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ABSTRACT. The nitrogenase MoFe protein contains the active site metallocluster called FeMo-cofactor
[7Fe-9S-Mo-homocitrate] that exhibits &= 3/2 EPR signal in the resting state. No interaction with
FeMo-cofactor is detected when either substrates or inhibitors are incubated with MoFe protein in the
resting state. Rather, the detection of such interactions requires the incubation of the MoFe protein together
with its obligate electron donor, called the Fe protein, and MgATP under turnover conditions. This indicates
that a more reduced state of the MoFe protein is required to accommodate substrate or inhibitor interaction.
In the present work, substitution of an arginine residu€d¢*'9) located next to the active site FeMo-
cofactor in the MoFe protein by leucine, glutamine, alanine, or histidine is found to result in MoFe proteins
that can interact with acetylene or cyanide in the as-isolated, resting state without the need for the Fe
protein, or MgATP. The dithionite-reduced, resting states ofoth#6-¢"-, a-96°""-, o-96*2-, or o-96s-
substituted MoFe proteins show &+ 3/2 EPR signald = 4.26, 3.67, 2.00) similar to that assigned to
FeMo-cofactor in the wild-type MoFe protein. However, in contrast to the wild-type MoFe protein, the
o-96-substituted MoFe proteins all exhibit changes in their EPR spectra upon incubation with acetylene
or cyanide. Thex-96-¢"-substituted MoFe protein was representative of the ath@8-substituted MoFe
proteins examined. The incubation of acetylene withaF@6-¢" MoFe protein decreased the intensity of

the normal FeMo-cofactor signal with the appearance of a new EPR signal having inflectiprs4ab0

and 3.50. Incubation of cyanide with tle96-e" MoFe protein also decreased the FeMo-cofactor EPR
signal with concomitant appearance of a new EPR signal having an inflectips 4t06. The acetylene-

and cyanide-dependent EPR signals observed fortBé-¢U-substituted MoFe protein were found to
follow Curie law 17T dependence, consistent with a ground-state transition as observed for FeMo-cofactor.
The microwave power dependence of the EPR signal intensity is shifted to higher power for the acetylene-
and cyanide-dependent signals, consistent with a change in the relaxation properties of the spin system of
FeMo-cofactor. Finally, thei-96-¢“-substituted MoFe protein incubated wific-labeled cyanide displays

al3C ENDOR signal with an isotropic hyperfine coupling of 0.42 MHz in Q-band Mims pulsed ENDOR
spectra. This indicates the existence of some spin density on the cyanide, and thus suggests that the new
component of the cyanide-dependent EPR signals arise from the direct bonding of cyanide to the FeMo-
cofactor. These data indicate that both acetylene and cyanide are able to interact with FeMo-cofactor
contained within thex-96-substituted MoFe proteins in the resting state. These results support a model
where effective interaction of substrates or inhibitors with FeMo-cofactor occurs as a consequence of
both increased reactivity and accessibility of FeMo-cofactor under turnover conditions. We suggest that,
for the wild-type MoFe protein, the-96*9 side chain acts as a gatekeeper, moving during turnover in
order to permit accessibility of acetylene or cyanide to a specific [4Fe-4S] face of FeMo-cofactor.

The reduction of dinitrogen to ammonia during biological possesses a single [4Fe-4S] clust#®rdnd is the obligate
nitrogen fixation is catalyzed by the metalloenzyme nitro- electron donor to the MoFe protein compones)t The o3,
genase [for recent reviews, seke-@3)]. The Mo-dependent ~ MoFe protein contains two active site FeMo-cofactors [7Fe-
nitrogenase is composed of an Fe proteimmponent, which  9S-Mo-homocitrate] and two electron-transfer intermediate
P-clusters [8Fe-7Skj, with one of each metal cluster type
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initially delivered to a P-cluster and ultimately to the FeMo- or botha-70"3 anda-96*9 to accommodate interaction with
cofactor where substrates are bound and redud®)l ( substrates. To test whether such movement ofoti@&'9
Following each electron-transfer event, the Fe protein is side chain might be involved in providing substrate or
believed to dissociate from the MoFe protein, completing inhibitor access to FeMo-cofactor, we asked if altered MoFe
one intercomponent electron-transfer cydé&)( This cycle proteins having substitutions at the96*'9 position are able

is sequentially repeated, resulting in progressively more to interact with substrates or inhibitors in the resting state.
reduced states of the MoFe protein (designated a€f

E,, etc.) until sufficient electrons have accumulated to permit EXPERIMENTAL PROCEDURES

substrate binding and reduction to occlig)( In addition to . . ) i .
dinitrogen, nitrogenase also reduces protons and a range of Protein I_so_la_non and Actity AssaysV\_/ﬂd-type Fe protein :
doubly and triply bonded compounds (e.g., acetylene) by and _polyh|s_t_|d|ne-tagged MoFe proteins were expr_essed n
multiples of two electrons1@3). A detailed description of A. vllnelandu ceII_s 63 and pur|f|eq 1o ho_mogeneny as
the site and nature of substrate or inhibitor binding to FeMo- prewoysly described5¢). The spec!ﬁc activity for GH,
cofactor remains an important but unknown aspect about therEdUCt'on catalyzed by wild-type nitrogenase wa2000

7 e . .
nitrogenase mechanism. The solution of X-ray structures fornmm_Of product mir _(mg of protem). Amino aC|_qI
MoFe proteins fromAzotobactervinelandii (8, 14, 15, substituted MoFe proteins were isolated frénwinelandii

; . Py i
Clostridium pasteurianun(il6), andKlebsiella pneumoniae SD%TQ% de;ggatedd%]J11236§ 93662; Ii/l‘]l'[iz?j (]fL 96L;u)’.
(17) has revealed the FeMo-cofactor structure, which in turn (1 ). an & ): ethods for strain
has led to different models for how substrates might bind construction, large-scale cell growth, protein purification, and

(15, 18-27). A difficulty with characterizing MoFe protein handling were done as reported previoud,(55, 56. Al

with substrate or inhibitor bound to FeMo-cofactor is that PrOEIn manlpulanons were conduct(_ed in the absence of
oxygen in septum-sealed serum vials under an argon

binding is only detected under turnover conditions when t h Al bic liquid and i f
MoFe protein, Fe protein, MgATP, and a source of reducing atmosphere. AAll anaerobic liquid and gas transiers were
performed using gastight syringes. Acetylene reduction

equivalents are presergg, 29. Spectroscopic characteriza- ‘ d iously d .
tion of nitrogenase quenched during turnover in the presenceassays were performed as previously descriSéjl (

of the inhibitor CO 80—35), or the substrates nitroge®1), Preparation of MoFe Proteins with Substrates or Inhibi-
protons 80, 36, 37, acetylene §7—39), and C$% (40), or tors. MoFe protein samples (20 mg/mL unless stated
the product ethylene4() has provided some information ~Otherwise) with acetylene, CO2Nor propyne were prepared
about intermediate states and possible binding sites to FeMoJn 100 mM MOPS buffer, pH 7.0, with 2 mM sodium
cofactor. Likewise, pre-steady-state and steady-state kineticdithionite (NaS;0,) under argon with various partial pres-
studies with nitrogenases during turnover have provided Sures of the appropriate gas. Samples were allowed to
insights into the nature of the mutual interactions among incubate for 3 min at 28C after which time a 250L aliquot
various substrates and inhibitors with the active s (  Was transferred into septum-sealed 4 mm quartz EPR tubes
Collectively, these observations indicate that accumulation @1d immediately frozen in liquid nitrogen. MoFe protein
of electrons within the MoFe protein during turnover results Samples (20 mg/mL) with cyanide or azide were prepared
in changes in the reactivity of FeMo-cofactor toward In 50 mM Tris buffer, pH 8.0, with 2 mM sodium dithionite
substrates or inhibitors, or that changes in the FeMo-cofactorunder argon. Samples for the analysis of the effect of pH on
polypeptide environment occur during turnover in order to the cyanide-induced signals were prepared in a combination

permit substrate or inhibitor access. These possibilities are50 MM Tris and 50 mM MES buffer at pH values of 6.5,
not mutually exclusive. 7.5, or 8.5 with 2 mM sodium dithionite and under argon.

We previously reported that substitution of the69%Y Sodium cyanide was added to the indicated concentration
residue by Ser within the MoFe protein froAzotobacter ~ [Tom & 0.1 M stock solution. Proteins were allowed to
vinelandii affected the reduction of acetylene but not [ncubate for 3 min at 25C and then frozen in EPR tubes.
dinitrogen #2, 43. This finding was interpreted to indicate  CIven the equilibrium between HCN and Clwith a K,

that the [4Fe-4S] face of FeMo-cofactor capped by the Of 9-11 67), both species are present at the pH values
adjacent residuey-70"?, possibly serves as an acetylene examined. Hence, we refer to cyanide to indicate the sum

reduction site (lighter colored Fe and S atoms in Figure 1, Of the concentrations of HCN and CNThe reversibility of
panels A and B). In support of this model, it has been found the acetylene- or cyanide-dependent EPR changes was
that substitution of the-70"# residue by Ala results in an ~ €valuated by passage of the appropriately treated MoFe
altered MoFe protein that can effectively reduce short-chain Protein sample through a Sephadex G-25 column equilibrated
alkynes, such as propargyl alcohol and propyne, which with 50 mM Tris buffer, pH 8.0, with 300 mM NaCI_ and 2
otherwise are only very poor substrates for the wild-type mM dithionite. The protein was transferred_lm_me(_ﬂately to
MoFe protein 44). Likewise, certain amino acid substitutions & Septum-sealed EPR tube and frozen in liquid nitrogen.

at the0-195s residue position, which is located near the ~ The effect of pH on the resting state EPR spectrum of the
same [4Fe-4S] face, also have some affect on substrate an@-96-*" MoFe protein was also investigated for samples
inhibitor interactions with FeMo-cofactoA$—52). Inspec- ~ Pprepared in the above combination buffer at pH values of
tion of the MoFe protein resting state structure shows that 6.5, 7.5, or 8.5 with 2 mM sodium dithionite and under argon.
residues surrounding the FeMo-cofactor are so tightly packed EPR Spectroscopy{-band EPR spectroscopy was per-
there does not appear to be sufficient room to accommodateformed using a Bruker ESP-300E spectrometer equipped with
substrate or inhibitor interaction at this [4Fe-4S] face. Thus, an ER 4116 DM dual-mode X-band cavity and an Oxford
a model where this [4Fe-4S] face of FeMo-cofactor provides Instruments ESR-900 helium flow cryostat. In all cases,
a substrate interaction site demands the movement of eithercalibrated 4 mm quartz EPR tubes (Wilmad, Buena, NJ) were
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Ficure 1: FeMo-cofactor protein environment. (Panel A) Stereoview of FeMo-cofactor (including homocitrate on the right) and the ligands
0-275%s and a-4427s, The positions ofx-96*9, o-70v8, anda-195%s are also shown. The four Fe atoms on the side of FeMo-cofactor
facing 0-96%9 are shown in lighter green and the four S atoms in lighter yellow. (Panel B) FeMo-cofactor with the four S and four Fe
atoms on the side facing-96*'9 shown in lighter colors and labeled as Fe2, Fe3, Fe6, and Fe7 and S2A, S2B, S3B, and S5 as previously
designated®). (Panel C) The P-cluster (top right), theC trace of peptides (blue ribbons) between the P-clusteranad’@ and o-969,

and FeMo-cofactor (without homocitrate) are shown. The figures were generated from the MoFe protein cooBjinateg the Swiss-

PDB Viewer program {8). Atom colors are carbon in gray, nitrogen in blue, molybdenum in pink, sulfur in yellow, and iron in green.
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used. Independently recorded background spectra of the %
cavity were aligned with and subtracted from experimental
spectra. EPR spectra were recorded at a modulation fre-
quency of 100 kHz and a modulation amplitude of 1.26 mT
(12.6 G) with a sweep rate of 10 mT!s Spectra were
recorded at microwave frequencies of approximately 9.64
GHz, with the precise microwave frequencies recorded for
individual spectra to ensure exact g-alignment. Operating
temperature and other EPR parameters are specified in the
figure legends for individual samples. Subsequent manipula-
tions of spectral data (including the generation of all graphical
representations) were accomplished using the program Igor
Pro (WaveMetrics, Lake Oswego, OR). Simulations were
done using software written by Dr. Mike Hendrich (Carnegie
Mellon University) and combine singled-valued decomposi-

a-96"" + Ar

@-96"™ + C,H,

tion with least-squares fitting to match a sum of simulations ! ‘\3-50 ! ! |

to the spectrum. Relative amounts of each species were 1500 2000 2500 3000 8500
determined for ars = 3/2 system where intrinsig values, Magnetic Field (Gauss)
Ox = gy = g, (both approximately equal to 2.00), afdD FiIGURE 2: EPR spectra ak-96-" MoFe protein under nonturnover

were allowed to vary independently. Integration of the EPR conditions with acetylene. The-96-¢" MoFe protein was prepared

. . : under a gas phase of either 1.0 atm of argon (top trace) or 1.0 atm
signals was relative to the integrated area for & 3/2 of acetylene (bottom trace). The X-band EPR spectra were recorded

signal of the resting wild-type MoFe protein. at a temperature of 5 K, and a microwave power of 2.0 mW. Each
Q-band EPR spectra were recorded on a modified Variantrace represents the sum of 5 scans.

E-110 ENDOR capable cw spectrometeér2 & in dispersion o ] ] )

mode, using 100 kHz field modulation under “rapid passage” élative intensity of the EPR signals was adjusted to a

conditions. The spectra represent the absorption line shapecommon value for the purposes of the graph shown in Figure

not its derivative %8, 59. 8. Data were fit to a single exponential. Such fits have no
Temperature and Power Dependence of EPR Sigiats. theoretical significance, but rather are used to track the data.
nonsaturating microwave powet & K was established for ENDOR SpectroscopyloFe protein samples (100 mg/

all EPR signals using plots of EPR signal intensity versus ML) With [**Clcyanide for ENDOR analysis were prepared
the square root of the microwave power. The optimum N 50 MM Tris buffer, pH 8.0, using*C-labeled NaCN
nonsaturating microwave powers for acetylene- and cyanide-(Cambridge Isotopes, Andover, MA). Q-band Mims three-
treated samples were 0.32 and 2.01 mW, respectively.PulS€ ENDOR spectr&0, 63, pulse sequencém-tautma-
X-band EPR spectra were recorded for each sample at the! (")-tmw-tau-echo, were obtained 2K on alocally designed
optimal nonsaturating microwave power at different tem- SPectrometere2). The spectrum for &C with a hyperfine
peratures. The relative peak height for each EPR signal wasCOUPIing, A, is a doublet centered at th€C Larmor
plotted against the temperature, and the data were fit to thefféquency and split byA. The intensity for a particular

Curie law 1T dependence described by eq 1: hyperfine couplingA, is suppressed, creating a so-called
‘Mims suppression hole’, wherA and tau satisfy the
S= KT+ x (1) relation: Atau=n (0, 1, 2, ...). The bandwidth of the radio

frequency (RF) is broadened to 100 kHz to increase the

whereSis the EPR signal intensitk,is an arbitrary constant, ~ Signal-to-noise ratiod3). Spectra for a particular field within

T is the temperature in degrees kelvin, acig a correction the EPR envelope of a fr_ozen _solutlon are asso_mated with a
factor. For the cyanide- and acetylene-treated MoFe protein'Vell-defined subset of orientations, and simulations of a “2-
samplesk varied from 5.0 to 6.9 andfrom —0.06 to—0.52. D’ set of such spectra can yield full hyperfine tensors, as
Curie law strictly holds for isolated spin systems, usually discussed@4, 63.

S = 1/2. WhenS > 1/2, low-lying excited states become RESULTS

populated with increasing temperatures, which decreases the
population of the lowest spin level at a greater rate than that  Acetylene InteractionsSubstitution of thex-96*9 residue
predicted by Curie law. However, in the present case, the by Ala, Leu, His, or GIn did not significantly change the
excellent agreement of the data with Curie law and the line shape or intensity of the resting st8e= 3/2 FeMo-
complete absence of new signals in the EPR spectra at highecofactor EPR signaly= 4.26, 3.67, 2.00) from that recorded
temperatures due to non-Curie-law-dependent transitionsfor the wild-type MoFe protein (Figure 2 and Supporting
constitute evidence not only that the signals are due to Information). Minor EPR inflections were observed in some
ground-state transitions but also that there are no low-lying of the substituted MoFe proteins, but none of these consti-
excited states within the temperature range examined in theseauted a significant species. The96-" MoFe protein was
experiments. For the microwave power dependence of therepresentative of the other96-substituted MoFe proteins.
EPR signals, spectra (the sum of 10 scans) were acquired afn earlier EPR investigation of the resting state of:a@6°"

5 K and at microwave powers from 0.1 to 20.1 mW. The MoFe protein 49) revealed a similar spectrum. The lack of
microwave power was taken as that recorded from the bridge.significant perturbations of the EPR signal for the96-

The actual power at the sample may be different from that substituted MoFe proteins suggests little or no changes in
reported, and thus will depend on the spectrometer. Thethe electronic properties of FeMo-cofactor as a consequence
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of a-96-¢" MoFe protein under nonturnover conditions. T€6-e¢ 9 ¢ )

MoFe protein was incubated under a gas phase containing theFIGURE 4: Temperature dependence of the EPR spectrum of the
indicated partial pressures of acetylene with argon added to a totala-96-° MoFe protein under nonturnover conditions with acetylene.
pressure of 1 atm. The X-band EPR spectra were recorded at alhe o-96-¢ MoFe protein was prepared under a gas phase
temperature of 5 K, and a microwave power of 2.0 mW, and containing 1 atm of acetylene, and EPR spectra were acquired at
represent the sum of 5 scans. The inset shows the relationshipthe indicated temperatures with a microwave power of 0.32 mW.
between the EPR signal peak height for g 4.24 ©O) andg = Each spectrum is the sum of 5 scans. The inset shows the
4.50 @) inflections versus the acetylene partial presspfekl,). relationship between EPR signal peak height forgke 4.50 ©),

4.24 @), and 3.50 4) inflections as a function of temperature.
fThe data are fit to Curie law T/dependence as described under

of these substitutions. Earlier studies on the resting state o Experimental Procedures.

the wild-type MoFe protein found that changes in pH altered
the S= 3/2 spin system of FeMo-cofactd#q, 67. Addition

of acetylene was found to perturb this pH effect, suggesting
that acetylene could bind to the resting state of the MoFe
protein. However, EPR28, 6§ and EXAFS R9) studies
found no evidence for direct binding of the acetylene or other
substrates to FeMo-cofactor. In the present study, it is found
that addition of acetylene to a resting state sample of the
o-96-°t-substituted MoFe protein results in the appearance
of strong EPR inflections witly values at 4.50, 3.50, and
<2.00 (Figure 2). Similar results were obtained with other
o-96-substituted MoFe proteins, with slight differencegin
values and line shape (Supporting Information). Changing
the pH over the range from 6.5 to 8.5 for restingd6-Y
MoFe protein did not mimic the acetylene-induced EPR
inflections. Addition of the substrates dinitrogen or azide or
the product ethylene also did not result in any detectable
changes in the EPR spectrum (not shown). The acetylene-
dependent changes in the EPR spectrum ofit86-°" MoFe
protein were reversible as evidenced by a return to the
original resting state EPR spectrum after removal of acetylene
from the sample. The inclusion of CO or,Nduring

acetylene concentration indicates that the acetylene-depend-
ent signal constitutes approximately 40% of the t&ak

3/2 EPR signal, with the remainder coming from the FeMo-
cofactor signal detected in the absence of acetylene. Integra-
tion of the acetylene-dependent EPR signals combined with
the remaining FeMo-cofactor signal represeng9% of the

total spin determined for the FeMo-cofactor signal in the
wild-type MoFe protein. These results suggest that acetylene
addition to thea-96-substituted MoFe proteins result in the
conversion of the FeMo-cofactor to a state exhibiting
different electronic properties and different EBR/alues.

The temperature dependence of the EPR signal intensities
is shown in Figure 4. The signal intensity of the FeMo-
cofactor signal for thex-96-" MoFe protein ¢ = 4.24 is
shown) decreases with increasing temperatures from 4 to 20
K, consistent with the behavior of the signal observed for
FeMo-cofactor in wild-type MoFe protein. In both cases, the
decrease in intensity closely follows Curie lawl depen-
dence, indicating a ground-state transition. The acetylene-
dependent EPR inflections observed in th®6-" MoFe

incubation with acetylene did not prevent the appearance ofProtein g = 4.50 and 3.50 are shov'vn)' e>§h|b|t similar
the acetylene-dependent signal. Figure 3 shows the acetylenifMPerature dependence. This similarity indicates that the
concentration dependence on the changes in the EPF{:\cetylene—dependent_ S|g_ngl arises from a modified _F_eMo-
spectrum. Increasing acetylene concentration results in geofactor species, maintaining the ground-state transition.
decrease in the intensity of the FeMo-cofactor sigrmal ( Cyanide InteractionsWe also tested for CO and cyanide
values of 4.24 and 3.67 are shown) to a finite intensity interaction with the resting state of the96-°* MoFe protein.
approximately half the full intensity with a concomitant CO is not a substrate but is a powerful noncompetitive
increase in the intensity of the neyv= 4.50 inflection. The  inhibitor of all nitrogenase substrates except protdt8). (
changes in the EPR spectrum saturate at 0.7 atm of acetylenef\nalysis of the effect of cyanide is more complicated because
with half-saturation at approximately 0.2 atm of acetylene. it is both a nitrogenase substrate (HCN) and an inhibitor
This contrasts with &, for acetylene reduction during (CN~) (57). Addition of CO to the resting state of the96-!
turnover of approximately 0.006 atm. It is noted that the MoFe protein resulted in no detectable changes in the EPR
g = 4.24 inflection arising from FeMo-cofactor changgs  spectrum. In contrast, addition of cyanide to the96-e
value with increasing acetylene partial pressure. Simulation MoFe protein changed the EPR spectrum, with the appear-
of the a-96-¢" MoFe protein EPR spectrum at saturating ance of a new inflection aj = 4.06 and minor inflections
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FIGURE 7: Temperature dependence of the EPR spectrum of the
a-96-eY MoFe protein when incubated in the presence of cyanide.
The o-96-¢" MoFe protein was prepared with 50 mM sodium
cyanide as described under Experimental Procedures. X-band EPR
spectra were acquired at the indicated temperatures with a
microwave power of 2.0 mW, and represent the sum of 5 scans.
The inset shows the relationship between EPR signal peak height
for the g = 4.06 ©) and 4.37 @) signals as a function of
temperature. The data are fit to the equation for Curie law 1/
dependence as described under Experimental Procedures.

species. The temperature dependence of the EPR signal
intensities is shown in Figure 7. The cyanide-dependent EPR
signal is observed to decrease in intensity upon increasing
the temperature from 4 to 20 K, as is observed for FeMo-
cofactor signals in wild-type MoFe protein. The temperature
dependence follows Curie lawTLHependence, suggesting
a ground-state transition. No significant pH dependence was
recognized for the EPR signal elicited by cyanide addition.
EPR Power Dependenc&he microwave power depen-
dence of EPR signals reflects the relaxation properties of
the paramagnetic center. Figure 8 shows the Beir@@nne-
Johnson plot §8) of the dependence of the EPR signal

concentrations. The X-band EPR spectra were recorded at aintensities upon microwave powetr@K for FeMo-cofactor

temperature ©5 K and a microwave power of 2.0 mW, and

signals from thex-96-¢" MoFe protein. The FeMo-cofactor

represent the sum of 5 scans. The inset shows the relationshipEPR signals for wild-type (not shown) amd96-! MoFe

between the EPR signal peak height for e 4.26 ©) andg =
4.06 @) inflections versus the cyanide concentration.

atg = 4.37 andg < 2.00 (Figure 5). This change in the
EPR spectrum was reversed upon removal of cyanide from

proteins saturate at approximately the same microwave power
under these conditions, suggesting similar relaxation proper-
ties and a lack of perturbation by the amino acid substitution

near FeMo-cofactor. The acetylene-dependent and cyanide-

the sample. Increasing cyanide concentration resulted in adependent EPR signals, in contrast, are observed to require

decrease in the FeMo-cofactor signal intensity=(4.26 and
3.65 shown) with a concomitant increase in the intensity of
the cyanide-dependengt = 4.06 and 4.37 signals (Figure
6). The changes in EPR signal intensity were found to

slightly higher microwave power for saturation, indicating
at least a patrtial inhibition of a relaxation process for these
states.

13C-ENDOR The addition of cyanide to wild-type MoFe

saturate between 20 and 50 mM cyanide concentration, soprotein alone does not cause an observable change in its EPR

50 mM cyanide was used for saturating conditions. Simula-
tion of thea-96-°“ MoFe protein EPR spectrum for saturating
cyanide concentration indicates that the cyanide-dependen
inflections constitute>50% of the totalS= 3/2 EPR signal
present, with the remainder coming from the normal FeMo-
cofactor signal. Integration of the cyanide-dependent EPR
signals combined with the remaining FeMo-cofactor signal
represents 90% of the total spin determined for the FeMo-
cofactor signal in the wild-type MoFe protein. The correlation
in the changes of these signal intensities upon addition of
cyanide suggests conversion of FeMo-cofactor to a new

spectrum 29), but [**C]cyanide-incubated wild-type protein
does exhibit a minor unresolved ENDOR signal at @
Larmor frequency that is not present for MoFe protein treated
with natural-abundance cyanide (Figure 9). The latter
observation suggests a weak, nonspecific interaction of
cyanide with FeMo-cofactor in the resting state MoFe
protein. No ENDOR response was observed when the wild-
type MoFe protein was treated withéClacetylene.

The appearance of new EPR signals upon the addition of
cyanide or acetylene to the96-e“-substituted MoFe protein
could result from conformational changes caused by interac-
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Ficure 8: Microwave power dependencies of the EPR signals for
the wild-type anda-96-¢ MoFe proteins. EPR signal intensities
were determined for thg = 4.26 inflection of thex-96-¢4 MoFe
protein @), theg = 4.06 inflection of theo-96-¢* MoFe protein y - 4

with 50 mM cyanide ©), and theg = 4.50 inflection of thex-96-ev 4.06
MoFe protein under 1.0 atm of acetylenEl)(at a constant '
temperature of 5 K, and at various microwave powers ranging from ‘ ‘ ‘ ‘

0.1 to 25.3 mW. The natural logarithm of the normalized signal -1 -0.5 0 0.5 1
intensities divided by the square root of the microwave power is v-v, (MHz)

plotted against the natural logarithm of the microwave power. The ]
FicUre 10: Q-band Mims3C-pulsed-ENDOR spectra of-96-°v

data are fit to a single exponential.

MoFe protein with13C-labeled cyanide across the entire EPR
envelope. The pulsed ENDOR conditions were the same as in
Figure 9. Theoretical simulations (dashed lines) were done as
g-value described under Experimental Procedures. The arrows point to the

Mim'’s holes.

4.0 \j
we were not able to consistently prepare samples with protein

concentrations much greater than 100 mg/mL. In contrast, a
06 Y s clear ENDOR response was observed upon additioF0f-{
a-96"/"CN cyanide to then-96-°“-substituted MoFe protein. Figure 9
shows a well-resolvetC doublet centered at théC Larmor
frequency that is not observed with natural-abundance

0-96"/°CN

3.67 v cyanide. Figure 10 shows the 2D plot’8€ ENDOR spectra
WT/“CN taken across the EPR envelope (frgm= 2.40 to 4.06) of

[*3C]cyanide-incubated-96-¢" MoFe protein (solid line).

3.67 Y . The spectra include simulations based on an a¥al
WT/"CN hyperfine coupling tensor in the true-spi®,= 3/2 repre-

sentation, that is coaxial with thgptensor frame; it can be
. r . . . decomposed into an isotropic couplingaf, = 0.42 MHz
-1 0.5 0 05 1 and an axial traceless part with a coupling parametdr-of
V- (MHz 0.07 MHz.
Ficure 9: Q-band Mims!3C-pulsed-ENDOR spectra of MoFe
proteins with cyanide. The-96-¢“ MoFe or wild-type (WT) MoFe DISCUSSION

proteins were incubated with €N or N&3CN as detailed under .
Experimental Procedures. The pulsed ENDOR conditions were:  The results presented here show thatak@6-e"-, a-96's,

T = 2 K; microwave frequencyyuw = 34.86 GHz; MW pulse  .96%a, and o-96°"-substituted MoFe proteins are able to
lengths tmw= 52 ns,z = 600 ns, RF pulse lengtk 60us, and  ping acetylene or cyanide in the resting state. Simulations

repetition rate= 20 Hz. Each spectrum consists of 256 points, with . . - L
each point an average of 6000 transientscfe¥6-e" MoFe protein of the cyanide- and acetylene-induced EPR signals indicate

samples and of 1000 transients for wild-type MoFe protein samples. that they arise from th& = 3/2 system of FeMo-cofactor.
The arrows point to the Mim’s ‘suppression holes’. Furthermore, the temperature dependence of the intensities
for the cyanide- and acetylene-induced signals is similar to
tions with distant locations, or from direct binding to the that observed for FeMo-cofactor. All of the signals follow
FeMo-cofactor. In an attempt to distinguish between these Curie law 1T dependence, suggesting that they are from
possibilities, the nature of the interaction é#¢]cyanide- ground-state transitions. This feature is important because
and [3Clacetylene-treated samples was tested with pulsedseveral oxidation states of the P-cluster are EPR-active, with
ENDOR spectroscopy. We were unable to detect an ENDOR each state exhibiting excited-state temperature dependence
response with'fC]-acetylene. However, it is not possible (69—71). Thus, the observation of a ground-state transition
to draw any firm conclusion from this negative result because for the cyanide- and acetylene-dependent EPR signals
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indicates they arise from FeMo-cofactor rather than from approached by-70"@ and a-96%9, then either or both of
the P-clusters. The shift to higher microwave power satura- their side chains would have to move under turnover to
tion for the cyanide- and acetylene-dependent EPR signalspermit substrate interaction. The addition of acetylene or
is indicative of some inhibition of a relaxation eve®g], cyanide to the wild-type on-70%2-substituted MoFe proteins
which is consistent with the binding of cyanide or acetylene. has no effect on the resting st&@e= 3/2 EPR spectrum. In
Changes in the EPR signals for96-substituted MoFe  contrast, as shown here, altered MoFe proteins hawag
proteins elicited by addition of cyanide or acetylene can be substituted with leucine, glutamine, alanine, or histidine are
explained in two different ways. One possibility is that able to interact with acetylene or cyanide. In contrast,
acetylene or cyanide binds to the protein near, but not directly substitution ofa-96*9 with lysine does not allow changes
to, the FeMo-cofactor, and thereby changes the electronicin the EPR spectrum when acetylene or cyanide is added.
properties of the FeMo-cofactor indirectly. Alternatively, The longer side chain of lysine would be expected to act
acetylene or cyanide could bind directly to the FeMo- like arginine, blocking access to FeMo-cofactor. These results
cofactor. Although we were unable to resolve this question are consistent with a model where the6*9 side chain in
with respect to acetylene bindin§C ENDOR spectroscopy  the wild-type protein acts as a gatekeeper, repositioning
was used to distinguish between these possibilities in the during turnover to expose a substrate or inhibitor interaction
case of cyanide binding. The observation of@ doublet site.
for the [’C]cyanide-treatedx-96-¢" MoFe protein with a While the results presented here are consistentavRB*9
derived isotropic coupling of 0.42 MHz supports the exist- functioning as a gatekeeper, it seems unlikely for two reasons
ence of some electron spin density on the cyanide, which in that this side chain is the only feature involved in controlling
turn requires that cyanide bind directly to the FeMo-cofactor. substrate or inhibitor interaction with FeMo-cofactor. First,
The coupling constant of 0.42 MHz is comparable'te the concentration of cyanide or acetylene necessary to elicit
hyperfine couplings (0555 MHz) observed from3CO (33, a significant perturbation in th8 = 3/2 EPR spectrum for
34), BCS; (40), and [*Clacetylene 38) binding to FeMo- the altered proteins in the resting state is much greater than
cofactor in MoFe protein trapped during catalytic turnover. required for detecting substrate reduction under turnover
These values are very different from the coupling constants conditions. This situation could be an indication that
observed fo3CO or [**C]cyanide bound to the active sites repositioning of other amino acid side chains, in addition to
of other metalloenzymes (e.g:20 MHz). From*3C ENDOR o-96M9, also occurs during turnover to facilitate effective
studies with'3CO and isotopically labeled MoFe protein, it substrate interaction. Such protein conformational changes
was concluded that CO binds to one or more Fe atoms in could open channels for substrate movement from the protein
FeMo-cofactor 83). The similar 13C-ENDOR hyperfine surface to FeMo-cofactor78). Second, the addition of
coupling observed here for*¥]cyanide binding to the  dinitrogen, azide, CO, or ethylene to samples oeb6-
o-96-e' MoFe protein strongly suggests that cyanide is substituted MoFe protein has no effect on the resting state
binding to one or more Fe atom(s) of FeMo-cofactor as well. S = 3/2 EPR spectra of the variously substituted MoFe
Additional evidence that cyanide is bound directly to FeMo- proteins. It is difficult to imagine that, based only on steric
cofactor when added to the resting state ofdh@6-*“ MoFe considerations, substitutions at this position would permit
protein is that the new EPR spectrum is strikingly similar to FeMo-cofactor interaction with acetylene or cyanide but not
that recognized when cyanide is added to the isolated FeMo-with CO, azide, or dinitrogen. A reasonable explanation is
cofactor {72). From those studies with isolated FeMo- that both the reactivity and accessibility of FeMo-cofactor
cofactor, it was suggested that cyanide had at least twotoward substrates and inhibitors increase as the MoFe protein
binding sites. The results presented in the present work dobecomes more reduced. Thus, although dinitrogen, azide, and
not specifically address the number of cyanide molecules CO could have access to the active sitexed6-substituted
bound, but could be explained by the binding of just one MoFe proteins, FeMo-cofactor might not be sufficiently
cyanide. The possible differences in cyanide binding to reactive in the resting state to permit detectable interaction.
FeMo-cofactor extracted into organic solvent compared to This explanation is consistent with suggestions from model
FeMo-cofactor bound within the MoFe protein could be compound studies that reduction could change bonding
accounted for by the protein environment blocking a cyanide interactions to or within FeMo-cofactor, rendering Fe atoms
binding site. more reactive{4). This idea is particularly attractive in the
0-96"9 as GatekeeperOur original reason for testing if ~ case of dinitrogen binding because extensive kinetic analyses
substrates or inhibitors can interact with96-substituted  have shown that its binding to the MoFe protein requires a
MoFe proteins in the resting state was based on analysis ofmore reduced state of the enzyme than does either acetylene
an altered protein having-69°¢" substituted at the-69°Y or cyanide 43, 57, 75, 7% This possibility is also supported
position. This substitution results in an altered MoFe protein by the observation that cyanide interaction can be detected
having a dramatically increaséq, for acetylene reduction  with isolated FeMo-cofactor2Q, 72, 77 in the dithionite-
with very little or no effect on proton or dinitrogen reduction reduced state.
(42, 43. From those studies, we proposed that the [4Fe-4S] It is possible that acetylene and cyanide interaction
face of FeMo-cofactor that is capped by70"2 provides a detected for thea-96-substituted MoFe proteins is not
site for acetylene interaction (Figure 1, panels A and B). relevant to catalysis but instead reflects the opening of a
Inspection of the crystal structure of the resting state MoFe fortuitous binding site. We do not favor this interpretation
protein shows that all three [4Fe-4S] faces of FeMo-cofactor because thex-702-substituted MoFe protein is able to
are so tightly packed with amino acid side chains there effectively reduce propyne, indicating that substrates are able
appears to be no room to accommodate substrate interactionto bind and be reducedear the [4Fe-4S] face of FeMo-
Thus, if substrates do interact with the [4Fe-4S] face cofactor approached by this residuel). Also, theo-96-¢-
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substituted MoFe protein has a significant change in proton
addition stereospecificity for acetylene reduction, as well as
a decreasel, for acetylene reductiorbg), supporting the
view that acetylene binding and reduction also occur at this
same [4Fe-4S] face.

It is noteworthy that the [4Fe-4S] face of FeMo-cofactor
that is capped bw-70 anda-96 is in the best position for
communication with the P-cluster. This face is the closest
of the three [4Fe-4S] faces to the P-cluster, which is believed
to be the intermediate site for electron delivery to the FeMo-
cofactor. Moreover, botl-70"2 and o-96*9 are ideally
positioned for sensing conformational changes in the P-
cluster because they are connected through short helices to
the P-cluster ligands-62°Ys anda-88°Ys, respectively (Figure
1C). Also, because the P-cluster itself is known to undergo
redox-dependent rearrangemesit, t is possible that such
changes are communicated to the FeMo-cofactor through
movement of either or both-70"a and a-96*9.

In conclusion, demonstration that cyanide and acetylene
can bind to the resting state of tlee96-substituted MoFe
protein now provides an opportunity to study ligand binding
to FeMo-cofactor contained within the MoFe protein. In
particular, solving the X-ray structure of the MoFe protein
with cyanide or acetylene bound would provide insight into
how substrates interact with the nitrogenase active site.
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