of the [4Fe-4S] clusteraif mV for MgATP

binding (—300 to—420 mV) and of—160 mV for MgADP binding {300 to—460 mV). The binding

of one nucleotide to the A98V Fe protein was found to result in only half the lowering of the redox
potential, with MgATP binding resulting in @80 mV change {280 to—360 mV) and MgADP binding
resulting in a=50 mV change {280 to—330 mV). Results fromH NMR, EPR, and CD spectra, along

with Fe chelation rates, were all consistent with the binding of a single nucleotide to the A98V Fe protein
inducing a partial conformational change. Finally, the A98V Fe protein with one nucleotide bound, still
bound to the molybdenusriron protein but did not support MgATP hydrolysis, electron transfer, or
substrate reduction. A model is discussed in which the [4Fe-4S] cluster domain can be viewed as a hinge
region between the two nucleotide binding domains which facilitates conformational rearrangements
required for the cooperative binding of a second nucleotide.

Nitrogenase is a two-component metalloenzyme that site ironr—molybdenum cofactor (FeMoco) for reduction of
catalyzes the reduction of dinitrogen and other substrates insubstrates (Lowe et al., 1993; Peters et al., 1995). The
a reaction absolutely requiring the hydrolysis of MgATP. hydrolysis of MgATP in the nitrogenase complex, in an
MQATP serves at least two critical functions in this reaction unknown mechanism, accelerates intercomponent electron
(Howard & Rees, 1994). First, the binding of two MgATP  transfer and the subsequent dissociation of the nitrogenase
molecules to the nitrogenase iron (Fe) protein component components (Lanzilotta et al., 1996). Upon dissociation from
induces protein conformational changes which ready this the MoFe protein, the oxidized Fe protein is reduced and
protein for docking and electron transfer to the molybderum  the two MgADP molecules are exchanged for two MgATP
iron (MoFe} protein component (Mortenson et al., 1993). molecules, readying the Fe protein for another round of

Second, the hydrolysis of a minimum of two MgATP  docking, MgATP hydrolysis, and electron transfer (Hageman
molecules to two MgADP molecules by the Fe protein & Burris, 1978).

MoFe protein complex is coupled to the transfer of a single
electron from the Fe protein [4Fe-4S] cluster to the MoFe
protein, first to the [8Fe-7S] cluster and then to the active

The Fe protein is a homodimeric protein with the two
identical subunits bridged at one end by the [4Fe-4S] cluster
(Georgiadis et al., 1992). This surface of the Fe protein
appears to comprise most of the docking interface with the
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protein conformational changes which influence the proper- EXPERIMENTAL PROCEDURES
ties of the [4Fe-4S] cluster some 19 A away (Mortenson et
al., 1993). Such changes in the properties of the [4Fe-4S]
cluster have been monitored by EPR (Zumft et al., 1973;
Lindahl et al., 1987), circular dichroism (CD) (Stephens et
al., 1979; Ryle et al., 1996a{1 NMR (Meyer et al., 1988;
Lanzilotta et al., 1995a), Fe chelation (Walker & Mortenson,
1974, Ljones & Burris, 1978), and shifts in midpoint potential
(Zumft et al., 1974; Watt et al., 1986). The protein chain
within the Fe protein from Asp 125 (at the nucleotide binding
site) to Cys 132 (a ligand to the [4Fe-4S] cluster) has recently
been identified as one pathway for communicating nucleotide
binding to the [4Fe-4S] cluster and to the MoFe protein
docking interface (Ryle & Seefeldt, 1996). An interesting
feature of the binding of two nucleotides to the Fe protein

Site-Directed Mutagenesis, Expression, and Purification
of Fe Proteins. Site-directed mutagenesis of the gene that
encodes the Fe protein subunitsfofvinelandii nitrogenase,
nifH, was carried out as previously described (Jacobson et
al., 1989; Seefeldt & Mortenson, 1993). Expression and
purification of wild-type and altered Fe proteins were
performed as previously described (Seefeldt & Mortenson,
1993). All Fe proteins were purified in 50 mM Tris buffer,
pH 8.0, in the presence of 2 mM sodium dithionite. The
buffers used to purify the altered Fe proteins also included
20% glycerol as a stabilizing agent (Ryle & Seefeldt, 1996).
Prior to freezing, glycerol concentrations were reduced to
less than 5% by dilution with buffer without glycerol.

. : . g Protein concentrations were determined by a modified biuret
is the observation of strong positive cooperativity. Hence, method using bovine serum albumin as the standard (Chromy

the_ .binding Of.th? first nucleotide greatly incregses the et al., 1974). All proteins were purified to homogeneity as
affinity for the binding of the second nucleotide. This strong determined from SDS gels stained with Coomassie blue

cooperativity in binding two nucleotides has been observed (Hathaway et al., 1979). Proteins were protected from
in direct binding studies (Cordewener et al., 1985; Ryle et oxygen by manipulation in sealed serum vials with 2 mM
al., 1995; Lanzilotta et al., 1995b), substrate reduction rates yithionite or in an argon atmosphere glove box (Vacuum
(Hageman & Burris, 1978), and cluster chelation rates Atmospheres, Hawthorne, CA) with less than 1 ppm of
(Ljones & Burris, 1978). These observations suggest that oxygen.

the binding of a nucleotide to one subunit of the Fe protein Activity Assays and MgATP HydrolysisThe rates of

is communicated to the other subunit nucleotide binding site. MgATP hydrolysis, acetylene reduction, and proton reduction

An examination of the X-ray crystal structure of the were determined as previously described (Ryle & Seefeldt
Azotobacterinelandii Fe protein (Georgiadis et al., 1992) 1996). P y (Ry '

Il:?iglc;:iites\;,ittzzt gg:r%t ISrgﬁrki(l:tlonssﬁteV\r/eﬁnvczagNg niﬂ??ﬁgﬁ Nucleotide Binding to Wild-Type and Ala 98 Altered Fe
9 Y ’ PP Proteins. The affinities for nucleotide binding to reduced

the communication between the two nucleotide binding sites ; : ; ;
could occur through the covalently bound [4Fe-4S] cluster. ;& le SRETEER VO BTS20 FEP Y (ERpee
Such a model would be consistent with earlier suggestions 1995) in which Fe proteins were passed through a Sephadex
that the [4Fe-45] cIus’Fer region (.:OUI.d SEerve as a hinge G-25 column (0.7x 15 cm) equilibrated with 50 mM Tris
petween the two subun_|ts,_ functioning in protein conforma- buffer, pH 8.0, and known concentrations of nucleotides
tional changes (Georgiadis et al., 1992; Howard & Rees, ranging from O to 175@M for MgATP or from 0 to 1100
1994). uM for MgADP. The protein-containing fraction which

In the present work, we have probed the possible function eluted from the column was split into two aliquots. One
of the [4Fe-4S] cluster domain of the Fe protein as a aliquot was analyzed for protein concentration using the
molecular hinge required for the cooperative binding of two modified biuret method (Chromy et al., 1974), and the other
nucleotides. A strictly conserved Ala residue at position 98 aliquot was analyzed for nucleotide concentration by the
of the A. vinelandii Fe protein is one of only three amino HPLC method previously described (Seefeldt, 1994). Ap-
acid side chains located within van der Waals contact with parent dissociation constant&f were determined by fitting
the [4Fe-4S] cluster (Georgiadis et al., 1992). It seemed the data to the Hill equation as previously described (Ryle
reasonable that movement around the [4Fe-4S] cluster wouldet al., 1995).
be dependent upon steric constraints imposed by this residue. MgATP-Dependent Chelation of Fefrom Wild-Type and
To explore this possibility, we have changed by site-directed Ala 98 Altered Fe Proteins.The MgATP-dependent rates
mutagenesis the side chains of the two Ala 98 residues, oneof Fe#* chelation from wild-type and Ala 98 altered Fe
on each subunit, to the amino acids Gly or Val. The single proteins were followed continuously by the formation of the
proton side chain of Gly would be expected to provide less Fe&#*—(4,7-diphenyl-1,10-bathophenanthrolinedisulfonic acid)
steric constraints, while the isopropyl side chain of Val would (BPS) complex, which was monitored spectrophotometrically
be expected to provide more steric constraints than the methylat 534 nm using an absorption coefficient of 22 140
side chain of Ala. Replacing Ala 98 with Val was found to M~-cm™ (Ljones & Burris, 1978). All spectrophotometric
result in an Fe protein that could bind one nucleotide, with measurements were performed on a Hewlett Packard 8452A
the loss of cooperativity. In addition, it was found that the diode array spectrophotometer.
binding of a single nucleotide to the Ala 98 Val altered Fe  'H NMR Spectra of the Isotropically Shifted Protons for
protein resulted in approximately half of the normal changes Wild-Type and Ala 98 Altered Fe Proteindd NMR spectra
observed in the physicochemical properties of the [4Fe-4S]were recorded as previously described (Lanzilotta et al.,
cluster. These results suggest that the [4Fe-4S] cluster1995a). All spectra were recorded at 305 K in glass NMR
domain of the Fe protein functions as a hinge between thetubes fitted with degassed Teflon stoppers (Wilmad, Buena,
two nucleotide binding domains and that the conformational NJ). Fe protein samples were exchanged into a Chelex-100-
changes induced upon the binding of two nucleotides are treated Tris-buffered BD solution (70 mg of Tris-HCI and
additive. 20 mg of Tris base in 10 mL of f® with 4 mM dithionite)
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by passage through a Sephadex G-25 columnx118 cm).
The Fe protein samples were concentrated to between 1 angy
2 mM using a Centricon-30 concentrator (Amicon Division,
Beverly, MA).

EPR. EPR spectra of dithionite-reduced Fe proteins were
recorded at 12 K (Ryle & Seefeldt, 1996). Where indicated,
nucleotides were added as a 10-fold molar excess over
protein prior to freezing. All spectra were recorded on a
Bruker ER300E spectrometer with an Oxford ESR 900 liquid
helium cryostat.

Circular Dichroism Spectra of Wild-Type and Ala 98
Altered Fe Proteins.Circular dichroism spectra of indigo-
disulfonate- (IDS-) oxidized wild-type and Ala 98 altered
Fe proteins were recorded as previously described (Ryle et
al., 1996a). Samples of Fe protein (20 mg) were desalted Sk
by passage down a Sephadex G-25 column ¢0.50 cm) b
equilibrated with 100 mM Tris buffer, pH 8.0. The Fe _ _
protein samples were then oxidized by the addltlon_ of 25 FiGure 1: Molecular model of thé\. vinelandii Fe protein. Shown
uL of 20 mM IDS, and the IDS was removed using & s 5 close-up view of the [4Fe-4S] cluster domain and a portion of
Dowex-1 column. The oxidized Fe protein was diluted to 4 the subunit interface of the Fe protein. Teearbon trace for each
mL and split into two equal samples, and each sample wassubunit of the homodimer is shown witihelices in reds-sheets
transferred into sealed 1-cm path-length quartz cuvettes undef? green, and coils in yellow. The [4Fe-4S] cluster, which bridges

a nitrogen atmosphere. Nucleotides were added to a finalthe Wo subunits, is modeled as a cubane structure near the top of
the view with the iron atoms in green and the sulfur atoms in yellow.

concentration of 1 mM from anaerobic stock solutions. CD The two Ala 98 residues (cyan) are shown near the [4Fe-4S] cluster.
spectra were recorded on an Aviv 62DS spectropolarimeter The two switch Il peptide chains (magenta) are shown connecting
and were baseline subtracted. The concentration of oxidizedthe [4Fe-4S] cluster to the nucleotide binding domains, with the
Fe protein was determined from the absorption at 400 nm two Asp 125 residues at the nucleotide binding terminus of switch
- _ . - : Il. Near the bottom of the view are shown the phosphate portions
1. 1
using 13 mM-cn as the absorption coefficient (Lanzilotta of the two bound MgATP molecules with phosphorus atoms in
et al., 1995b). green and oxygen atoms in red. The position of the two MgATP
Potentiometric Redox TitrationsPotentiometric redox  molecules was modeled to represent generally where nucleotides
titrations were performed essentially as previously describedre thought to bind and should not be construed to indicate the

. ) actual position of binding or the conformational state of the
(Dutton, 1978; Morgan et al., 1986; Ryle & Seefeldt, 1996). nucleotide-bound protein. The model was generated using the

All potentials are reported with respect to the normal programs MOLSCRIPT (Kraulis, 1991) and Raster3D (Merritt &
hydrogen electrode (NHE). Midpoint potentias) were Murphy, 1994) from the X-ray coordinates of the Fe protein

calculated by fitting the data to the Nernst equation with 1 (Georgiadis et al., 1992).

faraday/mol. suggested that the A98V alteration rendered the Fe protein

RESULTS inactive in nitrogen fixation. In order to probe the functional
consequences of these amino acid substitutions, both the
Characterization of the A98G and A98V Altered Fe A98G and A98V altered Fe proteins were overexpressed in
Proteins. Figure 1 shows a molecular model of the A. vinelandiicells, and the altered Fe proteins were purified
vinelandii Fe protein based on the X-ray crystal structure to homogeneity (Seefeldt & Mortenson, 1993), with yields
(Georgiadis et al., 1992). It is evident that the Fe protein of 100% and 350%, respectively, of the average wild-type
can be described as a three-domain protein, with each subunife protein yield.
as a nucleotide binding domain and the [4Fe-4S] cluster The purified A98G Fe protein was fully active in acetylene
domain as a bridge or hinge domain. Given that it is unlikely reduction, proton reduction, and MgATP hydrolysis activities
that the nucleotide binding sites interact directly, it seems when combined with the wild-type MoFe protein. In
reasonable that communication between the nucleotidecontrast, when the purified A98V Fe protein was combined
binding sites occurs through the [4Fe-4S] cluster domain. with the wild-type MoFe protein, no detectable proton
The possible role of Ala 98 as a pivot in this domain is reduction, acetylene reduction, or MgATP hydrolysis activi-
apparent in Figure 1. The codon for Ala 98 of tide ties could be detected.
vinelandii Fe protein genajifH, was changed to the codons Nucleotide Binding to the Wild-Type and Ala 98 Altered
for Gly or Val, and the mutated genes were recombined into Fe Proteins. The binding of nucleotides (MgATP and
theA. vinelandiichromosome in place of the wild-typéfH MgADP) to the purified A98G and A98V Fe proteins was
gene by a chromosomal gene replacement procedure (Jadetermined by an equilibrium column binding method
cobson et al., 1989). Th& vinelandiicells expressing either  previously described (Ryle et al., 1995). From a plot of the
the A98G or A98V altered Fe proteins were tested for their ratio of nucleotides bound to the Fe protein versus the
ability to grow under nitrogen-fixing conditions (Seefeldt & concentration of added nucleotide, the number of nucleotides
Mortenson, 1993). While the cells expressing the A98G bound, the apparent dissociation constag),(and the
altered Fe protein grew at a rate similar to that of wild-type magnitude of cooperativity (Hill coefficient) can be deter-
cells, indicating that the A98G altered Fe protein was mined by fitting the data to the Hill equation. Figure 2 (panel
functional, the cells expressing the A98V Fe protein were A) shows the data for MgATP binding to the reduced wild-
unable to grow under nitrogen-fixing conditions. This type Fe protein with a calculated appardqt of 560 uM
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T , . protein was found to bind 1.3 MgADP molecules with an
20 A o] apparenty of 140 uM and little cooperativity 1§ = 1.2)
(panel B).

- Nucleotide-Induced Conformational Changes in Wild-Type
and Ala 98 Altered Fe ProteinsBecause the A98V altered
Fe protein bound 1 MgATP or 1 MgADP compared to the
binding of two nucleotides to the wild-type and A98G Fe
proteins, it was of interest to determine the nature and extent
of protein conformational changes that occurred in the A98V
Fe protein upon binding of one nucleotide. The extent of
the nucleotide-induced conformational changes in the A98V
Fe protein was monitored using a number of methods,
including Fe chelation rate, EPR, CD, and NMR spec-
troscopies, and changes in the midpoint potent) (

One sensitive assay to monitor protein conformational
changes in the Fe protein is the MgATP-dependent chelation
of Fe* from the Fe protein by chelators such as batho-
phenanthrolinedisulfonic acid (BPS) (Ljones & Burris, 1978).
The wild-type and A98G Fe proteins showed apparent first-
order rates of Fe chelation to BPS only upon the addition of
MgATP, with apparent first-order rate constants of 0.027
and 0.029 s, respectively. Likewise, the A98V Fe protein
only showed Fe chelation to BPS upon the addition of
MgATP, but the apparent first-order rate constant was
significantly lower (0.005 ). In order to determine if the
lower rate of Fe chelation from the A98V Fe protein was
FiIGURE 2: Nucleotide binding to wild-type and A98V Fe proteins.  the result of a lower total Fe content (i.e., incomplete [4Fe-

Equilibrium binding of MgADP or MgATP to wild-type and A98V :
Fe proteins was characterized as described in Experimental4s] clusters), the to_tal Fe content O_f the wild-type, A98Gf
Procedures. The ratio of the concentration of bound nucleotide @hd A98V Fe proteins was determined by an Fe analysis

divided by the concentration of Fe protein was plotted against the assay (Seefeldt et al., 1992) and found to be 34125 Fe
free nucleotide concentration. Data were fit to the Hill equation per wild-type Fe protein, 3.5% 0.24 Fe per A98G Fe

(Fo = Np[S](Kg + [S]), whereF, is the fraction of nucleotides protein, and 3.6Qt 0.17 Fe per A98V Fe protein. Thus,

bound to the Fe proteif, is the maximum number of nucleotides . b .
bound per Fe protein, [S] is the free nucleotide concentratign, the lower rate of iron chelation from the A98V Fe protein

is the apparent dissociation constant, and the Hill coefficient was not the result of a lower total iron content.
(which indicates cooperativity). Panel A: MgATP binding by wild- EPR The line shape of the EPR spectrum of reduced Fe

type Fe protein®) with a calculated appare#; of 560:M with protein is sensitive to the nucleotide bound state (Zumft et
n=2.3 andN, = 2.2 and by A98V Fe proteirl) with a calculated 5| 1974 Lindanl et al., 1987). The binding of MgADP or

apparentKy of 430 uM with n = 1.2 andN, = 1.1. Panel B: . . . .
MgADP binding by wild-type Fe protein®) with a calculated MQATP to the Fe protein results in different line shape

apparenKy of 1104M with n = 2.0 andN, = 2.1 and by A98V changes, the most pronounced change being from rhombic
Fe protein M) with a calculated appareiy of 140uM with n = to axial upon binding MgATP. EPR spectra for wild-type,
1.2 andN, = 1.3. A98G, and A98V altered Fe proteins, both in the absence
and with 2.2 bound MgATP molecules with strong positive and presence of MgGATP or MgADP, are shown in Figure 3.
cooperativity (Hill coefficientn = 2.3). These parameters In the absence of nucleotides, all three proteins showed
are consistent with previously published results for MgATP rhombic EPR line shapes (Figure 3, panel A). Subtle
binding toA. vinelandii Fe protein in the reduced state (Ryle changes in somg-values were observed for the A98V
et al., 1995, 1996b; Lanzilotta et al., 1995b). Similar results altered Fe protein, suggesting minor perturbations of the
were obtained for MgATP binding to the A98G altered Fe electronic structure of the [4Fe-4S] cluster resulting from
protein, with an appareiidy of 480uM, 2.2 bound MgATP the amino acid change. The addition of MgATP to the wild-
molecules, and strong positive cooperativity= 1.7). In type and A98G Fe proteins resulted in the expected line shape
contrast, under identical assay conditions, the A98V altered change to axial (panel B). In contrast, the A98V Fe protein
protein bound 1.1 MgATP molecules with an apparknt showed little change in EPR line shape upon the addition of
of 430uM and with little cooperativity it = 1.2) (panel A). MgATP. Likewise, the wild-type and A98G Fe proteins,
Figure 2 (panel B) shows the data for MgADP binding to but not the A98V Fe protein, showed the expected changes
the reduced state of the wild-type Fe protein. As can be in EPR spectral line shape upon MgADP addition. The EPR
seen, the wild-type Fe protein bound 2.1 MgADP molecules spectrum of the A98G Fe protein with MgADP bound is
per protein with an appareri¢y of 110 uM and strong significantly broadened, which could indicate increased
positive cooperativity f = 2.0). These parameters are conformational flexibility around the [4Fe-4S] cluster by
consistent with previously reported values for MgADP changing to Gly at this position.
binding to A. vinelandii Fe protein (Ryle et al., 1996b). Proton NMR. The downfield portion of the proton NMR
Similar binding parameters were determined for MgADP spectrum of the reduced Fe protein contains resonances from
binding to the A98G Fe protein, with 2.0 total bound MgADP the eight-CH, and foura-CH protons of the four cysteinyl
molecules with an apparery of 97 uM and strong ligands to the [4Fe-4S] cluster, which appear as four distinct
cooperativity 6 = 2.1). Again, in contrast, the A98V Fe resonances between 13 and 50 ppm (Lanzilotta et al., 1995a).
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FicUrRe 3: EPR spectra of wild-type and Ala 98 altered Fe proteins FIGURE 4: Downfield portion of théH NMR spectra of wild-type

in the absence or presence of nucleotides. Wild-type, A98G, and and Ala 98 altered Fe proteins. Reduced Fe protein samples were
A98V Fe proteins (30 mgnL~1) were prepared, and spectra were prepared as described in Experimental Procedures. The downfield
recorded, as described in Experimental Procedures. Samples wergortion of the 400.17 MH2H NMR spectrum, at a temperature of
maintained in the reduced state by the presence of 2 mM dithionite. 305 K, is presented for wild-type (1.5 mM), A98G (1 mM), and
Spectra were recorded at a temperature of 12 K, a frequency of A98V (1.7 mM) Fe proteins in the absence of nucleotides (panel
9.64 GHz, and a microwave power of 1.0 mW. EPR spectra are A), in the presence of MgATP (panel B), and in the presence of
presented for wild-type, A98G, and A98V Fe proteins in the absence MgADP (panel C). Nucleotides were added from stock solutions
of nucleotides (panel A), with a 10-fold molar excess of MgGATP to a 5-fold molar excess over the protein concentration.

(panel B), and with a 10-fold molar excess of MgADP (panel C).

The chemical shifts of these resonances are sensitive to thér hese observations suggest that the A98V Fe protein

distance and orientation of the cysteinyl ligands relative to undergqes a partial conformational change upon binding one
the [4Fe-4S]" cluster. The binding of MgGADP or MgATP nucl_eonde. ) ) N )

by the wild-type Fe protein results in changes in the isotropic ~ Circular Dichroism. The most sensitive spectroscopic
shifts of these resonances, which supports the model thattechnique for monitoring the effects of nucleotide binding
the binding of nucleotides by the Fe proteins induces changeson the properties of the [4Fe-#S]cluster is the visible

in the [4Fe-4S] cluster environment (Lanzilotta et al., 1995a). region circular dichroism (CD) spectrum (Stephens et al.,
The 400 MHz*H NMR spectra for wild-type and Ala 98  1979; Ryle et _al., 1996a). It has recently been shown that
altered Fe proteins in the absence or presence of nucleotide§he no nucleotide, MgATP- and MgADP-bound states of the
are presented (Figure 4). In the absence of any nucleotidesF€ protein give distinct CD spectra, providing a fingerprint
the downfield proton NMR spectra for all three proteins were for these three states (Ryle et al., 1996a). The CD spectra
nearly identical (panel A). The A98V alteration did result for the wild-type, A98G, and A98V Fe proteins in the
in a shift of the 49 ppm resonance to 51 ppm and in the absen-Ce of nucleotides are shown in Flgure 5 (pan9| A) Both
resolution of this resonance into two overlapping signals. the wild-type and A98G Fe proteins gave CD spectra

This signal has been assigned to t#€H, cysteinyl proton ~ consistent with previously reported data (Ryle et al., 1996a).
pairs bound to the mixed valence iron pair of the cluster The A98V Fe protein showed a somewhat different CD

(Lanzilotta et al., 1995a). spectrum, most notably at 450 and 370 nm. The addition
Changes in the downfield proton NMR resonances of of MJATP to all Fe proteins resulted in CD spectra similar
the three Fe proteins upon nucleotide binding are also to that previously reported for the MgATP-bound state of
shown (panels C and D). Both the wild-type and A98G Fe the wild-type Fe protein (panel B). Most interesting was
proteins showed nearly identical spectra in the presence ofthe effect of adding MgADP (panel C). While the wild-
MgATP or MgADP. In contrast, the A98V showed only type and A98G Fe proteins gave spectra that are expected
minor changes in NMR signals upon binding nucleotides for the MgADP-bound state, the A98V Fe protein gave a
when compared to the no nucleotide bound state. Only theSPectrum that was dramatically different, looking more like
14 ppm resonance of the A98V Fe protein, which has been the spectrum observed for wild-type Fe protein with MgATP
assigned to protons of an-CH cysteinyl ligand bound to ~ bound.
the all ferrous Fe pair (Lanzilotta et al., 1995a), showed Redox PotentialsOne important change in the properties
any change in chemical shift upon nucleotide addition. of the [4Fe-4S] cluster upon the binding of MgATP or
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Ficure 5: Circular dichroism spectra of wild-type and Ala 98 Figure 6: Redox titrations of wild-type and Ala 98 altered Fe
altered Fe proteins in the absence or presence of nucleotides. Thgyroteins. Potentiometric titrations of Fe protein samples—I®
visible region circular dichroism (CD) spectra of IDS-oxidized wild-  mg-mL-1) were done in 50 mM Tricine buffer, pH 8.0, with 250
type, A98G, and A98V altered Fe proteins are presented in the mm NaCl, 504M methyl viologen, 5QuM benzyl viologen, and
absence of nucleotides (panel A), in the presence of 1 mM MgATP 50 ;M flavin mononucleotide. Panel A: Potentiometeric titrations
(panel B), and in the presence of 1 mM MgADP (panel C). All  of wild-type Fe protein without added nucleotid® €, = —300
spectra were baseline subtracted, and the presence of the oxidizeghv), with MgATP (@, En, = —420 mV), or with MgADP @, En,
state was confirmed from the visible absorption spectrum. = —460 mV). Panel B: Potentiometeric titrations of A98G Fe
MgADP to the Fe protein is the change in the redox potential Protein without added nucleotide®(, En = —290 mV), with

_ _ o MgATP @, E, = —410 mV), or with MgADP @, E,, = —450
of the 2+/1+ couple from—300 mV t0—420 or to—460 mV). Panel C: Potentiometeric titrations of A98V Fe protein without

m_V, respectively (Zumft et _al.,_ 19_74; Watt et al., 1986). added nucleotidesw( E, = —280 mV), with MgATP (, En, =
Figure 6 shows potentiometric titrations for wild-type (panel —360 mV), or with MgADP €, E, = —330 mV). All EPR spectra

A), A98G (panel B), and A98V (panel C) Fe proteins in the were recorded at a temperature of 12 K, a microwave power of
absence of nucleotides, in the presence of MgATP, and in 6.36 mW, and a frequency of 9.64 GHz. Fits of the data to the

. : . Nernst equation with 1 faraday/mol are shown. Midpoint potentials
the presence of MgADP. The calculated midpoint potentials (Em) are reported relative to the normal hydrogen electrode (NHE).

(Ew) from fits of the data to the Nernst equation are Nycleotides were added to 5 times the protein concentration.
summarized in Table 1. The wild-type and A98G Fe proteins

gave similaiE, values in all cases. Likewise, the A98V Fe Protein for docking to the MoFe protein, a competitive
protein showed the expect&g) in the absence of nucleotides.  Pinding assay was employed (Lanzilotta et al., 1995b). The
Surprisingly, however, the A98V Fe protein showed only A98V_Fe protein was o_bser_ved to inhibit the association of
approximately half the shift in midpoint potential in the the wild-type Fe protein with the MoFe protein during a
presence of MgATP or MgADP. These results, coupled normal activity assay, with a 50% |_nh|b|t|on of activity ata
with the results from the spectroscopic analyses, suggestmolar ratio of 17 A98V Fe proteins to 1 MoFe protein
that binding of a single nucleotide to the A98V Fe protein (Figure 7). Thus, the A98V Fe protein is still able to bind
induces only a portion of the protein conformational changes {© the MoFe protein, although the complex is not competent
found for the binding of two nucleotides to the wild-type Fe fOr MGATP hydrolysis or electron transfer.
protein.

Binding of the A98V Fe Protein to the Wild-Type MoFe DISCUSSION
Protein. Because the A98V Fe protein was inactive in The results of the present study can be discussed in the
MgATP hydrolysis, yet remains able to bind nucleotides and context of three important questions concerning the function
still undergoes a portion of the nucleotide-dependent con- of the nitrogenase Fe protein: (i) What is the mechanism of
formational changes, it was of interest to determine if this cooperative binding of two nucleotides by the Fe protein,
protein could still dock to the MoFe protein. The docking (ii) how does nucleotide binding induce changes in the
of the Fe protein to the MoFe protein involves a complex properties of the [4Fe-4S] cluster (e.g., changes in the
series of events, where the MgATP-bound state of the Fe midpoint potential), and (iii) what is the role of nucleotide-
protein is required for the final stages of docking and the induced protein conformational changes in component
MgADP-bound state for the dissociation of the component protein docking, MgATP hydrolysis, and intercomponent
proteins. To address the potential affinity of the A98V Fe electron transfer?
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pull on switch Il, leading to changes in the protein environ-

ment around the [4Fe-4S] cluster and hence to changes in
its properties. The results of the present study extend the
previous model by suggesting that the [4Fe-4S] cluster
domain of the Fe protein is an intermediate in the transduc-
tion from one nucleotide binding site to the other in the

cooperative binding mechanism. It might be imagined that
nucleotide binding to one subunit of the Fe protein results
in movement in switch Il within that subunit. The resulting

changes in the properties of the [4Fe-4S] cluster domain
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%30 20 30 20 50 60 could result in movement in switch Il within the other
[Altered Fe protein] / [MoFe protein] subunit, transducing a signal to the second nucleotide binding

FiGUrRe 7: Inhibition of wild-type acetylene reduction activity by ~ Site. Additional support for such a model comes from several
the A98V Fe protein. Acetylene reduction assays were performed previous observations. Changing Phe 135, located near the
as described in Experimental Procedures. A constant amount of[4Fe-4S] cluster, to Trp or His resulted in proteins with a
wild-type MoFe protein (1.0 nmol) and increasing amounts of A98V gjgnjficantly higher affinity for binding nucleotides (Ryle et

(®) or K15R @) Fe proteins (861 nmol) were added to each :
assay vial. Each reaction was initiated by the addition of 2.0 nmol al., 1996b). Hence, changes near the [4Fe-4S] cluster domain

of wild-type Fe protein. The percentage of the maximum acetylene Were communicated to the nucleotide binding sites. Like-
reduction activity (nanomoles of 8, formed per minute) was  wise, reaction of the [4Fe-4S] cluster with NO resulted in
plotted against the ratio of altered Fe protein divided by the wild- an Fe protein that no longer bound nucleotides (Hyman et
type MoFe protein. The maximum activity of the wild-type Fe 5 "1992). Finally, the redox state of the [4Fe-4S] cluster
protein-MoFe protein complex was 2050 nmol of )k also a t late the affinity for bindi leotid
formedmin—1-(mg of Fe protein)™. so appears to regulate the affinity for binding nucleotides,
with the oxidized (2-) state having a significantly higher

Table 1: Redox Potentials of Wild-Type and Ala 98 Altered Fe affinity for binding both MgATP and MgADP when
Proteins compared to the reduced«] state (Cordewener et al., 1985;
En (MV)? Yates, 1991; Ryle et al., 1996b).

This raises the obvious question as to why two nucleotides

WT Fe A98G A98V Fe . . ;

addiion protein AE. Feprotein AE, protein AEm bind to the Fe protein? The answer may well lay in the

P — — energetics of nucleotide binding. The free energy of
R,logi%',t'on _228 —120 _228 —120 _%gg —80 nucleotide binding AG) must be used to drive the protein

MgADP —460 —-160 —450 —160 —330 —50 conformational changes that ready the Fe protein for docking

aMidpoint potentials En) are relative to the normal hydrogen to the _MOFe protein and to drive the lowering of the re_dox
electrode (NHE)® Changes in the midpoint potential&Ey) upon the potential. The free energy change for two nucleotides
addition of the noted nucleotide. binding would provide twice the energy, which may be
required for these conformational changes. The other answer

Mechanism of Cooperat Nucleotide Binding by the Fe  may be in the energetics of MgATP hydrolysis. It has been
Protein. The site and amino acids involved in binding the suggested that the energy of MgATP hydrolysis by the Fe
phosphate portion of nucleotides to the Fe protein are protein when bound to the MoFe protein drives the transfer
reasonably well defined. From the location of a bound ADP of an electron between the proteins or to substrates. Again,
in the crystal structure of thé\. vinelandii Fe protein the hydrolysis of two MgATP molecules would provide twice
(Georgiadis et al., 1992) and the analysis of a series of site-the energy liberated from the hydrolysis of a single nucleotide
specifically altered Fe proteins, the phosphate portion of each(30 kI}mol™Y). This extra energy may be required to
bound nucleotide appears to be located near the subunitovercome the significant activation energy for the reduction
interface, about 19 A below the [4Fe-4S] cluster. Lys 15 of dinitrogen. This logic suggests a reason for cooperativity
appears to make important electrostatic interactions with thein the binding of two nucleotides to the Fe protein. Positive
f- andy-phosphates (Seefeldt et al., 1992; Ryle et al., 1995), cooperativity ensures that if one nucleotide is bound, then
while Asp 125 (Wolle et al., 1992a) and Ser 16 (Seefeldt & there is a very high probability that the second will also be
Mortenson, 1993) appear to coordinate the bouncd®™Mg bound. This would prevent the formation of a catalytically
either directly or through bound waters. Asp 129 also inactive, partially ligated Fe protein.
appears to interact with the phosphates, again probably Nucleotide-Induced Changes in the Properties of the [4Fe-
through a bound water (Lanzilotta et al., 1995b). The 4S] Cluster. Three models seem likely to explain the
locations of the ribose and adenine portions of bound nucleotide-induced changes in the protein conformation of
nucleotides are not clear, with two very different models the Fe protein: (i) The binding of the first nucleotide to the
having been suggested (Wolle et al., 1992a). Two important Fe protein could induce all of the conformational changes
questions are: (i) how is the energy of nucleotide binding in the protein, (ii) the binding of the second nucleotide could
communicated to the [4Fe-4S] cluster, which is observed asinduce all of the changes, or (iii) the binding of each
changes in the properties of the [4Fe-4S] cluster, and (ii) nucleotide could contribute to the total conformational
how is nucleotide binding to one subunit of the Fe protein change. The results from the present work demonstrate that
communicated to the other subunit. The peptide chains fromthe A98V Fe protein binds only one nucleotide and appears
Asp 125 to Cys 132 (designated switch Il) have been shownto undergo only about half the conformational changes,
to be one pathway for communication from the nucleotide supporting the third model above. As might be expected,
binding site to the [4Fe-4S] cluster (Ryle & Seefeldt, 1996). the binding of each nucleotide contributes to the conforma-
It was suggested that the binding of nucleotides results in ational changes.
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The Role of Nucleotide-Induced Conformational Changes subunits are linked through the [4Fe-4S] cluster domain, the
in Nitrogenase CatalysisThe A98V Fe protein described subunits of glycogen phosphorylase are linked through
in this work provides a unique opportunity to determine the several peptide chains. Recently, site-directed mutagenesis
role of the stoichiometry of nucleotide binding and the studies have been carried out within these peptide chains.
resulting conformational changes on the catalytic functions The alteration of Pro 48, a residue located within the peptide
of the Fe protein. Of particular interest would be the need bridges between the individual subunits, to Thr resulted in a
for one or two nucleotides to induce protein conformational change in the binding of two MgAMP molecules from
changes in the Fe protein required for docking to the MoFe strongly cooperative to noncooperative (Browner et al.,
protein, activation of MgATP hydrolysis in the protein 1992). The structural analysis of the P48T altered protein
complex, and activation of intercomponent electron transfer. showed no major atomic rearrangement at the MgAMP
The observation that the A98V Fe protein still bound to the binding sites; hence, the alteration was suggested to interfere
MoFe protein, but did not hydrolyze MgATP or transfer with the transmission of the allosteric signal (Browner et
electrons, suggests that the partial conformational changesal., 1992). Although no structural information concerning
that occur in the A98V Fe protein are sufficient to allow the nucleotide binding sites of the A98V Fe protein is
some stage of docking to the MoFe protein, but not MgGATP available, it seems unlikely that the alteration of Ala 98 has
hydrolysis or electron transfer. It is tempting to ascribe the resulted in direct perturbation of the nucleotide binding site.
lack of electron transfer from the A98V Fe protein to the Therefore, much like the P48T alteration in muscle glycogen
MoFe protein to the more positive redox potential of the phosphorylase, the A98V alteration in the Fe protein probably
cluster in the nucleotide-bound state. This possibility seemsalso interferes with allosteric signal transduction.
unlikely, however, because the Fe protein from the bacterium In summary, the present work provides evidence that the
Klebsiella pneumoniaéas a significantly more positive conserved Ala at position 98 in the nitrogenase Fe protein

redox potential in the MgATP-bound state-320 mV) plays an important role in communicating the conformational
(Ashby & Thorneley, 1987) compared to that of tie changes which are required for the cooperative binding of
vinelandii Fe protein in the MgATP bound state420 mV), two nucleotides. It also appears that the binding of a single

and yet theK. pneumoniad-e protein transfers an electron nucleotide by the A98V Fe protein induces about half the
to theA. wvinelandiiMoFe protein at the same rate as the changes in the physicochemical properties of the [4Fe-4S]
vinelandii Fe protein. cluster that are expected for the binding of two nucleotides.
Comparison to Other Proteins Which Cooperaty Bind In light of these observations, the [4Fe-4S] cluster domain
Substrates The cooperative binding of nucleotides by the can be viewed as a hinge between the two nucleotide binding
Fe protein, and the proposed function of the [4Fe-4S] cluster domains which facilitates conformational rearrangements
in this mechanism, can be compared to other proteins thatrequired for the cooperative binding of a second nucleotide.
bind ligands cooperatively. Similar to many allosteric
proteins, the Fe protein contains multiple subunits, with ACKNOWLEDGMENT
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mediated between the subunits. Unlike any other known cpan for helpful discussions and Dr. Jason Christiansen for
examples of allosteric proteins, however, the [4Fe-4S] cluster ;qsistance in preparing Figure 1.

domain of the Fe protein appears to play a pivotal role in
the cooperative mechanism. The classic example of anREFERENCES

allosteric protein is hemoglobin. In this protein, the binding ) )
of a single oxygen to a heme of one subunit results in changeﬁcgggsjs%b'(" & Hazzard, J. H. (1993)ends Biochem. Sci. 18,

in the affinity for binding oxygen to hemes i'n 'other sub_units Ashby, G. A., & Thorneley, R. N. F. (198 Biochem. J. 246455~
(Ackers & Hazzard, 1993). This cooperativity is mediated 465,

by a 1 A movement of the axial ligated histidine, which is Browner, M. F., Hwang, P. K. & Fletterick, R. J. (1992)
propagated to the subunit interface. This results in a 200- _ Biochemistry 3111291-11296.

fold higher affinity for the binding of oxygen to the other Chlrggnz)il\/éégischer, J., & Kulhanek, V. (1974)in. Chem. 20,

SUb_units' ) ] o . Cordewener, J., Haaker, H., Van Ewijk, P., & Veeger, C. (1985)
Single amino acid substitutions have been used in several Eur. J. Biochem. 148499-508.

other allosteric proteins to probe the mechanism of coopera-Dutton, P. L. (1978 Methods Enzymol. 5411-435.
tive ligand binding. For example, calmodulin binds tw@Ca  Georgiadis, M. M., Komiya, H., Chakrabarti, P., Woo, D., Kornuc,
ions cooperatively, one to each of the EF binding domains _, - J-» & Rees, D. C. (199%cience 2571653—16|59- .
Linse et al., 1991). Asp 95 of the C-terminal domain has Hageman, R/ V., & Burris, R. H. (1978roc. Natl. Acad. Sci.
(Linse et al, - ASP 95 C U.S.A. 752699-2702.
been identified as one of the ligands to the bounéCand Hathaway, G. M., Lundak, T. S., Tahara, S. M., & Traugh, J. A.
altering this residue to Asn decreased the affinity for binding  (1979) Methods Enzymol. 6@95-511. _
Ca* and decreased the cooperativity for binding the second Howard, J. B., & Rees, D. C. (199Annu. Re. Biochem. 63235~
”::Cle‘t’.t'de (Waltergso.“ ter: all'\'l t1993.)' IV\ér::egla dhomglogo.us Hyman, M. R., Seefeldt, L. C., Morgan, T. V., Arp, D. J., &
alteration was maae |.n' € N-termina T Inding . Oma'n Mortenson, L. E. (1992Biochemistry 312947-2955.
(D48N), both the affinity and cooperativity for binding jacobson, M. R., Brigle, K. E., Bennett, L. T., Setterquist, R. A.,
calcium were increased. Muscle glycogen phosphorylase is  Wilson, M. S., Cash, V. L., Beynon, J., Newton, W. E., & Dean,
a homodimeric protein which binds two MgAMP molecules < D-l_R- |(319389()1J§QB§]CIZ”0||' 1C71’1t0ﬁ7_10221946—950

; s i raulis, P. J. . Appl. Crystallogr. .
Yr"gh strong pos!t've.cqlopeiat"{gy ('S:prang tet.al'! 19tf]7’t1988%' Lanzilotta, W. N., Holz, R. C., & Seefeldt, L. C. (1995a)
is enzyme is similar to the Fe protein in that eac Biochemistry 341564615653,
nucleotide binding site is located within one of two identical [ anzilotta, W. N., Ryle, M. J., & Seefeldt, L. C. (1995b)
subunits. However, unlike the Fe protein, in which the  Biochemistry 3410713-10723.



15662 Biochemistry, Vol. 35, No. 49, 1996

Lanzilotta, W. N., Fisher, K., & Seefeldt, L. C. (199B)ochemistry
35, 7188-7196.

Lindahl, P. A., Gorelick, N. J., Muock, E., & Orme-Johnson, W.
H. (1987)J. Biol. Chem. 26214945-14953.

Linse, S., Helmersson, A., & Forsen, S. (1991Biol. Chem. 266,
8050-8054.

Ljones, T., & Burris, R. H. (1978Biochemistry 171866—1872.

Lowe, D. J., Fisher, K., & Thorneley, R. N. F. (199jochem. J.
292,93-98.

Lowery, R. G., Chang, C. L., Davis, L. C., McKenna, M. C.,
Stephens, P. J., & Ludden, P. W. (1983chemistry 281206—
1212.

Merritt, E. A., & Murphy, M. E. P. (1994Acta Crystallogr. D50,
869-873.

Meyer, J., Gaillard, J., & Moulis, J. M. (1988iochemistry 27,
6150-6156.

Morgan, T. V., Prince, R. C., & Mortenson, L. E. (1986EBS
Lett. 206,4—8.

Mortenson, L. E., Seefeldt, L. C., Morgan, T. V., & Bolin, J. T.
(1993) Adv. Enzymol. 67299-374.

Peters, J. W., Fisher, K., Newton, W. E., & Dean, D. R. (1985)
Biol. Chem. 2702700727013.

Ryle, M. J., & Seefeldt, L. C. (199@iochemistry 354766-4775.

Ryle, M. J., Lanzilotta, W. N., Mortenson, L. E., Watt, G. D., &
Seefeldt, L. C. (1995). Biol. Chem. 27013112-13117.

Ryle, M. J., Lanzilotta, W. N., Seefeldt, L. C., Scarrow, R. C., &
Jensen, G. M. (1996a). Biol. Chem. 2711551-1557.

Ryle, M. J., Lanzilotta, W. N., & Seefeldt, L. C. (1996b)
Biochemistry 359424-9434.

Seefeldt, L. C. (1994rotein Sci. 3,2073-2081.

Seefeldt, L. C., & Mortenson, L. E. (199%)rotein Sci. 2,93—
102.

Ryle and Seefeldt

Seefeldt, L. C., Morgan, T. V., Dean, D. R., & Mortenson, L. E.
(1992)J. Biol. Chem. 2676680-6688.

Sprang, S., Goldsmith, E., & Fletterick, R. (1983¢ience 237,
1012-1019.

Sprang, S. R., Acharya, K. R., Goldsmith, E. J., Stuart, D. I., Varvill,
K., Fletterick, R. J., Madsen, N. B., & Johnson, L. N. (1988)
Nature 336,215-221.

Stephens, P. J., McKenna, C. E., Smith, B. E., Nguyen, H. T.,
McKenna, M. C., Thomson, A. J., Devlin, F., & Jones, J. B.
(1979) Proc. Natl. Acad. Sci. U.S.A. 7@585-2589.

Walker, G. A., & Mortenson, L. E. (1978iochemistry 132382—
2388.

Waltersson, Y., Linse, S., Brodin, P., & Grundstrom, T. (1993)
Biochemistry 327866-7871.

Watt, G. D., Wang, Z. C., & Knotts, R. R. (198®jochemistry
25,8156-8162.

Willing, A., & Howard, J. B. (1990)J. Biol. Chem. 2656596—
6599.

Wolle, D., Dean, D. R., & Howard, J. B. (1992&cience 258,
992—-995.

Wolle, D., Kim, C., Dean, D., & Howard, J. B. (19928) Biol.
Chem. 2673667-3673.

Yates, M. G. (1991) irBiological Nitrogen Fixation(Stacey, G.,
Burris, R. H., & Evans, H. J., Eds.) pp 68335, Chapman and
Hall, New York.

Zumft, W. G., Palmer, G., & Mortenson, L. E. (197Bjochim.
Biophys. Acta 292413—421.

Zumft, W. G., Mortenson, L. E., & Palmer, G. (197&ur. J.
Biochem. 46525-535.

BI961886F



