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ABSTRACT. The crystal structure of a nitrogenase Fe protein single site deletion variant reveals a distinctly
new conformation of the Fe protein and indicates that, upon binding of MgATP, the Fe protein undergoes
a dramatic conformational change that is largely manifested in the rigid-body reorientation of the
homodimeric Fe protein subunits with respect to one another. The observed conformational state allows
the rationalization of a model of structurally and chemically complementary interactions that occur upon
initial complex formation with the MoFe protein component that are distinct from the prepeatein
interactions that have been characterized previously for stabilized nitrogenase complexes. The crystal-
lographic results, in combination with complementary-tsible absorption, EPR, and resonance Raman
spectroscopic data, indicate that the [4Fe-4S] cluster of both the Fe protein deletion variant and the native
Fe protein in the presence of MgATP can reversibly cycle between a regular cubane-type [4Fe-4S] cluster
in the reduced state and a cleaved form involving two [2Fe-2S] fragments in the oxidized state. Resonance
Raman studies indicate that this novel cluster conversion is induced by glycerol, and the crystallographic
data suggest that glycerol is bound as a bridging bidentate ligand to both [2Fe-2S] cluster fragments in
the oxidized state.

The biochemical apparatus that is responsible for the binding and hydrolysis to protein conformational changes
conversion of atmospheric nitrogen gas to ammonia is the that can be transduced within a macromolecular complex
complex metal-containing enzyme nitrogenase. Nitrogenase(4, 5). Members of this class are involved in numerous
is a two-component enzyme, and in the most extensively important cellular processes, including G proteins in hormone-
studied of the nitrogenase enzyme systems, a MgATP stimulated metabolic activitie$,7), transducin in the light-
binding iron—sulfur protein termed the Fe protein serves as driven response in visior8), EF-Tu in protein synthesi®(
the unique electron donor to the MoFe protein where nitrogen 10), RecA in DNA repair {1, 12), and myosin in muscle
is bound and reduced {-3). The MoFe protein contains two  contraction {3—16). Individual members of the class can
types of complex metal clusters, the P clusters, which servebe related and identified by regions of amino acid sequence
as an intermediate acceptor of electrons from the Fe proteinconservation in the nucleotide binding regions of the proteins.
on route to the FeMo cofactors, which in turn serve as the All of the members possess two sets of consensus amino

sites for substrate binding and reduction. acid sequence motifs termed Walker A and Walker B
The Fe protein is a member of a large class of proteins Sequences4( 5, 17) (Table 1).
that couple nucleoside triphosphate (either ADP GTP) For G protein-coupled receptors, the binding of a hormone

at a receptor induces a conformational change in the receptor,
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Table 1: Sequence Comparison for Walker A and Walker B Motifs MgADP-bound stated0, 26) as well as the nitrogenase Fe

of Nucleotide Binding Proteiris proteinr—MoFe protein complex have contributed signifi-
nucleo- cantly to our understanding of the role of MgATP binding
tides and hydrolysis in nitrogenase catalysis. The structure of the
protein process Walker A Walker Binvolved nitrogenase complex stabilized in the presence of MgADP
Fe protein  electron transferGKGGIGKS DVLG ATP and tetrafluoroaluminat@{, 28) revealed that the Fe protein
and ATP can undergo significant conformational changes during
~ hydrolysis complex formation. Yet to be structurally characterized is
Ras protein C‘é'.'ﬁ i GAGGVGKS DTAG GTP the MgATP-bound on state of the Fe protein. The structure
EF-Tu proéeﬁ:en ration GHVDHGKT DGPG GTP of this state is critical to dissecting the proteiprotein
synthesis interactions within the nitrogenase complex that result in the
myosin muscle GESGAGKT DISGFE ATP Fe protein conformational changes that trigger MgATP
_contraction hydrolysis and electron transfer.
transducin  vision GAGESKS DVGG GTP . . .
RecA DNA repair GPESSKT VIVVDSV ATP Capturing crystals of proteins in the presence of bound
elF4A protein AQSGTGKT DEAD ATP nucleoside triphosphates is a difficult task since these
synthesis compounds are not stable to the extent that they can be
2|ndicated by single letter amino acid code. incubated at ambient temperatures for extended periods

without being hydrolyzed. The instability has been overcome

requires regions for communication between the nucleotide I SOMe systems by utilizing the various nonhydrolyzable

binding site and the sites for proteiprotein interaction, and ~ analogues of GTP or ATP6( 29, 30). A variant of the
these regions have been termed nucleotide-dependent switch2otobactervinelandii Fe protein has been characterized
regions. The “off state” of the G protein is released upon prewou_sly in which a single amino ac_|d dele_t|0n has be_en
GTP hydrolysis and provides an elegant system of desensi-Placed in the_ nupleot@e—depe_ndent switch region re$p0n3|ble
tization through a slow inherent GTP hydrolysis activity of for commumca‘uon with the sites for nucleotide bmdmg.and
the G protein that can be regulated through the association’Ydrolysis and the [4Fe-4S] cluste3( 32). The Fe protein

of other proteins that enhance the specific GTPase activity, With @ single deletion of Leu at position 127 has been
o . _ _ extensively studied and shown to have biochemical and
The Fe protein is a special member of this class in both

. . . biophysical properties in its nucleotide-free form that mimic
form and function, and thus the comparisons of the Fe protein Py prop

. . ; the native Fe protein in the presence of bound MgA3E (
structure and function with other members are very interest- 32). In further support of the concept that the L127 deletion
ing (1—3). Structurally, the Fe protein, unlike the other

b t the . di ith subuni variant is a structural mimic of the Fe protein MgATP-bound
members of the class, exists as a dimer with SUDUNILS gia10 it has been shown that the Fe protein variant forms a
covalently linked by a single [4Fe-4S] cluster. In terms of

. o N tight binding complex with the MoFe protein in either the
function, the enzyme utilizes MgATP to define conforma-

ional h I he F . K . Ipresence or absence of bound nucleotid®s 83). This
tional states that allow the Fe protein to make sequential o, 6y has been structurally characterized and significantly
electron transfers to the MoFe protein in a manner that allows

| | he MoF : ith resembles the structure of the nitrogenase complex stabilized
electrons to accumulate on the MoFe protein as either;, ihe presence of MgADP and tetrafluoroalumingté 8).
electrons residing on the metal clusters or in enzyme-

associated substrate reduction intermediates. During nitro-pATERIALS AND METHODS
genase catalysis, each Fe protein dimer binds two MgATP
molecules and in the reduced state forms a complex in which  Protein CrystallographyThe Leul27 deletion variant of
at least one electron can be transferred to the MoFe protein.the nitrogenase enzyme was purified frémvinelandii as
The interaction of the on state of the Fe protein with the described previously3@). The protein was concentrated to
MoFe protein results in conformational changes imposed on70 mg/mL prior to crystallization. The conditions for
the Fe protein, leading to MgATP hydrolysis and the crystallization were initially identified through sparse matrix
transition to the MgADP-bound state or the off state. For screens 34, 35). Crystals were grown under anaerobic
the Fe protein the aforementioned nucleotide-dependentconditions in a Coy anaerobic chamber using the microcap-
switch regions link the sites for nucleotide binding and illary batch diffusion method20) with 24% poly(ethylene
hydrolysis with the Fe protein’s [4Fe-4S] cluster and the sites glycol), MW = 4000, as the precipitating agent in 0.16 M
for MoFe protein interaction. This allows for nucleotide- MgCl,, trishydrochloric acid, pH 8.5, 20% glycerol, and 1
dependent control of nitrogenase complex formation and themM sodium dithionite. The crystals are brown in color and
redox properties of the Fe protein's [4Fe-4S] cluster. grow to the approximate dimensions of 0<20.5 x 1 mm
Although the role and absolute requirement for MgGATP in in ~2—3 weeks.
nitrogenase catalysis are not completely understood, a pata were collected on beamlines 9-1 and 9-2 of the
potential role is implied in providing a means to accumulate stanford Synchrotron Radiation Laboratory, and during data
multiple reducing equivalents on either the metal clusters or ¢ojjection the crystals were cooled by a continuous flow of
enzyme-bound reduced intermediates of the substrate on th§iquid nitrogen at 93 K. The data were processed using
MoFe protein. MOSFLM (36) and scaled using the SCALA3Y) suite
The nitrogenase components have been structurally charprogram. For the collection of multiple wavelength anoma-
acterized in their native state as well as a number of definedlous dispersion (MAD) data, absorption edge measurements
states relevant to the nitrogenase catalytic cyte-@5). were utilized to identify the energies bfandf . Data sets
The structures of the Fe protein in its native state and were collected at the wavelengths corresponding’ tand
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Tabl_e 2 Multiple Wavelength Anomalous Diffraction Data Table 3: Data and Refinement Statistics
Statistics data statistics
cell dimensions a=70.7A space group C222 resolution (A) 20.6-2.50
b=133.0A completeness (%) 99.4 (99.8)
c=61.1A observed reflections 122724
o=p=y=290.00 unique reflections 10015
lo 10.6 (4.7)
remote Fe edge Riergé o 0.059 (0.135)
Ji=14251A 2,=1.6934A Jy=17416A ref'F:‘cemem statistics (8:€2.5 A) 0220
st .
resolution (A) 50.06-2.96 50.06-2.96 50.06-3.00 Rfrl;/e 0.272
completeness (%) 99.5 (99.9) 98.8 (93.6) 99.3 (97.6) averageB factor (A2) 46.2
obsd reflections 55579 56685 25479 rms bond (A) 0.01
unique reflections 6172 6042 5745 rms angles (deg) 2.7
llo 8.2(5.8 4.0(3.0 45(1.8 - - -
Rinergd 0.06(4 (8.109) 0.1(()5 (()).199) 0'1(07 ()0.182) 2 Rmerge= Y nwYilli — OOV3 Y i| 0, wherel; is the intensity for the

ith measurement of an equivalent reflection with indibelsl. Data

2 Rmerge= Y hii2illi — OOV n2.i |, wherel; is the intensity for the statistics for the highest resolution shell are indicated in parentheses.
ith measurement of an equivalent reflection with indibesl. Data
statistics for the highest resolution shell are indicated in parentheses.

Atmospheres glovebox under an Ar atmosphefr® ppm

" . " 0O,). Samples of wild-type and the L127 deletion variant of
f", and in addition one data set was collected at awavelengthA vinelandii Fe protein were purified in 50 mM Tris-HCI
correspondigg to an energy remote o_f the edge. Data statisticsouﬁer, pH 8.0, with 1 mM sodium dithionite and 20% (v/v)
for the 3.0 A MAD data are shown in Table 2. glycerol. Glycerol and dithionite were removed by gel

Tlhe istructulre was td(’e\ZeRm:mid using a co;nhtﬂmggtlon of filtration using a Sephadex G-25 column, and samples were
molecular replacement (MR) techniques using B( concentrated by Centricon or Amicon ultrafiltration. ATP-

and multiple wavelength anomalous dispersion meth88s () \nd wild-t L

. . o -type samples were prepared by addition of a
using the program SOLVE() for the identification of Fe 4-fold excess of MgATP (Sigma) using a stock solution
sites and phase calculation. Preliminary determination of theprepared in the same buffer. Samples were oxidized by
crystal symmetry and cell parameters indicated the asym-addition of aliquots of a concentrated stock solution of
metric unit of the crystals would contain a single subunit of .00 e o persistent color change was observed

the Fe protein dimer (Table 2)49). For the molecular Spectroscopic Measuremerith/ —visible absorption spec-
replacement, a single subunit of the dimeric Leu127 deletion P P . tosorpt P
tra were recorded under anaerobic conditions in screw-top

variant of theA. vinelandii Fe protein from the complex . :
structure (PDB accession code 1G20) was used as the searcf'i mm cuvettes using a Shimadzu UV-3101PC spectropho-

model. The initial solution resulted in a correlation coefficient Iggreutrenrér?;SSORag';r?];nagaglz%%cgaevcvterg?;g?rfifg dﬁiltnhgaan
of 0.42 and arR factor of 0.45. Searches for iron sites using cooled RCA 31034 photomultiolier tli)be with a“zatterin
the MAD data resulted in the identification of a single iron P P 9

site with a refined occupancy of2.0 located very close to geometry. Spectra were recorded digitally using photon

the crystallographic 2-fold axis. The individual iron sites were counting electronics, and improvements in signal-to-noise

tentatively assigned using considerations concerning therBa;'r?dS Vggi;?or?scweeyeegaﬁgrz;ggﬁga Vetrﬁgg?cig 'cliJ<|)tr|1p1!ree SS:QS'
limited degrees of freedom that define ireinon distances P g q Y

1
in iron—sulfur clusters as previously describet). The and are accurate t1 cnr=. Lines from a Coherent Sabre

refinement of MAD phases using a phase model having two ;Oé\é\{"ir%orgézn;ﬁza a?grﬁéi%?grgrrf;gerjszﬁmgvggsltjs:g_g
iron atoms yielded a figure of merit of 0.8. Phases from the desianed samol mp mol nder .n Ar gt]m her
MAD and MR experiments were combined using ARP/ esigned sample cel), samples under a aimosphere

. SR : laced on the end of a coldfinger of an Air Products
WARP (43, 44), and the model was assigned using iterative were p :
cycles of model building using the program @s) and Displex Model CSA-202E closed cycle refrigerator and

. . : cooled to 17 K. X-band 9.5 GHz) EPR spectra were
refinement using X-PLOR and CN8§, 47). For refinement, .
5% of the data \?vere set aside for tr?é cglculation ofRhe, recorded on a Bruker ESP-300E EPR spectrometer equipped

: : with an ER-4116 dual-mode cavity and an Oxford Instrument
gﬁu&i ddgzanev;ﬁ;z rﬁ;ﬂgm)zg%&%allgitﬁn;%aeozxél ESR-9 flow cryostat. Resonances were quantified under
building, certain regions of the protein were encountered in nonsaturating conditions ugra 1 mMCUEDTA standard.

which the quality of the electron density maps was poor and RESULTS AND DISCUSSION
the model could not unambiguously be assigned. These
regions include amino acid residues-6M0, 90-98, and Overall Structure.The L127 deletion variant of tha.
133-143, most of which happen to be adjacent residues of vinelandii Fe protein provides the means to gain insights
Cys97 and Cys132 that serve as [Fe-S] cluster ligands. Theinto the conformation of the MgATP-bound on state in the
final model obeys reasonable stereochemistry as evaluatechbsence of bound nucleotides. The structure of the Fe protein
by PROCHECK. Data statistics for the data used in the Leul27 deletion variant has been determined and refined to
refinement and the crystallographic refinement statistics are2.5 A resolution 49), providing structural representation
shown in Table 3 and reflect X-PLOR refinement using data approximating the MgATP-bound on state of the nitrogenase
from 2.5 to 8.0 A resolution with adcut. Fe protein, and provides the basis for the characterization
Preparation of Samples for Spectroscopic Measurements of the initial interactions of the Fe protein with the MoFe
All sample manipulations were carried out in a Vacuum protein that result in macromolecular complex formation,
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Ficure 1. Comparison of the overall structural conformations of (A, B) the Fe protein L127 deletion variant with (C, D) the native
nitrogenase Fe protein in the absence of bound nucleotides and (E) a wall-eyed stereo figure of the superimposition of the structure of the
free L127 deletion variant on the L127 deletion variant from the nitrogenase complex. Views B and D repreSeaotatid@ of the views

shown in (A) and (C). The [4Fe-4S] clusters are represented in rust (Fe) and yellow (S) spheres.

MgATP hydrolysis, and intermolecular electron transfer. The member of the large class of signal transduction proteins.
overall structure of the Fe protein variant reveals a strikingly The two heads of the myosin V motor move progressively
different protein conformation than observed previously for along an actin filament in a hand over manner, advancing
either the native statQ, 50), the MgADP-bound state26), the center of mass by 37 nm for each adenosine triphosphate
or the Fe protein conformation observed within the nitro- hydrolyzed b1, 52).

genase complex structure7( 28, 33) (Figure 1). The most The structures of the individual Fe protein subunits
significant structural differences that separate the Fe proteinthemselves are largely conserved, no doubt a result of the
variant and the aforementioned structures of the Fe proteinstrong interactions provided by the subunjtssheet cores.
are largely manifested in a rigid-body reorientation of the The most pronounced differences occur within the switch I
Fe protein subunits with respect to one another. In contrastregions near the sites of the deletion mutations and terminate
to the Fe protein within the nitrogenase complexes, it was in the covalent attachment provided by the cluster. Presum-
observed that the Fe protein subunits could undergo a small-ably the interaction of MgATP with the native Fe protein
scale rigid-body reorientation with respect to one another can result in a similar set of conformational changes through
consisting of approximately°sfor each monomer relative  the direct interaction of the Fe protein’s phosphate binding
to the Fe protein in its native state. This conformational loop, “P loop”, with the aspartate 129 residues of switch II.
change resulted in a translation of the Fe protein’s [4Fe-4S]  Model for Nitrogenase Component Initial Interactioiibie
cluster toward the Fe proteirMoFe protein docking inter-  structure provides a basis for understanding the conformation
face. In the current study, each of the Fe protein subunits isof the Fe protein that interacts productively with the MoFe
reoriented by a rigid-body rotation with respect to one protein to form a macromolecular complex in which electron
another on the order of 30relative to the previously transfer and MgATP hydrolysis occur. The Fe protein
characterized Fe protein structur@,(27, 33, 50). Interest- conformation observed in the L127 deletion variant provides
ingly, a conformational change on this order has been for distinct docking interactions from that observed in the
recently observed in the myosin V motor, which is also a Fe protein-MoFe protein complex structures. The resulting
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Ficure 2: Proposed model for initial docking of the L127 Fe protein deletion mutant with the MoFe protein. The docking model is based
on structural and chemical complementarities observed at the Fe protein and MoFe protein docking interface. (A) Wall-eyed stereoview of
the Fe protein L127 deletion variant poised for initial interaction witlegrdimer half of the MoFe protein. (B) A single Fe protein dimer

is poised for docking with am/ dimer half of the MoFe protein as in (A) rotated °9(C) Docking and proteinprotein interactions
observed in the stable nitrogenase complex formed between the Fe protein L127 deletion variant and the MoFe protein. (D) Cutaway view
of the specific Fe protein and MoFe protein regions proposed to interact during initial docking. The structural fit within the docking region
of the a-helical region of the MoFe protein docking interface and the loop regions of the Fe protein are represented in the same color
scheme as in panels#C.

conformation can be easily docked as a rigid body with the Fe protein with the pair ofi-helices (present in both the

MoFe protein with both structural and chemical comple- and/-subunits) that make up a ridge on the surface of the
mentary interactions. A docking model can be proposed docking interface of the MoFe protein. The chemical aspect
through the rigid-body docking of the structure on the basis of this docking interaction can be explained on the basis of
of the pairing of the Fe protein 2-fold axis of symmetry with a large number of potential electrostatic, polar, and hydro-
the pseudo-2-fold symmetric axis of a8 dimer of the phobic interactions that can be realized when the proteins
MoFe protein heterotetramer as observed in the nitrogenaseare allowed to dock in the manner described above. As
complex structures (Figure 2). The resulting docking model summarized in Table 4, these interactions are quite different
presented here indicates that the nitrogenase docking interacfrom the interactions observed in the nitrogenase complex
tions initially occur by the embrace of loop regions of the structures. An example of the potential interactions that can
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Table 4: Fe ProteinrMoFe Protein Interactions Observed in
Nitrogenase Complexes and Implied through Analysis of the
Docking Model for Initial Interaction of the Fe Protein L127
Deletion Variant and the MoFe Protéin

Fe protein Fe protein
Fe protein L127A (ADP-AIF,7)— free Fe protein
L127A—MoFe (ATP)—MoFe MoFe L127A—MoFe
protein protein protein protein docking
complex complex complex model
A62—Kal21 D68-0K129
C97-Val24 C97Val24 C97#Val24 1103-aF125
R100-Eal120 R106-Eal120 R106-Eal120 D14+aR187
R100-Gal1l57 R100-Gal57 R106-Gol57 Q145-0R203
T104-Eal20 T104-Ecl20 R106-Eol84 K170-0D162
R140-Ga160 G133-10159 K170-aD161
E141-Kal168 Al72-10158
Al172—10159
C97-Vp3124 C97Vp124 C97-Vp124 D68-K132
R100-Ef120 R106-Ef120 R106-Ef156  1103-5F125
T104-EF120 T104-EF120 T104-ES120 D141-[H185
R100-Ef156 R106-Ef156 G133-15158  Q145-5R206
G133-15158 E111Kp303  K170-NS168  K170-5D160
R140-Gf159 A172-15158

Sen et al.

stabilization of intermediates of MgATP hydrolysis, thereby
accelerating the hydrolysis event. In sum, this line of thinking
provides the basis for MoFe protein catalyzed coordination
of electron transfer and MgATP hydrolysis events and the
subsequent transition of the Fe protein to the oxidized
MgADP-bound off state.

Structure and Enronment of the [Fe-S] Cluster.The
dramatic conformational differences have significant implica-
tions for conformational changes in the environment of the
Fe protein’s Fe-S cluster during catalysis and provide the
basis for an elegant mechanism of modulating the biophysical
properties of the cluster. The Fe-S cluster of the Fe protein
L127 deletion variant is a great deal more solvent exposed
than in the previous structurally characterized states of the
Fe protein 20, 27, 33, 50). Since we believe the conforma-
tional state to strongly resemble that of the native MgATP-
bound state of the Fe protein, the large degree of cluster
solvent accessibility observed here explains in part the
increased sensitivity to metal chelation observed for the
native Fe protein in the presence of MgAT3). Although

aAll amino acids are indicated by single letter code. Some Confo_rmationa| changes in the e_nyironment of th(_i‘ Fe
interactions are supplied by the side chain moieties and some by mainprotein’s [4Fe-4S] cluster were anticipated, changes in the

chain groups.

structure of the cluster itself were unexpected. Even at a very
early stage of the structure determination it was clearly

be rationalized through analysis of the docking model evident that the Fe-S cluster was structurally distinct from
includes the interaction of glutamate residues within the the regular [4Fe-4S] cubane observed in all previous
switch | region of the Fe protein (glutamate 68) directly with structures of the Fe protein (Figure 3A). The [4Fe-4S] cluster
a pair of pseudosymmetrically related lysine residues on theis clearly divided or split into two [2Fe-2S] rhombs (Figure

o- and g-subunits of the MoFe proteinafLys129 and

3B—D). Although the cluster region in the structure of the

B-Lys132). These interactions could presumably provide the L127 deletion variant is significantly disordered, the best fit
sites that communicate the trigger signal complex formation for the coordination environment indicates that each [2Fe-
to the sites for MgATP hydrolysis. Interestingly, mutagenesis 2S] fragment is coordinated by two Cys ligands and
studies involving the substitution of a set of nearby surface- nonprotein ligands that include an Fe bridging water

exposed Phe residues-Phel25 ang@-Phel25) by alanine

molecule and a glycerol molecule that is coordinated in a

result in a MoFe protein that is unable to promote Fe protein bidentate-bridging fashion to the Fe atoms of each [2Fe-2S]
MgATP hydrolysis or participate in nitrogenase complex fragment. The Cys coordination is arranged with each [2Fe-

formation 63).

2S] rhomb coordinated by Cys residues from each subunit

Implied by the comparison of the structure of the free Fe such that the independent [2Fe-2S] clusters covalently link
protein L127 deletion variant presented here and the Fethe subunits of the Fe protein dimer. The rationale for
protein structure observed in the complex is that the ratherincluding glycerol as a cluster ligand was initially provided
dramatic structural differences observed result from confor- by resonance Raman studies, which indicate that the cluster
mational changes imposed on the Fe protein by the MoFetransformation is specifically induced by glycerol; see below.
protein interactions that occur during macromolecular com- In addition, the resonance Raman studies presented below
plex formation. It was observed in the nitrogenase complex indicate that the observed disorder is likely a result of the
structures that although conformational changes are clearlycluster existing in a mixture of the two [2Fe-2S] and [4Fe-
evident within the Fe protein, MoFe protein conformational 4S] forms within the crystal.
differences are restricted to the reorientation of amino acid Spectroscopic Characterization of the Fe-S Cluster in the
side chains that are involved with specific proteprotein

interactions.

L127 Deletion Variant and ATP-Bound Wild-Type Fe
Protein. The unexpected crystallographic results for the

The current study does not preclude the potential for a structure of the Fe-S cluster in the L127 deletion variant
MoFe protein conformational change occurring during prompted detailed spectroscopic characterization to assess
catalysis. However, the conformational changes implied if the crystallographically defined cluster transformation
could provide a mechanism for the MoFe protein as a rigid occurs in solution and to evaluate the factors responsible for

body, providing the interactions critical for intermolecular

effecting any cluster transformations observed in solution.

electron transfer and MgATP hydrolysis. The conformational In the absence of glycerol, UWisible absorption, EPR, and
differences suggest that electron transfer could be facilitatedresonance Raman studies of the L127 deletion variant
by the repositioning of the Fe protein’s [4Fe-4S] cluster, provided no clear indication of the novel type of cluster

providing for a closer proximity to the MoFe protein’s P

transformation observed by crystallography in either the

cluster. In addition, as suggested from the nitrogenasedithionite-reduced or thionin-oxidized redox states. EPR
complex structures, the reorientation of the Fe protein’s studies of dithionite-reduced samples revealed a near-axial
subunits with respect to one another provides the potential S = 1/, resonanceg = 2.03, 1.92, 1.87, accounting for 0.6
for cross-subunit interactions that could participate in the spin/dimeric Fe protein and a weak feature gat~ 5,
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Ficure 3: (A) Close-up of the environment of the [4Fe-4S] cluster of the native nitrogenase Fe protein in the analogous orientation as view
in Figure 1C. (B) Wall-eyed stereoview oF2 — F. electron density maps of the [FeS] cluster environment of the Fe protein L127 deletion
variant observed in the structure. Nonprotein ligands which could exist as hydroxo or aquo, and as it has been modeled in (B), glycerol
molecules are shown. (C, D) Close-up of the structural environment of the [FeS] clusters of the Fe protein L127 deletion variant. The
orientations (C and D) shown are analogous to the views of the Fe protein variant shown in Figure 1A,B. (E) Model for the redox-
dependent structural changes observed in the Fe protein L127 deletion variant and the native Fe protein with bound MgATP. Nonprotein
ligands modeled glycerol and water molecules in (B) are indicated by X.

indicative of a minorS = ¥, component. In accord with  increasing UV~visible absorption into a spectrum with a
previous results32, 55), these EPR properties are consistent well-defined shoulder at~400 nm. Both changes are
with a mixed-spin [4Fe-4S]cluster in the ATP-bound form  consistent with oxidation to & = 0 [4Fe-4S}* cluster.

of the Fe protein. Oxidation with a minimal excess of thionin ~ Resonance Raman, which provides a more discriminating
after removal of excess dithionite resulted in loss of the EPR method for distinguishing between clusters wigh= 0
signals and conversion of the featureless, monotonically ground states, revealed the presence of both [4F&-48H
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(d) 3 ¥ FIGURe 5: Absorption spectra of thionin-oxidized and dithionite-
reduced samples of the L127 deletion variantobinelandii Fe
L L protein in the presence of 20% (v/v) glycerol. The as prepared
240 280 320 360 400 440 reduced sample after anaerobic removal of dithionite (solid line)
Raman Shift/om* was oxidized with excess thionin (dashed line) and rereduced with

FIGURE 4. Resonance Raman spectra of thionin-oxidized samples excess dithionite (broken line). The inset shows thionin-oxidized
of the L127 deletion variant @k. vinelandii Fe protein: (a) oxidized minus the as prepared reduced difference spectra in the absence
after removal of glycerol; (b) sample in (a) treated with a 5-fold (broken line) and presence (solid line) of 20% glycerol. Bands
stoichiometric excess of EDTA, (c) difference spectrum, (a) minus originating from excess thionin are indicated by an asterisk.

(b); (d) oxidized in the presence of 30% (v/v) glycerol. Samples

were all~3 mM in Fe protein and were oxidized anaerobically  Very different spectroscopic results in the oxidized state

after removal of dithionite using a 2-fold stoichiometric excess of \yere observed for samples of the Fe protein L127 deletion

thionin. Spectra were recorded at 17 K, using 457.9 nm excitation, : . : 0
by photon counting fol s every 1 cmi. Each spectrum is the variant that were oxidized in the presence of-30% (v/v)

sum of 96-100 scans. Bands originating from lattice modes of ice, 9!ycerol, conditions similar to those used for crystallization.
glycerol, and oxidized thionin have been subtracted. Samples oxidized in the presence of glycerol remained EPR

silent. However, the resonance Raman of thionin-oxidized
[2Fe-2St* clusters in thionin-oxidized samples of the L127 samples in the presence of 30% (v/v) glycerol is completely
deletion variant (Figure 4a). Similar spectra have been different, with a broad intense band at 347 ¢émand weak
observed and analyzed in detail for thionin-oxidized wild- bands at 387 and 430 cth(Figure 4d). A similar spectrum
type Fe protein in the presence of MgATP (see below and was observed with 20% (v/v) glycerol, except for the
ref 56). Moreover, as for the oxidized ATP-bound Fe protein, presence of a shoulder at 337 ¢nand weak bands at 252
the spectrum of the [2Fe-28] center in isolation was and~280 cn?, indicating the presence of some [4Fe#4S]
obtained by treating the sample with a metal ion chelator clusters. The absorption spectrum is also somewhat different,
such as EDTA (Figure 4b). The ability to selectively remove with the broad shoulder red shifted 46420 nm, in samples
two Fe atoms from oxidized ATP-bound Fe protein by the treated with 20% (v/v) glycerol (Figure 5). The glycerol-
addition of metal chelators to form a semistable derivative induced change in the absorption spectrum is more clearly
with one [2Fe-2S]" cluster bound per dimer is well evident in the oxidized minus reduced difference spectrum
documented4). Hence the oxidized L127 deletion variant shown in the inset to Figure 5. In contrast, the reduced state
is shown to mimic oxidized ATP-bound wild-type Fe protein, is not significantly perturbed by the presence of glycerol.
in terms of the mechanism of oxidative cluster degradation Addition of 20% (v/v) glycerol does not perturb the reduced
via a semistable [2Fe-28]intermediate. Subtraction of the absorption spectrum, and the EPR spectrum is essentially
contribution from the [2Fe-23] cluster, after normalization ~ unchanged except that quantitative studies indicate a small
of the intensities of the isolated [2Fe-2Stluster bands at  change in the spin state mixture in favor of tBe= Y,
290 cnt?, results in a resonance Raman spectrum charac-component, which increases from 0.6 to 0.8 spin/dimeric Fe
teristic of a [4Fe-4SJ cluster (Figure 4c) that is attributed  protein. Of particular importance is the observation that the
to the ATP-bound form of the oxidized Fe protein with the redox-induced change is reversible, as evidenced by near
[4Fe-4St' intact. Since the intensities of the resonance quantitative recovery of the reduced absorption and EPR
Raman spectra of [2Fe-23]centers are typically 510 properties following an oxidation/reduction cycle (Figure 5).
times greater than those of [4Fe-4SEenters with 457.9 The dramatic changes in the resonance Raman properties
nm excitation $6—58), the [2Fe-2S}" cluster-containing of the oxidized L127 deletion variant in the presence of
formis likely to be a minor component and hence not readily glycerol prompted parallel studies of the ATP-bound form
evident in the U\+visible absorption spectrum. While itis  of the wild-type Fe protein (Figure 6). In the absence of
not possible to rule out the possibility that the minor [2Fe- glycerol, the spectra of the thionin-oxidized wild-type Fe
2SF* cluster-containing component is related to the novel protein in the absence and presence of MgATP (spectra a
[2Fe-2S] fragments observed by crystallography, the spec-and b of Figure 6, respectively) are in excellent agreement
troscopic studies clearly indicate that the form with an intact with previously published result®§). ATP binding results
[4Fe-4St' cluster is the dominant component in the Fe in some degradation of the [4Fe-4S]cluster to the
protein L127 deletion variant oxidized in the absence of semistable [2Fe-28] cluster-containing form as evidenced
glycerol. by the appearance of the 290 chband. The resonance
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5 4SP* cluster into two [2Fe-2S] fragments is specifically
0 induced by glycerol and that this cluster transformation is
reversed on reduction back to the [4Fe-4%¢dox state.
Since the semistable [2Fe-2S]cluster species is not
observed in any of the samples oxidized in the presence of
glycerol, our current working hypothesis is that the novel
split form of the [4Fe-4ST cluster corresponds to a glycerol-
stabilized intermediate in the oxidative degradation pathway
that precedes the semistable [2Fe22Shtermediate. The
resonance Raman characteristics of the novel split form of
the [4Fe-4S{" cluster are unique in our experience, which
makes it difficult to reach a definitive conclusion concerning
the redox state of the [2Fe-2S] fragments. We have consid-
ered three possibilities: a diferric pair, a valence-localized
mixed-valence pair, and a valence-delocalized mixed-valence
pair. While the extensive absorption and resonance Raman
data for the first two possibilities in simple [2Fe-2S}
©) ferredoxins bear little resemblance to that reported here for
— 1 T T T T the novel split form of the [4Fe-43] cluster §7, 59, 60), it

240 280 Rar?é?, Shiff,iﬂﬁ 400 440 must be borne in mind that none of these ferredoxins have

FIGURE 6: Resonance Raman spectra of thionin-oxidized samples & single cysteine ligating both Fe atoms. In contrast, although
of wild-type A. vinelandii Fe protein: (a) oxidized after removal the absorption and resonance Raman data for valence-
of glycerol; (b) sample in (a) treated with a 4-fold stoichiometric delocalizedS = 9/, [2Fe-2ST clusters are restricted to the
excess of MgATP; (c) difference spectrum, (b) minus contribution c56S and C60S variants Gfostridium pasteurianur@Fe

from [2Fe-2S}t-containing wild-type Fe protein (analogous to the . PR
spectrum shown in Figure 4b): (d) sample in (a) treated with 30% ferredoxin 61), the spectra do show some similarity to those

(vIv) glycerol and a 4-fold stoichiometric excess of MgATP; (e) Of the [2Fe-2S] fragments in the Fe protein. These valence-
difference spectrum, (d) minus (c). Samples were~&8ImM in delocalized [2Fe-23]clusters exhibit absorption spectra with
Fe protein and were oxidized anaerobically after removal of shoulders at 420 and 470 nm and a weaker lower energy
dithionite using a 2-fold stoichiometric excess of thionin. Spectra pnand at 670 nm and resonance Raman spectra that are

were recorded at 17 K, using 457.9 nm excitation, by photon . . .
counting for 1 s every 1 cm®. Each spectrum is the sum of 90 dominated by the symmetric breathing mode of the(d-e

100 scans. Bands originating from lattice modes of ice, glycerol, S) unit at 368 cm* and a weaker asymmetric stretching
and oxidized thionin have been subtracted. mode of the Fgu,-S)y unit at 385 cm!. Hence we

tentatively conclude that the two fragments are cleaved

Raman spectrum of the [4Fe-4Sicenter that is present in  without oxidation or disruption of the valence delocalization
the vast majority of the ATP-bound sample (Figure 6¢) was within each [2Fe-2S] unit and that the lack of an EPR signal
therefore obtained by subtraction of the [2Fe22S%jompo- is a consequence of antiferromagnetic coupling between the
nent using the spectrum obtained after addition of EDTA two S = 9%, [2Fe-2S} units which are separated by
(spectrum not shown but very similar to that in Figure 4b). approximately 5 A. Mesbauer experiments are planned to
Comparison of spectra a and ¢ shown in Figure 6 indicatestest this hypothesis.
that ATP binding occurs without any major structural
perturbation of the [4Fe-43] in the oxidized Fe protein. CONCLUSIONS
However, as for the L127 deletion variant, major changes The results described herein contribute significantly to our
were apparent in samples treated with 30% (v/v) glycerol understanding of the role of the nucleoside triphosphate-
(Figure 6d). The conversion is not as extensive as in the dependent signal transduction mechanism in nitrogenase
L127 deletion variant, as evidenced by significant contribu- catalysis. The spectroscopic studies presented, as well as
tions from bands at 252, 280, and 337 ¢érfiom the cuboidal ~ complementary docking interactions that can be rationalized,
[4Fe-4St* cluster. Nevertheless, subtraction of the spectrum provide overwhelming support for the proposal that the L127
corresponding to the [4Fe-#S]center in the oxidized ATP-  deletion variant of the Fe protein provides a faithful
bound sample (Figure 6c) results in a spectrum with bandsbiochemical and structural mimic of the native MgATP-
at 350, 388, and 430 cth(Figure 6e) that is very similarto  bound state of the Fe proteiBX—33). In terms of nitroge-
that observed for the oxidized L127 deletion variant in the nase catalysis, the structure provides the first basis for
presence of 30% (v/v) glycerol (Figure 4d). Hence the novel rationalization of the initial docking interactions contributing
cluster transformation that is induced by glycerol in the to understanding not only the protein conformational changes
oxidized L127 deletion variant is also observed in oxidized that occur upon nucleotide binding but also those confor-
wild-type samples in the presence of ATP. mational changes imposed onto the Fe protein by the MoFe

The spectroscopic evidence for medium-dependent vari- protein during complex formation. These conformational
ability in the structure and properties of the Fe protein Fe-S changes specifically result in electron transfer and MgATP
center only in oxidized forms of the ATP-bound wild type hydrolysis in the nitrogenase complex.
and L127 deletion variant indicates that the crystallographic  The glycerol-induced cleavage of the [4Fe4S}luster
data correspond to an oxidized form of the L127 deletion to yield two [2Fe-2S] fragments appears to be a direct
variant. Moreover, taken together, the spectroscopic andconsequence of increased solvent exposure in the ATP-bound
crystallographic results indicate that cleavage of the [4Fe- conformation of the Fe protein. However, the spectroscopic

Raman Intensity
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evidence for regular cuboidal [4Fe-4S]centers as the

dominant form of the cluster in the ATP-bound conforma-
tions of both the wild-type and variant oxidized Fe proteins ;-
in the absence of glycerol argues strongly against any
physiological relevance for this cluster transformation. Rather

it appears to correspond to a trapped intermediate that 18-

precedes the formation of the semistable [2Fe~2&iter-
mediate in the biphasic oxidative decomposition of the [4Fe-
4SP* cluster 64). Nevertheless, this type of cluster trans-
formation has not been observed previously in a biological
system and is likely to be relevant to understanding the

mechanism of oxidative cluster degradation of [4Fe?4S]
clusters in the radicalSAM family of Fe-S enzymes and
to the mechanism of biosynthesis of [4Fe-4S]lusters. The

[4Fe-4SPHT clusters that mediate reductive cleavage of
S-adenosyl-methionine to yield 5deoxyadenosyl radicals
are known to undergo oxidative degradation via a [2F&42S]
cluster with resonance Raman properties almost identical to
those of the semistable [2Fe-2S]intermediate observed
during oxidative degradation of the Fe protein in the ATP-
bound conformationg2—64). Reductive coupling of adjacent
[2Fe-2S] clusters has been invoked to explain the biosyn-
thesis of [4Fe-4S] clusters on apo Fe-S proteins and on
proteins such as IscU, IscA, and NifU that function as
scaffolds for Fe-S cluster biosynthest{-67). The current
study provides the first structurally characterized example
of this coupling mechanism occurring in a biological system.
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