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ABSTRACT. The nitrogenase VFe protein 8zotobactewinelandii (Av1') has been shown to exist in two
forms called Avia, which has a primarw, trimeric structure, and AV, which has a3, tetrameric
structure [Blanchard, C. Z., & Hales, B. J. (19%ipchemistry 35472—478]. Both forms exhibis =

5/2 EPR signals in the as-isolated state that may be assigned to 1-equiv-oxidized P cld$teih@Re
signals are abolished by enzymatic reduction with the component 2 protein) (AS&pwise oxidative
titrations of enzymatically reduced Alglresult in the restoration of th8 = 5/2 Pt signals and the
concurrent decrease of tise= 3/2 vanadium cofactor signal. Further oxidation results in the appearance
of an integer spin signal assigned to the 2-eedxidized P cluster (). Unlike the analogous signal
previously observed in Mo nitrogenase component 1 (Av1), which arises from an excited state, the integer
spin P* signal in Av1g originates from a ground-state doublet. Similar oxidative titrations of enzymatically
reduced Avly show redox behavior dramatically different from that of Aylas monitored by EPR
spectroscopy. We observe spectral evidence for a redox-induced intramolecular electron transfer between
the reduced P cluster and the oxidized FeV cofactor cluster during the titrations.

Nitrogenase catalyzes the bioreduction of dinitrogen to  A. vinelandii also expresses an alternative form of nitro-
ammonia. This enzyme consists of two separable metallo-genase (Hales et al., 1986a,b), with V replacing Mo as the
proteins (Bulen & LeComte, 1972), called component 1 and M center heteroatom in the component 1 protein (AvIhe
component 2. Component 1 is the site of substrate reduction,vanadium system expresses a distinct component 2 protein
while component 2 shuttles electrons to component 1 during (Av2'), which appears to be very similar in structure to Av2.
catalysis. Crystallographic studies (Chan et al., 1993; Although crystallographic data are not available for Avl
Georgiadis et al., 1992; Kim & Rees, 1992a,b) of both amino acid sequence homology (Bishop et al., 1990), metal
component proteins of the Mo-containing nitrogenase from analysis (Eady et al., 1987), EXAFS spectroscopy (Arber et
Azotobactervinelandii (termed Avl and Av2) have been al., 1987, 1989; Chen et al., 1993; George et al., 1988), and
performed, and structural models have been proposed. Av2Mdssbauer spectroscopy (Mck et al., 1975; Ravi et al,
is a vy, dimer with a molecular weight of approximately 1994) indicate striking similarities to Avl. EXAFS and
63 000 that contains one redox-active [4Fe-4S] cluster that MOssbauer studies of Avhave yielded spectra that are very
bridges the subunits. Avl is anj. tetramer with a similar to those observed in studies of Avl, strengthening
molecular weight of approximately 230 000 and contains 30 the proposal that Avl and Avbave virtually identical metal
Fe and 2 Mo atoms in two pairs of distinct redox-active metal cluster composition.
clusters, called M centers and P clusters. The M centers Enzymatic nitrogen reduction is a redox process presum-
(also called the FeMo cofactors) are Me&gclusters with ably involving reversible redox changes in the metal clusters
an octahedrally coordinated Mo ligated to the imidazole of component 1. Obviously, elucidation of the various
nitrogen of histidine, the carboxyl and hydroxyl functional available redox states of the nitrogenase metal clusters may
groups of homocitrate, and three cofactor sulfurs. The only be fundamental to understanding the mechanism of nitro-
other protein ligation to this cluster occurs at the opposite genase catalysis. The redox properties of the metal clusters
end of the M center where an Fe atom is ligated to cysteine. of the Mo-containing Avl have been studied extensively by
There is one M center pex subunit. The P clusters are EPR (Minck et al., 1975; Zimmermann et al., 1978), MCD
FesSs sulfide-bridged double cubanes that are ligated through (Johnson et al., 1981; Morningstar et al., 1987), and
Fe to cysteine residues in theand 8 subunits, forming electrochemical methods (Watt, 1980; Watt et al., 1980,
metal-cluster bridges that span both of thg interfaces. ~ 1981). The M centers are EPR-active paramagnetic species
The function of the P clusters is not yet understood, but it is (MUnck et al., 1975) in the as-isolated state (M), Wik
believed that they may play a role in the catalytic process, 3/2. Each center may be reversibly oxidized (Zimmermann

possibly as electron transfer agents from component 2 to the€t al., 1978) by 1 equiv to an EPR-silent diamagnetic state

M centers. (M™). Enzymatic turnover, with resultant reduction of the

M center, yields a redox state that also EPR silent)M

— ” b . . (Mortenson et al., 1973; Orme-Johnson et al., 1972; Smith
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states (O’Hara & Hepler, 1961; Orme-Johnson et al., 1981; proteiny™. All purification steps were conducted under
Smith et al., 1983; Tittsworth & Hales, 1993). A 2-equiv anaerobic conditions in the presence of 2 mM sodium
oxidation (Hagen, 1992b; Pierik et al., 1993; Surerus et al., dithionite. Protein concentration was determined by the
1992) results in an integer-spin staté@(Pwith S= 3 or 4. biuret method. Purified protein was frozen and stored in
During a stepwise oxidation of Avl with thionine, the first liquid nitrogen.

4 equiv oxidize the P clusters, after which the M centers  The metal clusters of Avlwere reduced enzymatically
become oxidized by the next 2 equiv (Oliver & Hales, 1992; to their “native” forms prior to performing oxidative titra-
Tittsworth & Hales, 1993; Zimmermann et al., 1978). tions. This reduction was effected by incubating Awith
Further oxidation to the 3-equiv-oxidized P cluster species Av2' in the presence of Mg-ATP and sodium dithionite. The
(P?") results in a mixed P cluster spin state (Hagen et al., reduction reaction mixtures consisted of Aahd AvZ in a
1987; Pierik et al., 1993), witls = 1/2 andS= 7/2. The 20:1 molar ratio, Mg-ATP in 20-fold molar excess over Avl
oxidation behavior of the MoFe proteirmetal clusters  and a 50-fold molar excess of sodium dithionite in 0.025 M
during thionine titrations at or near physiological pH has been Tris-HCI (pH 7.4) with 0.1 M NaCl. The enzymatic
well established. However, variation of buffer pH, NaCl reduction was conducted at ambient temperature in a Vacuum
concentration, and oxidant type has been reported to resultAtmospheres glove box under an Ar atmosphere wit}j [O
in very different redox behavior (Watt, 1980; Watt et al., < 2 ppm. The enzymatic reaction was allowed to continue
1980, 1981). for 20 min from the time of addition of the component 2

To better understand the analogous oxidation states of theProtein, after which the excess sodium dithionite and Mg-
metal clusters in V nitrogenase, this paper describes an EPRADP were removed by gel filtration with Sephadex G-25,
spectroscopic study of the oxidative titration of V-containing Using the same buffer (without sodium dithionite) as the
Avl'. In the as-isolated state, the vanadium cofactor (M €luent. The eluted protein fractions were monitored for
center) of Av1 is similar to the M center of Avl in that it ~ residual sodium dithionite with methyl viologen indicator.
is a paramagnetic, EPR-active species (Eady et al., 1987;Final concentration of Avlranged from 13 to 25 mg/mL.
Morningstar & Hales, 1987) witts = 3/2. Unlike the Oxidative titrations were performed using solutions of
spectrum of Avl, the EPR spectrum of as-isolated ‘Avl thionine (Eastman) or indigosulfonate (ICN), which were
contains an additional axi&l= 1/2 signal that has not been  prepared in anaerobic 0.025 M Tris-HCI (pH 7.4) with 0.1
unequivoca”y assigned_ As-isolated Awdlso d|sp|ay§ M NacCl, and filtered with Oatm Syringe filters to remove
= 5/2 EPR signals that are very similar to those associatedany undissolved oxidant. By using the procedure established
with the 1-equiv-oxidized P cluster (Tittsworth & Hales, for oxidative titration of the MoFe protein (Oliver & Hales,
1993) (PL) in Avl. These P Signa|s can be removed by 1992; Tittsworth & Hales, 1993; Zimmermann et al., 1978),
enzymatic reduction of Aviwithout change to th& = 3/2 reduced Avl was divided into equal aliquots that were
vanadium cofactor SignaL thus demonstra’[ing that the P titrated to the end point, as indicated by the persistent color
clusters may be reduced enzymatica”y by AvDxidative of the oxidant. After the volume of oxidant necessary to
titrations of enzymatically reduced Avfieveal the concurrent ~ reach the end point was established, separate aliquots of
oxidation of both clusters in this protein Compared to the protein were titrated incrementally with smaller volumes of
consecutive oxidation observed with Avl during thionine OXidant calculated to ensure that there would be at least six
titrations. equal steps before reaching the apparent end point. Titrations
were carried past the observed end point to ensure maximum
oxidation of the metal centers. Titrated samples were
allowed to equilibrate for at least 30 min before they were
loaded into quartz EPR tubes and frozen in liquid nitrogen.
For reference, aliquots of untitrated reduced protein were
similarly allowed to stand in the glove box for the duration
of the titration procedure, loaded into EPR tubes, and frozen
simultaneously with the titrated samples.

EPR spectra were recorded on a computer-interfaced
Bruker 300D spectrometer with ESP 200 data collection
software. The instrument was fitted with a pEperpen-
dicular mode cavity resonating at X-band frequencies. An
Oxford Instruments ESR-900 helium flow cryostat was used
to generate low temperatures. Temperature was monitored
and controlled with an Oxford Instruments ITC-4 temperature
controller connected to an FeAu/chromel thermocouple
positioned directly below the sample tube.

MATERIALS AND METHODS Values forD (the axial zero-field splitting parameter) were
determined by curve fitting Boltzmann distribution expres-

Vanadium-containing nitrogenase was purified from the sions for the relative populations of the doublets in question
LS-15 mutant strain ofAzotobactervinelandii by using a to Curie law-corrected spectral areas recorded in temperature-
variation of previously published methods (Burgess et al., dependent depopulation experiments. The relative spectral
1980) to separate forms Aland Avlg (Blanchard & areas were determined by single integration of baseline-
Hales, 1996). The specific activity of purified VFe protein corrected absorbance-shaped signals or double integration
(Avl"), as determined by acetylene reduction assay, rangedof derivative-shaped signals, followed by normalization to
from 200 to 260 nmol of ¢H, reduced min! (mg of the maximum obtained signal area (Aasa &vigad, 1970,

A novel form of Avl, called Avla, recently has been
isolated and characterized (Blanchard & Hales, 1996) in this
laboratory. Avl, is anaf, trimer containing only one M
center, one complete P cluster, and an additional [4Fe-4S]
cluster. In its as-isolated state, Awlexhibits an EPR
spectrum very similar to that of the tetrameric form of Avl
mentioned earlier (now called Al) and is similarly
enzymatically reducible, resulting in EPR-silent P clusters.
However, the oxidation behavior of enzymatically reduced
Avl,, as observed by EPR spectroscopy, is strikingly
different from that of Avls. We believe that we observe a
redox gating of electron flow in Avl, where a redox-
induced conformational change in Aylproduces an in-
tramolecular electron transfer from reduced P clusters to
oxidized M centers, an event that may be fundamental to
the catalytic role of nitrogenase.
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1975). The expressions used were as folloWs= e~0KT/ g = 667 568545 434
(1 + e KT 4 g 60KT) gnd AT = e 3PKT)(1 + g 3K 4 | ‘
e Pk for the |=-1/2[doublet of the inverte& = 5/2 system
and the middlé+3/20doublet of the rhombi& = 5/2 spin
system, respectively, whereis the integrated signal area,

T is the absolute temperature, akdis the Boltzmann
constant. EPR spectral assignments for half-integer spin
systems were effected by numerical determination of possible
g-factors in the weak-field limit by using the computer
program “RHOMBO” (Hagen, 1992b), which was gener-
ously furnished by Professor W. R. Hagen.

RESULTS

Prior to performing a controlled oxidative titration of a 53
multicluster protein, it is imperative that all of the clusters
be fully reduced. However, recentidsbauer studies (Ravi
et al.,, 1994) of as-isolated AvXboth forms Avl, and
Av1l'g) have indicated the presence of oxidized P clusters.
This situation can be contrasted to that of the MoFe protein
(Av1) (Miunck et al., 1975) under the same conditions where
both cluster types exist only in their reduced native (P and Ficure 1: EPR SPe,thl? of (tjhg =d3_'12 regiog' f(f)f (A) as-isolated
M) forms. Massbauer spectroscopy (Ravi et al., 1994) has '(B‘e’ e, A(Bleg)zf’g}?é'i%)yg?eggii_oﬁé%z(e%) aAVi.erAer?C:bss%‘?ggﬁg_
also demonstrated that full reduction of the Aelusters to  spaped inflection a3 = 6.67 is visible in the spectrum of as-isolated
their P and M states occurs fO"OWIng limited enzymatic Avl'g (A) and is removed by enzymatic reduction (B). A broad
reduction (described earlier) without any of the M centers inflection atg ~ 4 visible in (A) is not present in (B). The

existing in the “superreduced” Mstate. difference spectrum (C) shows inflectionsgat= 6.67 andg ~ 4
. . . , and also reveals a derivative-shaped inflectiog at 5.2. Two-
The presence of oxidized P clusters in as-isolated' Avl equiv-oxidized Av1 (D) exhibits as = 5/2 EPR signal withy =

can also be detected in the EPR spectrum of this protein.6.67 and 5.3, which have been assigned to 1-equiv-oxidized P
Previous oxidative titrations of Avl strongly suggest that clusters (P). The large off-scale features in (D) are tBe= 3/2
singly oxidized P clusters (Tittsworth & Hales, 1993)fp ~ FeMo cofactor signals ag = 4.3 and 3.7. The spectra are

. . _ ) . normalized for protein concentration and instrument gain. EPR
give rise toS = 1/2 andS = 5/2 EPR signals that reach g0 trometer conditions: microwave frequency, 9.45 GHz: modula-

maximal amplitude at 2 oxidizing equiv per protein. Figure tion frequency, 100 kHz; modulation amplitude, 1.0 mT; microwave
1 compares the EPR spectra in thes 3—12 region of as- power, 20 mW; temperature, 12 £/C) and 16 K (D).

isolated Avlg, enzymatically reduced Avd, and 2-equiv-
thionine-oxidized Avl. The difference spectrum (Figure 1C)
of as-isolated (Figure 1A) minus enzymatically reduced
Avl'g (Figure 1B) reveals a broad inflection@t= 4.3 and
inflections atg = 6.67 and 5.3. We have observed these
inflections in numerous difference spectra and do not feel
that they are subtraction artifacts. The spin state of the broad
absorbance-shaped inflection centeregl=at4.3 is unknown,

but this signal presumably arises from an oxidized cluster
of Avl'g (see Discussion). A similar signal is not observed
during the oxidation of Avl; however, its presence may be FIGURE 2: Low-temperature EPR spectra of the cofactor in as-

; — ; ; _ isolated and enzymatically reduced Ayl As-isolated Avlg
masked by the intensg:= 4.34 inflection of the paramag exhibits g-factors of 5.68 and 5.45. Enzymatic reduction results

netic M center (FeMoco). The remaining inflectiongat in a change in rhombicity and with an observed shifgte: 5.71
6.67 and 5.3 are associated with an excited state, asand5.42. The spectra are normalized for protein concentration and
determined by temperature studies. These signals may bednstrument gain. EPR spectrometer conditions: microwave fre-
tentatively assigned to the exciteet1/200doublet of an  duency, 9.45 GHz; modulation frequency, 100 kHz; modulation
inverted S = 5/2 spin system, wittD = —1.6 cm® and amplitude, 0.6 mT; microwave power, 20 mW; temperature, 3.2
rhombicity E/D = 0.029. Partially oxidized Av1 protein (P

— P*, Figure 1D) shows analogous signals (Tittsworth & (E/D = 0.29). Previously observegifactors were 5.80 and
Hales, 1993) ay = 6.67 and 5.30, similarly assigned to the 5 40 (Hales et al., 1986a, 1989). We observe tigefsetors
|+=1/200doublet of anS = 5/2 spin system witlD = —3.2 to change to 5.71 and 5.4E/D = 0.28) upon enzymatic
cm*andE/D = 0.029. The slightly broadey= 6.67 signal  reduction (Figure 2). It is possible that this change arises
in Avl's compared to that in Avl may indicate a greater from a change in paramagnetic interaction between the
heterogeneity in the environment of the P clusters in the oxidized P clusters and the vanadium cofactor in as-isolated
former protein. Av1's, where enzymatic reduction of the P clusters to their
The spectrum of as-isolated AgXFigure 1A) also shows  native diamagnetic state would remove this interaction.
the S = 3/2 signal of the M centers (FeVco), which arises However, previous studies of Avl (Oliver & Hales, 1992)
from the ground and excited doublets of an invertBd= have shown that oxidation of the P clusters to tHesRte
—0.74 cm?) spin system withg-factors of 5.68 and 5.45 does not change the rhombicity of the cofactor (FeMoco),

g = 571 568 5.45 5.42

Enzymatically reduced

As-isolated
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g = 6.67 5.71 5.42
|

4.34

Ficure 3: EPR spectra of thionine-titrated enzymatically reduced
Av1'g: (A) enzymatically reduced Avg; (B) reduced Avl titrated
with 1.5 equiv of thionine, in which the inflections gt= 6.67
and 4.3 have reappeared; (C), 3-equiv-oxidized 'Avand (D)
6-equiv-oxidized Avlz. EPR spectrometer conditions: microwave
frequency, 9.45 GHz; modulation frequency, 100 kHz; modulation
amplitude, 1.0 mT; microwave power, 20 mW; temperature, 12 K.

but does produce changes in its spin relaxation behavior.

Furthermore, paramagnetic interactions usually result in line
broadening, which is opposite what is observed with ‘Avl
While it is questionable that spectral broadening occurred,
it is clear that the rhombicityH/D) of the cofactor signal in

Tittsworth and Hales

a
%]
1 5]
<
=
=
20
w

10f
D
2
S 08 o
]
& ost 1

04} 1

L
0.2 e o
4
’¢’ (o]
0.0 3 o] L L . o
0 2 4 6 8 10
Oxidizing Equivalents

Ficure 4: (Top) Relative EPR spectral areas of thes 5/2 (P")

Av1l's decreases as the P clusters become oxidized. Thissignal atg = 6.67 and th&s= 3/2 VFe cofactor signal of AV} as

change in rhombicity implies a structural change about the
cofactor upon oxidation of the P clusters.
Oxidative titrations of enzymatically reduced Ayivere

a function of oxidizing equivalents. Experimental ddi for the

g = 6.67 (P) signal and a theoretical line (- - -) calculated with
the random probability P cluster oxidation model (see text) are
shown. Also, the area of tg@= 3/2 cofactor signal4) is plotted

performed and monitored by EPR spectroscopy. Changesalong with aline {) interpolated through the data points. (Bottom)

in the EPR spectrum (recorded at 12 K) of the= 5—8
region during a thionine titration are shown in Figures 3 and
4. In this region of the spectrum, enzymatically reduced
Avl'g (Figure 3A) exhibits EPR signals associated with the
vanadium cofactord = 5.71 and 5.42), along with a small,
sharp inflection ag = 4.34. A 1.5 equiv/protein oxidation
(Figure 3B) restores both thge= 6.67 and the broad =
4.3 EPR signals previously observed in as-isolated’#v1
(Figure 1A), while slightly diminishing the vanadium co-
factor signal. Superimposed on the brapg 4.3 signal is
a sharp inflection afy = 4.34, which increases in intensity
upon further oxidation (Figure 3C,D). Oxidation by 3 equiv
(Figure 3C) results in a further attenuation of the Avl
cofactor signal by approximately 50%, yet enhancesghe
= 6.67 and 4.3 signals to their maximal amplitudes. Finally,
except for the sharp line gt= 4.34, all of the spectral signals
of Avl'g decrease in amplitude upon further oxidation
(Figure 3D and 4A).

The as-isolated VFe protein also exhibits an a8ak
1/2 EPR signal (Hales et al., 1986a, 1989), with inflections
atg = 2.04 and 1.93 (Figure 5A). The origin of this signal
is currently unknown, but it is presumed to be associated
with either the P clusters or M centers. During enzymatic
reduction, this signal was occasionally, but not always,
removed. In the cases where it was not removed by
enzymatic reduction (Figure 5B), it disappeared upon
introduction of the first aliquot<€1 equiv) of oxidant (Figure

Experimental data®) for the relative signal area of the S 3
(P*") signal withg = 11.5 plotted along with theoretical models.
The random oxidation model is represented by (---) and the
consecutive model by).

represent a minor component of the protein. A sim8ar

1/2 EPR signal is believed to be associated with a low-
activity form of the vanadium nitrogenase Afzotobacter
chroococcumAcl*) (Eady, 1991; Eady et al., 1990). Ion
exchange chromatography has been used to isolate an early
eluting form of Acl1* that exhibits th& = 1/2 EPR signal.
The early eluting protein fractions exhibiting ttge= 1/2
signal were shown to have a lower Fe content and a lower
specific activity than the later eluting protein, which exhibits
only the S = 3/2 EPR signal. However, AVldoes not
exhibit similar chromatographic behavior, and we have not
observed forms that exhibit only th& = 3/2 signal
(Blanchard & Hales, 1996).

Oxidation of Avl has been shown to induce a 2-equiv-
oxidized P cluster species(®, which gives rise to an integer
spin EPR signal (Hagen, 1992b; Pierik et al., 1993; Surerus
et al., 1992). This signal has been assigned to an excited-
state doublet of ai$ = 3 or 4 spin system and, typical of
integer spin EPR signals, exhibits absorptions in both parallel
and perpendicular mode EPR witfactors of 11.9 and 11.6,
respectively. A similar EPR signal, a 11.5 in
perpendicular mode (Figure 6) age= 12.8 in parallel mode
(not shown), is generated during thionine oxidation of Av1

5C). On the other hand, in those cases where this signalThis signal attains maximal amplitude at the 6-equiv-oxidized

was removed by enzymatic reduction (Figure 5D), it reap-
peared upon introduction of the first aliquot of titrant (Figure

step in the titration and may be assigned to the 2-equiv-
oxidized P cluster (P). Temperature studies indicate that

5E) and was subsequently abolished by the addition of theit arises from a ground-state transition of a probabke 3

second aliquot (similar to Figure 5C), suggesting that it may

spin system, in contrast to the integer spin signal observed
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1.93 2.04

FicurRe 5: EPR spectra of thg= 2 region of Avlg: (A) as-isolated
Avl'g showing the axials = 1/2 signal withg = 1.93 and 2.04;
(B) enzymatically reduced Avd in which theS = 1/2 signal was
not removed; (C) thionine-oxidized A%l(<1 equiv), in which
the S = 1/2 signal has disappeared; (D) enzymatically reduced
Avl'g in which theS= 1/2 signal is not present; and (E) thionine-
titrated Av1g in which theS= 1/2 signal was restored by the first
aliquot (<1 equiv) of titrant. The last signal was removed by the
addition of the next aliquot of titrant. EPR spectrometer conditions:
microwave frequency, 9.45 GHz; modulation frequency, 100 kHz;
modulation amplitude, 1.0 mT; microwave power, 20 mW; tem-
perature, 12 K.

g = 115
20 mT

FicUre 6: Perpendicular mode EPR spectrum of 6-equiv-oxidized
Avl'g showing a signal ag = 11.5, which arises from the integer
spin state $= 3) of P*. EPR spectrometer conditions: microwave
frequency, 9.45 GHz; modulation frequency, 100 kHz; modulation
amplitude, 1.0 mT; microwave power, 20 mW; temperature, 3.2
K.
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Ficure 7: EPR spectra of AV}: (A) as-isolated Avly showing
the S = 3/2 cofactor signal, th& = 5/2 (P") signal atg = 6.67,
and the broad inflection &= 4; (B) enzymatically reduced Av4
showing a sharp inflection a = 4.31 and loss of both the™P
signal atg = 6.67 and the broad inflection gt= 4; (C) 1-equiv-
oxidized Avl, showing theg = 5.31 signal at maximal amplitude,
while the S = 3/2 cofactor signal has been abolished; (D) 1.2-
equiv-oxidized Avl, showing theS = 5/2 (Pf) and S = 3/2
cofactor signals, which have returned to full amplitude; (E) 2.5-
equiv-oxidized Avl, in which the P and cofactor signals have
diminished. EPR spectrometer conditions: microwave frequency,
9.45 GHz; modulation frequency, 100 kHz; modulation amplitude,
1.0 mT; microwave power, 20 mW; temperature, 12 K.

g =

The 12 K EPR spectrung(= 4—12 region) of as-isolated
Avl', (Figure 7A) is indistinguishable from that of Afgl
(Figure 1A), showing an inflection at= 6.67 (the P state
of the P clusters), two signals with= 5.68 and 5.45 (the
M state of the VFe cofactor), and a broad inflectiorgat
4.3 with a sharper superimposed signal gat= 4.34.
Enzymatic reduction of this species (Figure 7B) is also
similar to that of Avlg, resulting in the attenuation of both
theg = 6.67 and the broad = 4.3 signals. The only new
feature in the spectrum of enzymatically reduced ‘Auhat
is not observed in the spectrum of Ayls a minor sharp
first-derivative-shaped signal aj = 4.31 (Figure 7B).
Surprisingly, the initial thionine oxidation of Av4 results
in the oxidation ofonly the cofactor (M— M) without any
detectable oxidation of the P clusters tb. PThis is exactly
opposite of what occurs during the oxidation of Avl, where
the P clusters oxidize prior to the cofactor (Oliver & Hales,

in Avl mentioned earlier, which arises from an excited-state 1992; Tittsworth & Hales, 1993; Zimmermann et al., 1978).

doublet.

Also, during the initial oxidation of AV, the new inflection

We recently have shown that there is a second form of atg = 4.31 (Figure 7B) increases in amplitude, reaching a

Avl’ (Blanchard & Hales, 1996) called A%l which has a
smaller a3, trimeric structure. Metal, sulfide, and EPR

maximum at approximately 1 oxidizing equiv (Figures 7C
and 8), at which point the cofactor signal has disappeared.

analyses of this form suggest that it contains only one Addition of the next aliquot (approximately 0.2 equiv) of

cofactor and one P cluster along with an additional [4Fe-
4S]-like cluster. In spite of its smaller subunit structure,
Av1l', is still enzymatically active, exhibiting approximately
75% of the specific activity of form AV} in acetylene
reduction assays. However, oxidative titrations of Avl

oxidant produces several sudden and previously unobserved
spectral changes, i.e., tlie= 4.31 signal disappears while
the signals of P (g = 6.67), the reduced cofactor My &
5.68, 4.45), and the broad absorbarnge=(4.3) all suddenly
appear (Figures 7D and 8). This sudden change suggests

yield very different spectral data from those described earlier that the cofactor, oxidized during the initial titration, is

for Avl'g.

rereduced with concurrent oxidation of the P cluster+P
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; Ay Ficure 9: EPR spectra of thionine-oxidized Ayl (A) 1-equiv-
oxidized Avl, showing the attenuate®i= 3/2 cofactor signal and
0.0 ,___A___.__.‘_____:'J an inflection atg = 4.31; (B) 1.2-equiv-oxidized AV} showing
’ La the restored cofactor signal and the disappearance of the inflection
atg = 4.31; (C) 2.5-equiv-oxidized Av4 showing the proposed
= 3 (P*") signal and the diminished cofactor signal, along with a
02, 1 2 slightly increased first-derivative-shaped inflectiomgat 4.34. EPR
spectrometer conditions: microwave frequency, 9.45 GHz; modula-
Oxidizing Equivalents tion frequency, 100 kHz; modulation amplitude, 1.0 mT; microwave
power, 20 mW,; temperature, 3.2 K.

Ficure 8: Relative EPR signal areas of tBe= 5/2 (P+) (a) and
S = 3/2 cofactor signalst) in Avl', plotted as a function of DISCUSSION

oxidizing equivalents. The dashed and dotted lines represent
predicted oxidation behavior for the P cluster and cofactor, Both Méssbauer (Ravi et al., 1994) and EPR (Figure 1A)

;ﬁ:gﬁgﬂv%\/ﬂ,/fggtt\nggﬁ lfﬁleiieguZé%n?S(e“ﬁt;y) redox-gated spectroscopic techniques clearly demonstrate that as-isolated
Avl' (i.e., in the presence of 2 mM dithionite) contains a

mixture of oxidized and reduced P clusters and M centers.

P* is coupled to M — M). All of these new spectral  |ncrease of the dithionite concentration to 10 mM and/or
changes (Figure 7D) appear upon addition of a single aliquot addition of the mediators methyl viologen and benzyl
(0.2 equiv) of oxidant past the 1-equiv-oxidized pointin the viologen to Av1 are ineffective in completely reducing all
titration, where theSs = 3/2 M center EPR signal has been of the clusters. Full reduction (Figure 2B) of the clusters in
removed (M— M), After this point in the titration, the  Avl' to their P and M forms (as determined by d&bauer
oxidative behavior of Avl, mimics that of Avlg, with a spectroscopy) has only been achieved by us through enzy-

simultaneous decrease of both the cofactor-WW™) and matic reduction using limiting Av2and Mg-ATP. These
results are significant for two reasons. First, they suggest

P™ EPR signals (P — P?*) as well as a loss of the broad
inflection atg = 4.3 (Figures 7E and 8). During this final that the clusters of Avihave redox midpoint potentials more
negative than those in clusters of Av1l (since all of the clusters

oxidation, a different first-derivative-shaped inflectiongat ! ! :
= 4.3 appears (Figure 7E). This signal exhibits the same I the latter protein are fully reduced in the presence of 2

temperature dependend®[ = 2.47 cnm?) as theg = 4.3 mM dithionite and methyl viplogen). .Sec.ond, these results
signal observed in the later stages of the oxidative titration de_m_onstrate that enzymatic reduction is at_)le to reduce
of enzymatically reduced Avd (Figure 3C), but differs from OX|d|zed_ P clusters._ Although the enzymatic role of P
the signal (Figure 7C) ag = 4.31 observed in the early clust.ers is unknown, it has been assumed that they serve to
- . _ 1 mediate electron transfer from component 2 to the M centers
stages of the oxidation of AV4(|D| = 3.24 cnT). (as opposed to component 2 reducing the M centers directly).
The EPR spectrum of the 2P state in Avla was Our enzymatic reduction experiment clearly demonstrates
investigated at 3.2 K (Figure 9). At this temperature, the that oxidized P clusters can be reduced by component 2, thus

spectrum of the 1-equiv-oxidized species (Figure 9A) exhibits Strengthening this assumption.
Previous oxidative titrations of Avl showed the presence

the same derivative-shaped inflection gt= 4.31 and X e X
attenuated vanadium cofactor signal observed at 12 K (FiguregggVZ'g?;‘taeot)g(iﬁgof :;i?vfg;igiiz Zt;ltgfégll;’%a(lrolﬁ\?gs the
7). Following a 1.2-equiv oxidation of AV4 (Figure 98), & Hales, 1992; Tittsworth & Hales, 1993). Further oxidation
the EPR spectrum of the reduced cofactor reappears alongmnverted the P clusters into the 2-equiv-oxidized

. ) . _ quiv-oxidized state (P
with a br.oaq mflectlon ag = 4'.3’ (as (_)bserved at12 K). and _, P>*) with an apparent midpoint potential approximately
the first indication of a broad inflection gt= 11.5, which identical to that of the first oxidation step. The EPR
is |(_jent|cal to that of the m_teger spin species preylously spectrum of P in Av1 revealed bott = 5/2 andS = 1/2
aSS|g_ned to? (Figure 6_). This latter s_lgnal_gams maximum - gnin states. The presence of nearly identi§akE= 5/2
amplitude with approximately 3 equiv (Figure 9C), while jnfiections in the spectra in partially oxidized AVFigures
the amplitude of th& = 3/2 cofactor signal has diminished  1C and 3B) clearly establishes the existence of simitar P
and the inflection ag = 4.3 has increased slightly. Finally, states in this protein. On the other hand, 8w 1/2 signal
it should be noted that the = 6.67 signal assigned to'P  (Orme-Johnson et al., 1981; Smith et al., 1983) assigned to
(Figure 7D) is not visible in these low-temperature spectra the P state in Av1 is absent from the spectrum of oxidized
(Figure 9) since it arises from an excited-state doublet. Avl'. Apparently, thes= 5/2 signals represent the presence
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of the P state in both proteins, while th® = 1/2 signal
appears to be a minor componentl(0%) unique to the
MoFe protein. It has been suggested that$tve 1/2 and
5/2 spin states assigned td fh Avl may represent the

1-equiv oxidation of separate [4Fe-4S] units at opposite

halves of the P cluster pair (Oliver & Hales, 1992; Tittsworth
& Hales, 1993). In this model, if the oxidation midpoint
potentials (P— P*) for the two units are similar, then the
units are randomly oxidized and botHh Bpin states will be
observed during the oxidative titration of the protein, as is

Biochemistry, Vol. 35, No. 2, 1996185

P>+ signal, with a further increase in the amplitude of the
sharpg = 4.34 inflection. At this point in the titration it
was also noted that Avivas starting to become irreversibly
inactivated. Signals in the region gf= 4.34 often reflect

the presence of adventitiously bound iron. Therefore, these
results suggest that the= 4.34 signal may arise from the
oxidative destruction of one or both of the metal clusters in
Avl'. By comparison, Avl has been oxidized to the BS

= 7/2) state (a state not observed by us in Awdithout
detectable inactivation.

the case for Avl. However, as the difference between the The oxidative titration of Avk (Figures 3 and 4) illustrates
midpoint potentials of each unit increases, the oxidation of the concurrent oxidation of both the P clusters and M centers.

one half will be preferred and theBpin state of that half
(in the case of Avl S = 5/2) will be the dominant signal
observed. This model also predicts (Tittsworth & Hales,
1993) that the profile for the oxidation to?Pduring the
titration should differ for Avl and Av1 During the titration

of Avl, the oxidation of each [4Fe-4S] unit of the P clusters

This situation differs from the analogous oxidation of Avl
using thionine, which shows a 2-equiv oxidation of the P
clusters to the P state preceding the oxidation of the M
centers (Oliver & Hales, 1992; Tittsworth & Hales, 1993;
Zimmermann et al., 1978) and suggests similar redox
midpoint potentials for both metal clusters in the Ayl

to Pt is random and, therefore, should simultaneously protein. At present itis unknown whether the similar redox

generate a statistical amount 8P However, the generation
of P** during the oxidation of Avishould only occuafter
all of the P" state § = 5/2) has been produced. In other
words, if this model is correct, the production cffRluring
the oxidation of Avlshould lag that observed for Avl. The
theoretically predicted formations ofPfor both of these

situations are shown in Figure 4 (bottom), where it can be

seen that there is a lag in the formation oftPthus
strengthening our hypothesis that tBe= 1/2 and 5/2 spin
states of Avl P represent separate oxidations of the two

potentials of the clusters in Al or the fact that both of
these potentials are more negative than those of the corre-
sponding clusters in Avl has any correlation with the
apparent lower substrate reduction efficiency (Eady et al.,
1987; Hales et al., 1986a) of the vanadium form of the
enzyme.

The 2-equiv oxidation of the P clusters (P P?*) in
various MoFe proteins has been shown to yield an integer
spin state (Hagen, 1992a; Pierik et al., 1993; Surerus et al.,
1992). Except for the protein isolated frodanthobacter

[4Fe-4S] units of the P cluster. It should be noted that the autotrophicugXal) (Surerus et al., 1992), wheré&Rxhibits
oxidative titrations described here are not evidence of a ground-state EPR signal withh = 15.6, all previously
reversible redox equilibria for the metal cluster states observed P EPR signals have occurred in the= 12 region
described. Although we have demonstrated the existenceand are associated with excited states. THeskate in both

of stable metal cluster redox states in Adlring oxidative

Avl1', and AvZg similarly (Figures 6 and 9) exhibits an EPR

titration, and we have shown that the oxidized P clusters in signal in theg = 12 region associated with an integer spin
Av1' may be reduced enzymatically, we present no evidencestate, as verified by parallel mode EPR spectroscopy (data
of electrochemical reversibility for any of the possible redox not shown). However, unlike the analogous signal in the

states (i.e., P and™p that may exist in Avl
In addition to theS = 5/2 signals in they = 5—8 region,

MoFe proteins, the signal in the VFe protein arises from a
ground state and, therefore, most likely represents the

oxidation of Avl also generates a broad absorption-shaped transitionAms = 2S of an integer spin system with negative

signal (Figures 1, 3, and 7) centeredyat 4.3 that was not
observed in the oxidative titration of Avl, possibly being
obscured by the dominagt= 4.32 FeMoco signal in that
protein. This broad) = 4.3 signal obviously arises from an
oxidized metal cluster.
suggests that thg = 4.3 signal is associated with" P First,
the amplitude variation of thg = 4.3 signal during the
oxidative titration of either Avk (Figure 3) or Avl, (Figure
7D) mimics that of theS = 5/2 P signals. Second, in the
initial oxidation of Avl,, during which only the M centers
are oxidized (M— M™) while the P clusters remain reduced,
the g = 4.3 signal is not generated (Figure 7). Therefore,
this signal is only observed when the stateifalso present.
Other than the fact that this brogd= 4.3 signal obviously
arises from a state witls > 1/2, the observation of only
one inflection makes the identification of the spin state of
this signal ambiguous.

During the oxidation of Avl a sharp inflection appears

zero-field splitting D < 0) and the restrictiog > 4S. By
using these restrictions with = 12.8, we can assign this
inflection in oxidized Avlto anS = 3 state.

The behavior of Avl, during an oxidative titration (Figure

EPR spectral evidence strongly 7) is highly unusual. To explain this behavior, a model will

be proposed that presumes the existence of two different
redox forms of this protein, called Ayl and Avls,. Form
Avl'a; is generated during the initial enzymatic reduction
of the protein. In this protein, the M centers have a redox
midpoint potential more negative than that of the P clusters
and, therefore, oxidize first upon the addition of thionine.
Following oxidation of the M centers, AV, converts to
form Avl'a, upon the addition of more oxidant to the
medium. To trigger this conversion, Al must possess a
redox receptor that responds to the environmental potential.
The only known redox-active sites in component 1 are the
M centers, P clusters, and [4Fe-4S] cluster. Since the M
centers have already been oxidized, it is doubtful that they

atg = 4.34 (Figures 3D and 7E), which increases in intensity will respond to further oxidation. The same is true for the

as more oxidant is added. This inflection is still present
following the oxidation of both metal clusters in Av(i.e.,
M — MT and P— P?%). Addition of oxidant beyond this

[4Fe-4S] cluster, which is also oxidized (and EPR silent) at
this point in the oxidation. Itis also difficult to see how the
[4Fe-4S] cluster could act as an effective redox receptor since

6-equiv point results in a decrease in the intensity of the it is probably over 67 A from both the cofactor and the P
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cluster. Therefore, the most likely candidate for the redox ACKNOWLEDGMENT
receptor is the reduced P cluster. In other words, it must be
the establishment of the equilibrium<®P P* + e~ in Avl'a;
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midpoint potential of the M center is slightly more positive
tha}n t.hat of the P cluste.rs. Because of thi§, the initial REFERENCES

oxidation of the P clusters induces the conversion of'Av1

to Avl'a,, inverting the relative redox potentials of the two Aasa, R., & Vangad, T. (1970)J. Chem Phys 52, 1612-1613.
metal clusters and promoting a redistribution of the electrons Aasa, R., & Vangad, T. (1975)J. Magn Reson 19, 308-315.

; i Arber, J. M., Dobson, B. R., Eady, R. R., Stevens, P., Hasnain, S.
in the protein. Electrons flow from of the P clusters to reduce S.. Gamer, C. D., & Smith, B, E. (198 Nature 325(6102),

We thank M. K. Johnson and M. G. Finnegan (University
of Georgia) for recording the parallel mode EPR spectrum
of P> and the Pennington Biomedical Research Center
(Baton Rouge, LA) for the use of their EPR spectrometer.

the previously oxidized M centers. 372-374.
Why is this phenomenon only observed in Avand not Arber, J. M., Dobson, B. R., Eady, R. R., Hasnain, S. S., Garner,
in Avlg? The major structural difference between Avl C. D., Matsushita, H., Nomura, M., & Smith, B. E. (1989)

. o Biochem J. 258 733-737.
and Avlg is the absence of an subunit in the former Bishop, P. E., Joerger, R. D., Loveless, T. M., Pau, R. N., Michenall,

protein. The absence of this subunit appears to rendeihAvl | ‘A’ ¢ Simon, B. H. (1990)J. Bacteriol 172(6), 3400-3408.
susceptible to a P cluster oxidation-induced change from Bjanchard, C. Z., & Hales, B. J. (199®iochemistry 35472~
Avl'a; to Avl's,, which gates the oxidation changes-P 478.

P and M™ — M). A similar coupling of the oxidation of ~ Bulen, W. A, & LeComte, J. R. (1972) iMethods in Enzymology
the P clusters with a concurrent reduction of the M center _ (San Pietro, A., Ed.) pp 456470, Academic Press, New York.

may also take place in Avd.or the MoFe protein, but may Bué?f;ﬁiszAc}ié{ é]fz%bgsé_gbgs” & Stiefel, E. I. (198Bjochim

occur at a different, possibly more negative, redox level chan M. K., Kim, J., & Rees, D. C. (199Fcience 260792
outside the range of our oxidative titration. Obviously, this 794,

coupling would be mechanistically important because it Chen, J., Christiansen, J., Tittsworth, R. C., Hales, B. J., George,
would force the cofactor into a more reduced state, possibly ~S. J., Coucouvanis, D., & Cramer, S. P. (1993Am Chem
necessary for Nreduction. Even though redox gating is Soc 115 5509-5515.

not observed during the oxidative titration of Aglthe Eafgé RA%G&?%H@?%%?&ZIr,':cl)_r_gamc Chemistryp 77~

observed change in rhombicity (Figure 2) of tBe= 3/2 Eady, R. R., Robson, R. L., Richarson, T. H., Miller, R. W., &
cofactor signal upon P cluster oxidation does suggest a Hawkins, M. (1987)Biochem J. 244, 197—207.

coupling between P cluster oxidation and the structure aboutEady, R. R., Pau, R., Lowe, D. J., & Luque, F. J. (1990QYitrogen
the cofactor. Similar couplings have already been proposed ~Fixation: Achieements and Objecies(Gresshoff, P. M., Roth,

to occur during catalysis (Chan et al., 1993). ;hE'HiltFCﬁg\’NG%'r\llfmon’ W. E., Bds.) pp £2B33, Chapman

How does the oxidation of the P cluster induce a redox George, G. N., Coyle, C. L., Hales, B. J., & Cramer, S. P. (1988)
and rhombicity change detected at the cofactor? The J. Am Chem Soc 110(12), 4057-4059.
structure of component 1 may suggest a possible mechanisnf>€0rgiadis, M. M., Komiya, H., Chakrabarti, P., Woo, D., Kornuc,

for the coupling of redox and conformational changes. An J. J., & Rees, D. C. (19925cience 2571653-1659.
piing ges. Hagen, W. R. (1992al\dv. Inorg. Chem 38, 165-221.

aspect of the. P C|USt_er ;tructure not typically obser-ved in Hagen, W. R. (1992b) il\dvances Inorg Chemistry: Iron-Sulfur
FeS clusters is the bridging of the cluster between different  proteins(Sykes, A. G., & Cammack, R., Eds.) pp 16822,

subunits. An analogous situation exists in the component 2 Academic Press, New York. _
protein, where a single [4Fe-4S] cluster is bridged between Hagen, W. R., Wassink, H., Eady, R. R., Smith, B. E., & Haaker,

identical subunits. In component 2, Mg-ATP binding, which _H- (1987)Eur. J. Biochem 169 457-465.
A Hales, B. J., Case, E. E., Morningstar, J. E., Dzeda, M. F., &
has been proposed to occur about 20 A from the [4Fe-43] Mauterer, L. A. (1986aBiochemistry 2523), 7251-7255.

cluster, induces a dramatic lowering of the midpoint potential pjajes, B. J., Langosch, D. J., & Case, E. E. (198BBiol. Chem

of the cluster and changes the rhombicity of the EPR  261(32), 1530+15306.

spectrum of the reduced cluster (Orme-Johnson & Davis, Hales, B. J., True, A. E., & Hoffman, B. M. (1989) Am Chem
1978; Zumft et al., 1973, 1974). Small angle X-ray scattering  S0C 111, 8519-8520. N _
studies have shown that Mg-ATP binding induces a confor- Hodgson, K. O., Chen, L., Gavini, N., Tsuruta, H., Eliezer, D.,

: . . B B. K., & Doniach, S. (1 Biol. Chem 2
mational change in the protein (Hodgson et al., 1994). Also, 355%(3%%94_ + & Doniach, S. (1994) Biol. Chem 269 (3)

Mg-ATP binding to component 2 greatly enhances the johnson, M. K., Thomson, A. J., Robinson, A. E., & Smith, B. E.
chelation of the [4Fe-4S] cluster by bathophenanthrolinedis-  (1981)Biochim Biophys Acta 671 61-70.

ulfonate (Ljones & Burris, 1978). In other words, Mg-ATP  Kim, J., & Rees, D. C. (1992a)ature 360 553-560.

binding to component 2 induces both a conformational Kim, J., & Rees, D. C. (19920fcience 2571677-1682.

change in the protein as well as a change in the redox Hones. T., & Burris, R. H. (1978piochemistry 171866-1867.
midpoint and spectral rhombicity of the cluster, i.e., con- M%ggﬁsggg;‘ E., & Hales, B. J. (1983)Am Chem Soc 109,
formational and redox changes are coupled in component 2.\jorningstar, J. E., Johnson, M. K., Case, E. E., & Hales, B. J.
It is possible that a similar situation exists in component 1,  (1987)Biochemistry 2§7), 1795-1800.

where a redox change in the P cluster induces a conforma-Mortenson, L. E., Zumft, W. G., & Palmer, G. (197Bjochim
tional shift from AvIa; to Avl'a,. While these are only Biophys Acta 292 422-435. _ _
two isolated examples, it may be found that the bridging of Munck, E., Rhodes, H., Orme-Johnson, W. H., Davis, L. C., Brill,

a metal cluster between different subunits of a protein is an \é\éJ & Shah, V. K. (1975Biochim Biophys Acta 400 32~

effective way of coupling a redox change in the cluster with o'Hara, W. F., & Hepler, L. G. (1961). Phys Chem 65, 2107-
a conformational change in the protein. 2108.



Oxidative Titration of the Nitrogenase VFe Protein

Oliver, M. E., & Hales, B. J. (1992). Am Chem Soc 114, 10618~
10623.

Orme-Johnson, W. H., & Davis, L. C. (1978) inon—Sulfur
Proteins(Lovenberg, W., Ed.) pp 1560, Academic Press, New
York.

Orme-Johnson, W. H., Hamilton, W. D., Ljones, T., Tso, M.-Y.
W., Burris, R. H., Shah, V. K., & Brill, W. J. (1972roc. Natl.
Acad Sci U.SA. 69, 3142-3145.

Orme-Johnson, W. H., Paul, L., Meade, J., Warren, W., Nelson,
M., Groh, S., Orme-Johnson, N. R.,"Mek, E., Huynh, B. N.,
Emptage, M., Rawlings, J., Smith, J., Roberts, J., Hoffmann, B.,
& Mims, W. B. (1981) in Current Perspecties in Nitrogen
Fixation (Gibson, A. H., & Newton, W. E., Eds.) pp 784,
Elsevier, North-Holland, New York.

Pierik, A. J., Wassink, H., Haaker, H., & Hagen, W. R. (1993)
Eur. J. Biochem 212 51—-61.

Ravi, N., Moore, V., Lloyd, S., Hales, B. J., & Huynh, B. H. (1994)
J. Biol. Chem 269 (33), 20920-20924.

Smith, B. E., Lowe, D. J., & Bray, R. C. (197Bjochem J. 135
331-341.

Smith, B. E., Lowe, D. J., Chen, G.-X., O'Donnell, M. J., &
Hawkes, T. R. (1983Biochem J. 209 207-213.

Biochemistry, Vol. 35, No. 2, 1996187

Surerus, K. K., Hendrich, J. P., Christie, P. D., Rottgardt, D., Orme-
Johnson, W. H., & Muck, E. (1992)J. Am Chem Soc 114
(22), 8579-8590.

Tittsworth, R. C., & Hales, B. J. (1993). Am Chem Soc 115
(21), 9763-9767.

Watt, G. D. (1980) inMolybdenum Chemistry of Biological
Significance(Newton, W. E., & Otsuka, S., Eds.) pp—21,
Plenum Press, New York.

Watt, G. D., Burns, A., Lough, S., & Tennent, D. L. (1980)
Biochemistry 194926-4932.

Watt, G. D., Burns, A., & Tennent, D. L. (198Bjochemistry 20
7272-7277.

Zimmermann, R., Mock, E., Brill, W. J., Shah, V. K., Henzl, M.
T., Rawlings, J., & Orme-Johnson, W. H. (197Bjochim
Biophys Acta 536 185—207.

Zumft, W. G., Palmer, G., & Mortenson, L. E. (197Bjochim
Biophys Acta 292 413-421.

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

BI1951430I



