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Abstract: Improved 'H ENDOR data from the Sgpri intermediate formed during turnover of the nitrogenase
a-195¢" MoFe protein with C,12H, in 22H,0 buffers, taken in context with the recent study of the intermediate
formed from propargyl alcohol, indicate that Sgpr: iS a product complex, likely with CoH4 bound as a ferracycle
to a single Fe of the FeMo-cofactor active site. 35 GHz CW and Mims pulsed 5’Fe ENDOR of 5’Fe-enriched
Sepri1 cOfactor indicates that it exhibits the same valencies as those of the CO-bound cofactor of the lo-CO
intermediate formed during turnover with CO, [Mo**, Fe3*, Feg?", S¢?~(d*3)]™, reduced by m = 2 electrons
relative to the resting-state cofactor. Consideration of 5’Fe hyperfine coupling in Sgpr: and lo-CO leads to
a picture in which CO bridges two Fe of 10-CO, while the C;H,4 of Sgpri1 binds to one of these. To correlate
these and other intermediates with Lowe—Thorneley (LT) kinetic schemes for substrate reduction, we
introduce the concept of an “electron inventory”. It partitions the number of electrons a MoFe protein
intermediate has accepted from the Fe protein (n) into the number transmitted to the substrate (s), the
number that remain on the intermediate cofactor (m), and the additional number delivered to the cofactor
from the P clusters (p): n = m + s — p (with p = 0 here). The cofactors of [0-CO and Sgpr1 both are
reduced by m = 2 electrons, but the intermediates are not at the same LT reduction stage (E,): (n=2,m
=2, 5s=0) for lo-CO; (n = 4; s = 2, m = 2) for Sgpr1. This is the first proposed correlation of an LT E,
kinetic state with a well-defined chemical state of the enzyme.

Introduction cubanes (Mo3Fe3S and 4Fe3S) linked by thze? sulfides,

with an N, O, or C atom (denoteX), at the center of the
cofactor, Figure ¥;we have presented evidence tiais not a
nitrogen8® Despite the detailed structural information, major
guestions remain regarding where and how substrates and
reaction intermediates bind to and react on the cofactor, and
about the electronic states of the cofactor that are involved.

It has long been known that when the MoFe protein is
incubated with CO under turnover conditions, tBe= %,
electron paramagnetic resonance (EPR) signal of the resting state
disappears and two ne$/~= 1/, signals appear: one under low
pressure of CO (lo-CO; 0.08 atm) and the other under high
pressure of CO (hi-CO; 0.5 atrth.15 In recent years, a number

Nitrogenase is a two-protein system that reduces dinitrogen
to ammonia: N+ 8H" + 8e™ + 16MgATP— 2NH3z + Hy +
16MgADP+ 16Pi. ATP hydrolysis drives electron transfer from
the nitrogenase Fe protein to the MoFe protein, which contains
the active site. The MoFe protein contains the [8F8] cluster
(P-cluster), which mediates electron flow, and 8w 3/, iron-
molybenum cofactor cluster (FeMo-co; [Mo#®-homoci-
trate]), which binds and reduces substfatéray crystallo-
graphic studies of nitrogenases frof\zotobactorvinelandii
(Av), Klebsiella pneumonia€Kp), and Clostridium pasteura-
nium (Cp) have revealed the structures of all three proteins in
great detaif~% The FeMo-cofactor can be viewed as two metal

(7) Einsle, O.; Tezcan, F. A.; Andrade, S. L. A.; Schmid, B.; Yoshida, M.;
Howard, J. B.; Rees, D. Gcience (Washington, DC, United Stat28p2
297, 1696-1700.

T Kyungpook National University.

;ng_ln_la Tech. . . (8) Lee, H.-1.; Benton, P. M. C.; Laryukhin, M.; Igarashi, R. Y.; Dean, D. R.;
Louisiana State University. Seefeldt, L. C.; Hoffman, B. MJ. Am. Chem. So2003 125 5604—
'Northwestern University. 5605.
(1) Howard, J. B.; Rees, D. @hem. Re. 1996 96, 2965-2982. (9) Yang, T.-C.; Maeser, N. K.; Laryukhin, M.; Lee, H.-l.; Dean, D. R.;
(2) Kim, J.; Rees, D. CNature1992 360, 553-560. Seefeldt, L. C.; Hoffman, B. MJ. Am. Chem. SoQ005 127, 12804~
(3) Kim, J.; Rees, D. CSciencel992 257, 1677-1682. 12805.
(4) Chan, M. K.; Kim, J.; Rees, D. GSciencel993 260, 792-794. (10) Lowe, D. J.; Eady, R. R.; Thorneley, R. N.Biochem. J1978 173 277—
(5) Kim, J.; Woo, D.; Rees, D. Biochemistry1993 32, 7104-7115. 290.
(6) Mayer, S. M.; Lawson, D. M.; Gormal, C. A.; Roe, S. M.; Smith, BJE. (11) Davis, L. C.; Henzl, M. T.; Burris, R. H.; Orme-Johnson, W. H.
Mol. Biol. 1999 292 871-891. Biochemistryl979 18, 4860-4869.
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Figure 1. Structure of the FeMo-cofactor of the nitrogenase MoFe protein.
Species “X” indicates an unidentified light eleménthich is not a nitrogef.

of intermediates have been trapped during substrate reduction.

During the reduction of CSby wild-type (WT) enzyme, three
new S= 1/, signals sequentially appear and disapgé&vhen

WT nitrogenase turns over undepHs, the S = 3/, resting-
state EPR signal diminishes, but no new signal is observed,
whereas when the-195°" MoFe protein Av) is incubated with
C;H, under turnover conditions, three n&w= 1/, EPR signals
replace the resting-state signakpg with g = [2.123, 1.978,
1.949] and two other¥®1718More recently, a number d§ =

SE]’RI

SEPRI

Figure 2. (A) Previously suggested binding modes of CO to the FeMo-
cofactor in Io-CO and hi-CO state wild-type MoFe protelité) Previously
suggested binding mode of,@, to the FeMo-cofactor in &g State
0-195°" MoFe proteint® (C) Alternative binding mode of £, to the
FeMo-cofactor in Spr;Statea-195°" MoFe protein, including the ferracycle

1, intermediate states of the MoFe protein and its mutants havesuggested by the propargyl alcohol intermedid®pecies “X” is removed

been trapped during turnover af70 MoFe variantsAv) with
different substrates: propargyl alcohat{0%?),1°-20protons (-
70,21 and hydraziné? All these turnover states have been
studied by>?H, 13C, and*!N electron-nuclear double reso-

in the figures for simplicity.

two diagonal Fe ions of a four-Fe “face” of the cofactor (Figure
2B). This restudy is prompted by our recent finding that the
intermediate trapped during turnover of e 0"a mutant with

nance (ENDOR) spectroscopy, as appropriate. Such studie§pe gkyne, propargyl alcohol (PA), is a complex of the alkene

identify the inhibitor/substrate/reduction products bound to the
turnover-state FeMo-cofactors and provide detailed structural
information about their binding modes. In additioPFe
ENDOR spectroscopy was used to prove the signals from CO-
intermediates indeed arise from the cofactor, and not the P
cluster, and to investigate the valency of lo- and hi-€&

In the present study we use Q-band (35 GHz) continuous
wave (CW) and Mims pulse&?H ENDOR to reexamine the
structure of the eH,-derived species bound to thesFR:
cofactor. Our initial stud{? suggested that g5r; contains a
reactantcomplex of GH, bound to the cofactor so as to bridge

(12) Pollock, R. C.; Lee, H.-l.; Cameron, L. M.; DeRose, V. J.; Hales, B. J.;
Orme-Johnson, W. H.; Hoffman, B. Ml. Am. Chem. Socl995 117,
8686-8687.

(13) Christie, P. D.; Lee, H.-I.; Cameron, L. M.; Hales, B. J.; Orme-Johnson,
W. H.; Hoffman, B. M.J. Am. Chem. Sod.996 118 8707-8709.

(14) Lee, H.-l.; Cameron, L. M.; Hales, B. J.; Hoffman, B. M.Am. Chem.
So0c.1997 119 10121-10126.

(15) Lee, H.-l.; Cameron, L. M.; Christiansen, J.; Christie, P. D.; Pollock, R.
C.; Song, R.; Sorlie, M.; Orme-Johnson, W. H.; Dean, D. R.; Hales, B. J.;
Hoffman, B. M.ACS Symp. SeR003 858 150-178.

(16) Ryle, M. J.; Lee, H.-I.; Seefeldt, L. C.; Hoffman, B. Biochemistry200Q
39, 1114-11109.

(17) Sorlie, M.; Christiansen, J.; Lemon, B. J.; Peters, J. W.; Dean, D. R.; Hales,
B. J. Biochemistry2001, 40, 1540-1549.

(18) Lee, H.-l.; Sorlie, M.; Christiansen, J.; Song, R.; Dean, D. R.; Hales, B. J.;
Hoffman, B. M.J. Am. Chem. So200Q 122 5582-5587.

(19) Lee, H.-l; lgarashi, R. Y.; Laryukhin, M.; Doan, P. E.; Dos Santos, P. C.;
Dean, D. R.; Seefeldt, L. C.; Hoffman, B. M. Am. Chem. So2004
126, 9563-9569.

(20) Dos Santos, P. C.; Igarashi, R. Y.; Lee, H.-I.; Hoffman, B. M.; Seefeldt,
L. C.; Dean, D. RAcc. Chem. Ref005 38, 208-214.

(21) Igarashi, R. Y.; Laryukhin, M.; Santos, P. C. D.; Lee, H.-l.; Dean, D. R;;
Seefeldt, L. C.; Hoffman, B. MJ. Am. Chem. SoQ005 127, 6231~
6241,

(22) Barney, B. M.; Laryukhin, M.; Igarashi, R. Y.; Lee, H.-l.; Santos, P. C.
D.; Yang, T.-C.; Hoffman, B. M.; Dean, D. R.; Seefeldt, L.@Blochemistry
2005 44, 8030-8037.

(23) Lee, H.-l.; Hales, B. J.; Hoffman, B. Ml. Am. Chem. Sod 997, 119,
11395-11400.

product allyl alcohol, bound to a single Fe ion as a ferracycle,
Figure 2C%20|ndeed, improvedH ENDOR data from Sr1
now discloses that it too isgroductcomplex and, thus, likely
to have GH4 bound to a single Fe of the cofactor as a ferracycle.

We also use 35 GHz CW and Mims puls€fe ENDOR to
examine the Fe ions of the cofactor in itgpR; (S = 1/,) state
trapped during turnover of the isotopical§/Fe-enriched
a-195°" MoFe protein with GH, and compare the present
finding with those of the lo-CO state trapped during turnover
with CO 2 Crystallographic study of the-195°" MoFe protein
reveals that the structure of the protein is essentially identical
to that of the wild-type MoFe proteill. Furthermore, the wild-
type ando-195°" MoFe proteins have identicdd,,'s for the
reduction of GH; to G;H, and the reduction of §Ha to CoHe,
and neither protein generates any detectablésduring GH>
reduction?425 Therefore, thé’Fe ENDOR data obtained from
the lo-CO state of the wild-type FeMo-cofactor can be compared
directly to that of $pgry for the a-195°" MoFe protein. We
earlier inferred that CO binds to the lo-CO cofactor by bridging
two Fe ions (Figure 2A}* Direct comparison of thé’Fe
ENDOR results for the two intermediates suggests that,C
binds to one of these two Fe ions.

The 5"Fe ENDOR measurements also can be analyzed in
terms of the valencies of the metal ions in the turnover
intermediates. In our earlié’Fe ENDOR studies of the CO-
inhibited, lo-CO, MoFe proteinAvl) state, we argued that there
areonly two plausible valency assignments for the/{F, Mo]4

(24) Kim, C.-H.; Newton, W. E.; Dean, D. RBiochemistryl995 34, 2798~
2808

(25) Fisher, K.; Dilworth, M. J.; Kim, C.-H.; Newton, W. Biochemistry200Q
39, 2970-2979.

J. AM. CHEM. SOC. = VOL. 127, NO. 45, 2005 15881
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cluster of lo-CO: q = +1, with a d electron count, and =

+3 with d*1.23 We further proposed that the proper choice for
lo-CO wasq = +1, with the FeMo-cofactor described as [#p
Feit,, Fete, S o] T(d*). The >Fe ENDOR results presented
here indicate that the cofactors of l0-CO anghig share a

Materials and Methods

Cell Growth and Protein Purification: Thea-195°" MoFe protein
was purified fromAzotobactervinelandii strain DJ997. Cells were
grown at 30°C with pressurized sparging (80 L/min at 5 psi) and 125
rpm agitation in a 150-L custom-built fermenter (W. B. Moore, Inc.

common electronic state, with the previously proposed valencies Easton, PA) in modified Burk medium containing 10 mM urea as a

and (d®) electron count. Our earlier study had, however,

the sole nitrogen source. After reaching a density of 220 Klett units

advanced indirect arguments which suggested the valence state€ed filter), the cells were derepressed fuif gene expression by

of resting-state and CO-inhibited cofactors to be the s&me,
while subsequent Mesbauer experimerifsand DFT computa-
tions?” on the resting-state MoFe proteiAy(l) suggested that
the resting-state cofactor has the electronic state*{iViBe’" 3,
Fety,, S g3 (d*). Smith and co-workef§ subsequently

concentration (6-fold) using a custom-built AG Technologies tangential-
flow concentrator and resuspended in Burk medium with no added
nitrogen source. All protein manipulations were performed under
anaerobic conditions maintained using either a Schlenk apparatus or
an anaerobic glovebox. The195°" MoFe protein was purified using

a combination of immobilized metal-affinity chromatography (IMAC)

explained that both direct assignments are correct and that theand DEAE-Sepharose anion exchange chromatography as previously
cofactor state shared by the intermediates is reduced by twodescribed? Protein was quantified using a modified biuret assay with

electrons relative to the resting state € 2).

bovine serum albumin as the standard, and purity was monitored by
SDS-PAGE electrophoresis. For 360 g of wet-weight cells, purification

Once the structure of its substrate-derived species and theyieided approximately 1.1 g of purified-195°" MoFe protein.

reduction levelifn) and metal-ion valencies of the FeMo-co have

Nitrogenase assays were performed as previously descéfilmtl

been characterized, the next step must be the correlation of theactivities for thea-195°" MoFe protein used in the current work were

intermediate with the nitrogenase catalytic mechanism, begin-

ning with its placement within a LoweThorneley (LT) kinetic
scheme for nitrogenase cataly®is®! LT kinetic schemes denote
MoFe protein turnover intermediates ag, Evheren is the

number of electrons (and protons) that have been delivered to

the resting MoFe proteif2 However, in a typical intermediate,
the cluster does not retain allelectrons delivered to it: some

similar to those previously reportétiTo generate the MoFe protein
enriched with>’Fe, strain DJ997 was grown on medium as described
above but containing 10mNFe (94.7%, Advanced Materials, Inc.,
Great Neck, NY).

Turnover EPR Samples: Turnover samples consisted of 201
Fe protein, 10«M «-195*" MoFe protein, 0.1 atm of £, 10 mM
ATP, 25 mM MgCh, 20 mM Na$;0., and 50 mM TES-KOH pH
7.4. Prior to turnover, the above mixture (without the Fe protein) was

of these are “passed on” to reduce the substrate. The mostpreincubated for 20 min at 3T with 0.1 atm of GH, under 1.0 atm

significant advance of this report is the development of a
formalism to correlate intermediates with kinetic states. We
introduce the concept of an “electron inventory”, which relates

the number of electrons a MoFe protein intermediate has

accepted from the Fe proteim)( which specifies an LT E

of Ar. After initiation of turnover by the addition of Fe protein, a 100-
uL sample was transferred to a Q-band ENDOR tube where it was
rapidly frozen in liquid N. The interval between turnover initiation
and final freezing was approximately 2 min.

Mass Spectrometry and FTIR Samples:Turnover samples (1.0
mL) consisted of 7%M Fe protein, 292:M a-195°" MoFe protein,

kinetic intermediate, to the number that have been transmitted 5o ;m ATP, 30 mM creatine phosphate, 0.125 mg creatine phospho-

to the substrates|, the number that reside on the cofacta),(

kinase, 50 mM MgCl 40 mM NaS;0,4, and 100 mM TES KOH pH

and the number delivered to the cofactor from the P clusters 7.4 in a 7.5-mL septum-covered bottle. Prior to turnover, the above

(p): n=m+ s— p (with p= 0 here). We show that the electron

mixture (without the Fe protein) was preincubated for 20 min atG0

inventory of a nitrogenase turnover intermediate can be deter-With 1.0 atm of either 1.0 atm of £, (BOC) using RO (Sigma, 99.9%

mined by combining ENDOR data with results from studies of
catalysis. In the context of this formalism we conclude that lo-
CO and $pr1 have cofactors at the same stage of reduction
(m) but are not in the same,Btate. The value of for Sgpr1

is correlated with the bonding within the product complex, and

D) as the buffered turnover solvent or 1.0 atm oDg (Isotec, Inc.,

99% D) using HO as the buffered turnover solvent. After initiation of
turnover by the addition of Fe protein, the reaction was allowed to
proceed for 30 min and quenched with 0.25 mL of 0.5 M EDTAxNa

pH 7.4. Headspace gas samples were extracted and analyzed by mass
spectrometry (Hewlett-Packard GCMS, model 5971A) for the presence

its determination allows us to infer whether the alkene product of C;HsD, C;H,D», and GHD3. Headspace gas samples were similarly

of alkyne reduction is acting as a datiwedonor or forms a

analyzed by Fourier transform infrared spectroscopy (FTIR) (MIDAC,

o-bonded ferracyclopropane. These assignments of lo-CO andModel M2000) for the presence obid:D (946 cnt), cis- andtrans-

Sepry are the first complete characterization of the reduction

state of both the FeMo-cofactor and substrate of a turnover

intermediate, and this is the first time that andtate has been
correlated with a well-defined chemical state of the enzyme.

(26) Yoo, S. J.; Angove, H. C.; Papaefthymiou, V.; Burgess, B. K.; Muenck,
E.J. Am. Chem. So200Q 122, 4926-4936.

(27) Lovell, T.; Liu, T.; Case, D. A.; Noodleman, . Am. Chem. So2003
125 8377-8383.

(28) Pickett, C. J.; Vincent, K. A.; Ibrahim, S. K.; Gormal, C. A.; Smith, B. E.;
Best, S. PChem—Eur. J.2003 9, 76-87.

(29) Thorneley, R. N. F.; Lowe, D. JBIC, Journal of Biological Inorganic
Chemistry1996 1, 576-580.

(30) Lowe, D. J.; Fisher, K.; Thorneley, R. N. Biochem. J199Q 272 621—
625.

(31) Thorneley, R.; Lowe, DBiochem. J1984 224, 887.

C,H,D; (843 and 988 cmt, respectively) and §1D3 (943 cnt?).

EPR and ENDOR Measurements: X-band EPR spectra were
collected at 4K with a Bruker ER 300D spectrometer interfaced to a
Bruker 1600 computer for data storage and collection. An Oxford
Instruments ESR-900 helium flow cryostat positioned in agf Eavity
was used to attain cryogenic temperatures. Continuous wave (CW)
Q-band (35 GHz) EPR and ENDOR spectra were recorded at 2K in
dispersion mode under “rapid-passage” conditions, as described
elsewheré? The bandwidth of the RF excitation was broadened to 100
kHz .35 Q-band Mims pulsed ENDOR spectra were collected at 2K

(33) Christiansen, J.; Goodwin, P. J.; Lanzilotta, W. N.; Seefeldt, L. C.; Dean,
D. R. Biochemistryl1998 37, 12611-12623.

(34) Werst, M. M.; Davoust, C. E.; Hoffman, B. M. Am. Chem. Sod.991,
113 1533-1538.

(32) We shall ignore the possibility that some of those electrons reside on the (35) Hoffman, B. M.; DeRose, V. J.; Ong, J. L.; Davoust, CJEMagn. Res.

P-cluster.

15882 J. AM. CHEM. SOC. = VOL. 127, NO. 45, 2005

1994 110 52-57.
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with a spectrometer described previou¥lyThe first-order ENDOR
spectrum of &H or >Fe nucleus, both with = /,, in a paramagnetic
center is a doublet with frequencies giverfby

vy = A2+ vy (2)

Here,vy is the nuclear Larmor frequency aAds the angle-dependent
hyperfine coupling constant; here, the doublet is centereizaand

split by 2vy whenwy < AV/2 for N = 5Fe, but it is centered at, and

split by A for N = *H. To obtain the principal values of the hyperfine
tensors of the nuclei coupled to the electron spin center in the frozen-
solution samples, 2-D datasets comprised of numerous ENDOR spectra
collected across the EPR envelopes were analyzed as described
elsewherg8-40

Results

EPR: The resting state of the MoFe protein shows a well-
defined rhombic EPR signab(= [4.33, 3.77, 2.01]) arising
from the lower Kramer’s doubletng = +%,) of the S= 3/,
FeMo-cofactor. Substitution ofi-195%s by glutamine only
slightly alters the resting-state cofactor EPR sigigat([4.36,
3.64, 2.01]), implying the electronic structure of the cofactor
remains essentially the saffaVhen theo-195°" MoFe protein
turns over under &,, the EPR signal of the resting-state signal
disappears and three neSv= 1/, signals appearg = [2.123,
1.978, 1.949] (&ry; g = [2.007, 2.000, 1.992] ($ry; andg
= ~1.972 ($pry.1"18The Sprisignal comes from the FeMo-
cofactor which has bound at least tweHG-intermediate forms;
Seprois reassigned below; thessssignal is yet to be identified.
The conversion of the cofactor=S 3/2 state to the Sr1(S=
1/2) state is comparable to the generationSof 1/, signals
when the wild-type MoFe protein turns over in the presence of
CO and Cg*16but most especially to that during turnover with
propargyl alcohot! The Spr; state closely resembles the lo-
CO cofactor ¢ = [2.09, 1.97, 1.93]), in which one CO molecule
is bound. The electronic structures of the t®e= 1/, cofactor
states thus are expected to be similar.

Figure 3A compares the EPR spectrum of ¥fee-enriched
a-195°" MoFe protein with that of the natural abundance
protein incubated with €4, under turnover conditions. Both
the Spriand Spresignals are broadened upofre enrichment,
confirming that both signals originate from the metalloclusters
of the MoFe protein. In fact, the line-broadening afp: is
rather surprising. Previouslygfr,was assigned to an amino
acid or homocitrate radical produced during turnover of the
altered MoFe protein in the presence ofHz'” but the
broadening identifies th8 = Y/, SgproState as metallocluster-
related; detailed studies of&eare in progress. The broadening
of the Spri signal is expected because the signal originates
from the FeMo-cofactot’18

5’"Fe ENDOR: Figure 4 compares the “single crystal-like”

5’Fe ENDOR spectra obtained at the low- and high-field edges

(36) Davoust, C. E.; Doan, P. E.; Hoffman, B. M.Magn. Reson1996 119,

(37) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of Transition
lons Dover Publications: New York, 1986.

(38) Hoffman, B. M.; Venters, R. A.; Martinsen, J. Magn. Res1985 62,
537-542.

(39) Hoffman, B. M.; DeRose, V. J.; Doan, P. E.; Gurbiel, R. J.; Houseman, A.
L. P.; Telser, J.Biol. Magn. Reson1993 13(EMR of Paramagnetic
Molecules) 151-218.

(40) Doan, P. E. IrParamagnetic Resonance of Metallobiomoleculesiser,
J., Ed.; American Chemical Society: 2003; pp-H.

(41) Benton, P. M. C.; Laryukhin, M.; Mayer, S. M.; Hoffman, B. M.; Dean,
D. R.; Seefeldt, L. CBiochemistry2003 42, 9102-9109.

(A) Experiment

(B) Simulation

T I T [ T I T I
3200 3400 3500
Field Strength (G)
Figure 3. (A) X-band EPR spectra of naturally abundant (solid line) and
57Fe-enriched (dotted line)-195°"" MoFe protein under turnover conditions
with C;H,. (B) corresponding simulations, presented as the sum of simulated
spectra for 8pr1 and $pra Simulation parameters Natural-abundance
(solid line) (Sprp) g = [2.123, 1.977, 1.947], LW (line widthy [12, 13,
15] G; (Sepr9 g = [2.005, 1.998, 1.990], LW~ [15, 15, 15] G57Fe enriched
(dotted line) for $pr1and Spra Same g-tensors and LW as for natural
abundance; for g1 severP’Fe with Aiso values presented in Table 1; for
Sepra an assumption of severiFe with As, = 25 MHz. Experimental
conditions microwave frequency, 9.45 GHz; microwave power, 5mW;
modulation amplitude, 1 GT = 2 K.

of the EPR envelopes of th&Fe-enricheda-195°" MoFe
protein incubated with &, (Sepry) and the’’Fe-enriched MoFe
incubated with CO under turnover conditions at low pressure
of CO (lo-CO). In such a spectrum each magnetically distinct
type of>’Fe ( = 1/,) gives a doublet centered Alt%2 (depicted

by “®”) and split by twice the Larmor frequency«gs; “goal-
posts”) (eq 1).

The 5Fe ENDOR signals of lo-CO were assigned as
follows:2® At the low-field edge (g) of the lo-CO signal (Figure
4A), three vo(°"Fe) doublets are identified with hyperfine
couplings of|A| = 15 (Fey), 25 (Fea), 37 (Fez) MHz. The
v- peak of the fourth site, kg is seen at-7 MHz with |[A| =
19 MHz; itsv, partner is not explicitly identified. At the high-
field edge (g) of lo-CO (Figure 4B), three Fe sites are seen
with hyperfine couplings ofA| = 18 (Feg), 30 (Fe&y»), 34 (Fea)
MHz. The Fg; site is not well visualized because the bands
overlap, but its presence is confirmed in spectra taken at other
fields, as discussed presently.

The 5"Fe ENDOR signals of &r; at g are roughly
comparable to, but less articulated than the corresponding
signals from lo-CO (Figure 4A). At g the 5Fe ENDOR
spectrum of Epr1is even more similar to, but still less resolved
than that of lo-CO (Figure 4B). Bothgbri Spectra can be
assigned as four. pairs from distinct types of Fe site. The
four Fe pairs in the two spectra are temporarily denoted tg'“Fe
to “Fey” with the hyperfine couplings ofA| = 18 (Fe), 23
(Fey), 28 (Fe), 39 (Fe) MHz at gy and|A| = 17 (Fe), 21 (Fe),

31 (Fg), 33 (Fe) MHz at &s. To correlate the—d signals with
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A Table 1. 57Fe Isotropic Hyperfine Coupling Constants of
( )gx Fe, 57Fe-Enriched FeMo-cofactors of Sgpri and lo-CO States?
b
5"Fe Site Sepri lo-CO

valency K/|K|? site Aio (MHz) site Aiso (MHz)
Fef25 + o3 -3 o -3
Fet25 + o4 -3 o -3
Fet - Ba +18 (x4F B1 +16 (x4)i
Fet + Ba —23t0—26 B2 ~—17

lo-CO

Fe,

Fa,
He—
| lo-CO
Fe, Fe,
T T[T I T[T Trrr]
5 10 15 20 25
Frequency (MHZ)

Figure 4. Q-band CWFFe ENDOR spectra obtained at (A) the low-field
edge, g, and (B) the high-field edge ggof the EPR envelopes of thé-e-
enriched lo-CO and &ri State MoFe proteins. The“goal posts” indicate
57Fe doublets centered At4/2 (®). The spectra of lo-CO are adapted from
ref 23.Experimental conditionanicrowave frequency, ry) 35.039 and
(lo-CO) 35.160 GHz; modulation amplitude,g®y) 1.3 and (lo-CO) 0.7
G; a1, (Sepry) 2.12 and (I0-CO) 2.09; g (Seprp) 1.95 and (lo-CO) 1.93;
RF power, 30 W; RF sweep speed, 1 MHZIs= 2 K.

thee—h ones involves correlatingFe ENDOR measurements
across the EPR envelope ofsR1 as was done in the case of
lo-CO23

Figure 5 presents such a 2-D field-frequency plototfe
ENDOR spectra for g3 along with the equivalent pattern
for 10-CO. These 2D"Fe ENDOR patterns are strikingly similar.
Both display a rich array of features from6 to ~22 MHz,
corresponding to 15< |A| < 41 MHz, and both can be
interpreted in terms of four types ®fe site. Thé’Fe hyperfine

coupling tensors and valencies of the Fe sites of 1o-CO were

assigned previously and are summarized in TaB&The>Fe

ENDOR features of &r1 can be assigned analogously. As

indicated in Figure 5A, there are three distinct doublets,

separated by~2vg,, that run across the EPR envelope. These

correspond to three iron sites, geFeas, and Fgs, whose
assignments correlate the FEe,, Fe; doublets at gwith the
Fe, Fe, Fe doublets at g respectively (Figure 4). The

hyperfine tensors obtained for these three sites are largely

isotropic with|Ajsol = 32 (Fe.s), 33 (Feu), and 18 (Fgs) MHz
(Table 1). A singlev. feature of a fourth site, labeled asgke
is seen at~16 MHz at g; the v— partner is not clearly seen

under more intense peaks. However, at the high-field edge o
the EPR envelope sgthe fourth site is seen as a doublet, labeled
as Fes the complete ENDOR pattern of this site cannot be
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aUncertainty inAis,, £1 MHz unless noted. Signs dAis, are not
determined experimentally; rather they are deduced in the Discussion.
b Signs of spin-projection coefficients. See e 2 = —[29, 33, 33] MHz.
dA = —[29, 31, 39] MHz.¢A = +[16, 18, 20] MHz. (x4) indicates two
spin-delocalized iron pair§ A = —[21(1), 24.5 (3.5), 28(1)] MHZI A =
—[24, 31, 34] MHz." A = —[26, 27, 39] MHz.! A = +[14, 15, 18] MHz.
I The two ferrous Fe sites (feand Fgy) of lo-CO represent five Fe ions.
One represents four Fe irons, and the other represents one Fe ion.

followed across the EPR envelope because the intensity is low.
We assign the fourtR’Fe site at high- and low-field edges of
the &pr1EPR envelope to the same Fe siteyfié each doublet
belonged instead to a different Fe site, additional ENDOR
features would be expected atand/or g. The Fg4 site again

has a largely isotropic hyperfine tensphso] = 23—26 MHz
(Table 1).

The 5"Fe patterns of kg and Fg4 of Sgpry are very like
those of Fg; and Fe; of lo-CO, and the hyperfine tensors are
similar (Table 1), implying that these sites have similar
characteristics. Likewise, the behavior offef Sepriresembles
that of Fg; (or Fes) of 1o-CO, implying that these sites also
correspond. However, the behavior of thg#Ste of Spriwith
|Aiso] = 23—26 MHz does deviate from that of the correspond-
ing lo-CO. The same analysis which gave the signs of the
hyperfine couplings for the four magnetically distiféEe sites
of lo-CO yield the correspondences with the four magnetically
distinct>"Fe sites of Spripresented in Table 1 and explained
in the Supporting Information.

If inhibitor/substrate/product binding to the lo-CO angb&
cofactor states were to cause one or more Fe ions to become
intrinsically nonmagnetic (e.g., low-spin #¢ or to have a
negligible spin-coupling coefficient, then such an ion would
exhibit substantially smaller hyperfine coupling than those
associated with the signals in Figure 4. An example of the
former case is given by the low-spin #e(S = 0) of Ni—Fe
hydrogenasé? an example of the latter is given by the resting-
state FeMo-c8® We were able to detect the 35 GHz Mims
pulsed ENDOR signal from the hydrogenaséfea doublet
centered avre ~ 1.7 MHz and split by a coupling oA ~ 1
MHz (Figure S1)2 We thus have made strenuous efforts with
35 GHz Mims pulsed and CW ENDOR to detect such signals
from the®"Fe lo-CO sample, as its EPR/ENDOR signal is more
intense than that ofgpr:. Such spectra ¢fFe lo-CO collected
at g showno additional®"Fe features beyond those seen for
l0-CO in Figure 4A and, in particular, no doublet centered at
vee (Figure S2A,B). Pulsed ENDOR studies afpR; at g; also
did not reveal additional low-frequency features (Figure S2C).
Their absence for both turnover states is consistent with the
inference that thé’Fe signals of 10-CO andgBr; (Figure 4A)
represent all seve¥Fe of the cofactor. To test this, we have
performed simulations of the=/:1EPR signal both with natural-

fabundance Fe and taking into accountfee line broadening

(42) Huyett, J. E.; Carepo, M.; Pamplona, A.; Franco, R.; Moura, |.; Moura, J.
J. G.; Hoffman, B. MJ. Am. Chem. S0d.997 119 9291-9292.
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Figure 5. Q-band CW°"Fe ENDOR spectra taken at fields across the EPR

envelop&efenriched (A) &riand (B) lo-CO. The spectra of lo-CO are

adapted from ref 23. The doublet patterns of the Fe sites are indicated by “goal-post” marks or an arrow, and their experimental variation witfigistagneti

is indicated Experimental conditionssame as those in Figure 4.

using the hyperfine couplings derived by ENDOR (Table 1).
Simulations which assumed that the four measured couplings
represent seveR’Fe ions are in reasonable agreement with
experiment, Figure 3B; they are, however, only minimally better

PA intermediate it appeared to be lost during turnover with,C
in H>O buffer. This finding implied that the ££1, intermediate
did not include a solvent-derived hydrogenic species and thus
contained a complex of the acetylene reactant. Howewer:S

than simulations which assume each coupling represents a singléiccumulates to a lesser extent than does the PA turnover

ion, Figure S3.

IH ENDOR: We had previously reported the presence of a
broad, poorly resolved proton doublet wifk(*H) ~ 12—-14
MHz in samples prepared with,8, in H,O buffer and the
absence of this signal in samples prepared witBAD,0.18
An analogous result was subsequently reported for the turnover
intermediate generated when the intermediate trapped during
turnover of thea-70%2 mutant with propargyl alcohol (PA); it
shows a similar signal, but with a noticeably larger couplifig,
~ 20 MHz1® The resolved PAH signal persists when either
substrate or solvent is deuterated, showing that it has a
contribution from equivalent hydrogenic species derived from
substrate and from solvent. Quantitativ8H ENDOR proce-
dures, combined with the analysis of 2D field-frequency
ENDOR patterns, showed that the two contributions have equal
intensity and arise from two symmetry-equivalent protons bound
to the C3 of a reduced form of PA. An additional signal was
seen from a secontype of proton that is solely derived from
solvent and has a smaller couplinfg~ 6 MHz. Analysis of
these results disclosed that the product complex has the
ferracycle structure pictured in Figure 2€.

Our initial 'H ENDOR study of $pritrapped during turnover
with acetylene found that the resolvédi signal persisted during
turnover of GHz in DO buffer, but in apparent contrast to the

intermediate, gives weaker EPR and ENDOR signals than the
PA intermediate, and the proton doublet g is less well-
resolved.

In light of the results with PA, we have reexamined thes
intermediate prepared with the four combinations of protonated/
deuterated substrate/solvent. Figure 6 preséHtsENDOR
spectra collected at= 2.08 from the Spriintermediate formed
during turnover of thex-195°'" MoFe protein with G12H; in
buffers prepared witi-?H,0. Figure S4 presents 2D field-
frequency plots of'H ENDOR spectra for these samples
collected at multiple fields across their EPR envelopes. The
spectra in Figures 6 and S4 show that the resolvedl#2MHz-
coupled'H signal seen for the ££1,/H,O sample in fact persists
in boththe GH./D,0 and GD,/H,O samples and is eliminated
only in the GD2/D,0 sample. Thus, this proton signal is derived
from both solventand substrate and, hence, is associated with
a product of acetylene reduction bound to the cofactor. Eag:S
signals remain too weak to satisfactorily perform the quantitative
ENDOR measurements neededtove that the signals associ-
ated with the two sources are of comparable intensity, but in
view of the results for the PA intermediate we take this to be
the case. The signals from the two protons contributing to the
strongly coupled signal are not resolved anywhere in the 2D
field-frequency plots (Figure S4) and, thus, must have similar
hyperfine tensors.
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Figure 6. Q-band CW'H ENDOR spectra collected @& = 2.08 from
Sepr1 prepared with the following isotopic compositions of substrate and
buffer: GH2/H,0; C,D2/H,0; C;H2/D20; C:D2/D,0. Conditions:micro-
wave frequency, 34.96635.036 GHz; modulation amplitude, 4G; RF
power, 20 W; RF sweep speed, 1 MHZIs= 2 K.
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In the measurements of the PA turnover intermediate we also
detected a signal from a secotype of proton that is solely
derived from solvent and has a smaller coupliAgy 6 MHz.
Such a signal would be more difficult to detect in fixespectra
of the Spriintermediate because the coupling to the resolved
proton is smaller, and this would increase the overlap between
the two if the second type was present. With that limitation,
examination of the central portion of th¢spectra of the several
samples of Sr;did not disclose a second resolvable, exchange-
ableH signal, Figure 6.

Turnover with C ;Hg4: In an earlier papeY, we reported the
surprising result that turnover with ethylene, the product of
acetylene production, also induces theg signal. Within our
original model for $pr1as a substrate complex, this finding
would require that the enzyme is able to deprotonate,@nd
generate bound .. If this were to occur, €H, should exhibit
proton exchange with solvent. To test for this, nitrogenase

turnover samples were prepared (see Materials and Methods)

containing either gH, in D,O or GD4 in H,O. Following 30

min of turnover, the headspace gas was tested fhis0,
C,H2D,, and GHDj3 using mass spectrometry and FTIR. No
bands corresponding to any of the three isotopically exchanged
compounds were detected with either technique.

Discussion

In this report we have presented né#1 ENDOR evidence
about the structure of the,B,-derived species bound to the
Sepr1FeMo-cofactor an8’Fe ENDOR evidence about the state
of the Sprycofactor itself. The two types of data, along with
new mechanistic evidence, have been analyzed within a new
formalism for the “electron inventory” of a turnover state. This
has allowed us for the first time to correlate intermediates such
as lo-CO and Srywith the LT kinetic schemes for nitrogenase
catalysis and further helps us refine our ideas of the structure
of a bound species.

15886 J. AM. CHEM. SOC. = VOL. 127, NO. 45, 2005

Nature of the C;H,-Derived Species Bound to the Cofactor
of Sepri: We were led to reexamine the acetylene-derived
species bound to the cofactor afpR1in light of the more recent
study of the intermediate trapped during turnover ofdkg0*a
MoFe protein with the larger alkyne, PAThe PA intermediate
is far more favorable for quantitative ENDOR investigation and
analysis: it is trapped with a higher yield; its higher-intensity
EPR/ENDOR signals allow the use of advanced, quantitative
ENDOR technigues which fail with r; the 13C and H
ENDOR signals of the PA intermediate are better resolved than
their counterparts ingr:. However, with the studies of PA as
a guide, we have collected additiortel ENDOR spectra from
Sepriand reassessed this intermediate.

The!H and3C Q-band ENDOR studies ofsgr1in this and
the earlier report clearly indicate that it has an acetylene-derived
moiety bound to the cofactor. The improvéid ENDOR data
presented here confirm the presence of a sitygleof resolved
proton signal withA ~ 12—14 MHz but also disclose that the
signal persists in CW 35 GHz ENDOR spectrabaith C,D,/

H,O and GH,/D,0 samples; it disappears only in theBy/
D,0O sample, as with the intermediate that forms during reduction
of PA with the a-70 MoFe protein. In conjunction with the
earlier'3C studies, this shows that the acetylene-derived moiety
bound to the cofactor ofgpricontains hydrogens derived from
both substrate and solvent and hence is a productbf, C
reduction: GHy, wherex = 3 or 4.

The 13C spectra of Srigenerated witH3C,H, show three
types of 13C, requiring that no fewer than two molecules of
C.Hy, or its reaction intermediates/products, are associated with
the Spr1 FeMo-cofacto® Two of these!3C have similar
hyperfine tensors, with isotropic couplings of essentially the
same value: a( ~ 2.5 MHz; a(C) ~ 2.3 MHz. Both tensors
appear to be roughly axial: that foP@ coaxial withg and
has an anisotropic term;TRC?) ~ 0.9 MHz; that for C has a
somewhat larger anisotropic ternT(€%) ~ 1.3 MHz, and also
is rotated from theg-tensor frame about,gThe third carbon,
13C8, has substantially weaker coupling.

There are two scenarios for explaining these findings. In
Scenario I, thé3C! and13C? with similar hyperfine couplings
are assigned to a single,l@ species bound in a rather
symmetrical manner to the cofactor, while the weakly coupled
13C8 is assigned to a second acetylene-derived species; these
are the assignments of our initial study. In this scenario, the
presence of unresolvable signals from substrate and solvent-
derived protons then suggests thapa contains a roughly
symmetric final product, 844 (x = 4), rather than eHs,with
its intrinsically inequivalent-CH, and—CH “halves”. Similar
interactions of the twé3C with the cluster is not likely if GH,
bridges two Fe ions across a 4-Fe face (Figure 2Bjven
though such a structure might be rouglglgometricallysym-
metric, in general the two Fe ions would not have the same
cluster spin-coupling coefficients, and hence the hyperfine
couplings to the twé3C would be quite different. The hyperfine
tensor for alC interacting with Fe(*3C') has the form of eq
24445

Agf°C) = K(FE)A(C)" (2)
where K(Fé) is the spin-projection coefficient of thieth Fe
site andA (13C')v is the hyperfine constant for tHéC interacting
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with the uncoupled Fgan analogous equation holds .46 & ®
According to eq 2, for the twd3C of a G fragment to have (A) /o 7
comparable hyperfine coupling tensors, not only must the

A(13C')u be comparable but also so must the KfFand this ° e 0 e

0]
seems unlikely to u¥’ ® C ~c® ® (]: ®
In fact, the absence of proton exchange between ethylene and

solvent during enzymatic turnover in the presence gfi{n ° ﬁ ° ﬁ
D20 or GDg4 in HO is the best evidence thatgg: contains

bound GH4 and not the acetylene reactant or a singly reduced @ @
intermediate. In either of the latter two cases, there would be

proton exchange with solvent. Seers lo-CO

In Scenario |, analogy to the results for the PA intermediate

makes it reasonable to propose that the ethylenegpki3s P 0

bound to a single Fe as a ferracycle, Figure 2C, presumably (B) ® N

with Fe6 as the site of binding:2°48 The breadth of théH C

ENDOR signals of &ri which likely reflects unresolved ° @ g °

differences intH coupling to the protons on the two halves of C ~c r -

the GHg, precludes the detailetH ENDOR study that would G) \D (5) @

confirm this. In this scenario, the weakly coupl&€® might

be associated with a nearbyt; waiting “in the queue”. o ﬁ @ ﬁ
In an alternate Scenario Il, one would assi§@* and**C? ® P

to two slightly differentacetylene-derived £« species bound =

to the cofactor; each could represent one relatively strongly . lo-CO

coupled Carb(_)n of an unsymmetric SpeCIGS_, or the two Ca‘rbomSFigure 7. Two possible relative binding modes of CO to the lo-CO FeMo-
of a symmetric one!3C? then would be assigned to the other cofactor and GHs to the $pr1 FeMo-cofactor.
half of one or both of the unsymmetric bound species or
(unlikely) a third species. We can distinguish between these two alternatives if we
However, formulation of Scenario Il in terms of twolds recognize the essential similarities of the cofactor states in lo-
(x = 3) also is contradicted by the absence of detectable CO and Spr: The g values of the two intermediates are
exchange during turnover of;8, in DO or GD4 in H,O (see essentially the same, suggesting a common electronic si@te:
abave). This leaves as a Scenario Il possibility the presence of CO) = [2.09, 1.97, 1.93]g(Sepry) = [2.123, 1.978, 1.949]. The
two C,H, bound to the cofactor in a highly unsymmetric fashion. °’Fe ENDOR measurements show that only &ff@ hyperfine
We donot favor this scenario, as follows. The similarity of the coupling differs within error between lo-CO and:gs, the
57Fe ENDOR data for &r:and for lo-CO, which binds a single  unique ferrous ion, Fg of Sepr1Vs Fe (or Fe;) of 10-CO

CO, suggests thatgBr; correspondingly binds a single;i.. (Table 1). These basic similarities imply that the cofactors of
Likewise, analogy to the PA intermediate, which binds one the two intermediates share a common electronic state, with
alkene, suggests the same would be true fgprS Most similar electronic structures and spin-coupling, and thus similar

important, this scenario would require that a “secondHg spin-projection coefficients. It thus seems plausible that the
binds to the cofactor and is reduced to boungifhefore the change ofS’Fe hyperfine coupling of the unique ferrous site

“first” C ,H,4 is released, contrary to the finding by Lowe e&l.  largely reflects a difference in coordination of substrate/inhibitor.
that the GH,4 product is released before the nexHz substrate The observation of such a difference in a single Fe signal
binds. Thus, we favor Scenario I, with its single boungHg suggests that CO and@4 do not occupy disjoint sites. For a

Binding Sites of GH4 and CO: Our previous'3C andl?H situation such as that in Figure 7B, there would likely be three
ENDOR studies of lo-CO suggested that CO bridges two Fe Fe ions with substantially different couplings in the two
ions of a 4-Fe cofactor face (Figure 2%)and we here propose  intermediates. The data instead favors a common Fe ion, such
that Spr1 contains GH4 bound to one Fe ion of such a face, as Figure 7A, where only Fg would likely show a major
most likely Fe6 of the Fe-2,3,6,7 face. Following these change, as it binds an exogenous ligand in lo-CO, but none in
suggestions, there are two types of model for the relative binding Seprz We note that the proposed modes of binding CO and
sites of CO and gH,, Figure 7: both molecules bound to the CzHz to Fe ions on the same face, with one common Fe ion,
same face, with one Fe site in common, as in Figure 7A; the are compatible with the mechanistic conclusions that the two

two molecules bound independently, possibly but not necessarilybind to different “sites” and that CO is a noncompetitive

on the same face as in Figure 7B. inhibitor of CH> reduction?®-31.49-51

Cofactor Valencies of l0-CO, $pr1, and Resting States:
(43) Itis even less likely for a bridge between Fe and Mo. The valencies of the cofactor ions of l0-CO were assigned
(44) gg}‘)dl'ggn5arl‘hk-;lggfghf Y. Case, D. A Mouesca, JOdord. Chem.  hravigysly from5’Fe ENDOR measuremeriWe proposed
(45) Mouesca, J. M.; Noodleman, L.; Case, D. A.; Lamotte|rBrg. Chem. that the four observetFe classes of lo-CO represent all seven

1995 34, 4347-4359.
(46) For bridging species, eq 2 must be summed over interacting Fe.
(47) We think an “accidental” equality of the products when the individual factors  (49) We further suggest below that the two intermediates represent different

are different to be even more unlikely. LT kinetic states.
(48) Igarashi, R. Y.; Dos Santos, P. C.; Niehaus, W. G.; Dance, |. G.; Dean, D. (50) Shen, J.; Dean, D. R.; Newton, W.Biochemistryl997, 36, 4884-4894.
R.; Seefeldt, L. CJ. Biol. Chem2004 279 34770-34775. (51) Han, J.; Newton, W. EBiochemistry2004 43, 2947—2956.
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Fe sites in the FeMo-cofactor: fzeand Fe, form a mixed- introduce the concept of an “electron inventory”, which relates
valence pair (2F") in which an Fé" and an F&" ion have the number of electrons a MoFe protein intermediate has
one electron (hole) delocalized between themy; Feed Fe, accepted from the Fe protein)(to the number which have been

constitute the remaining five Fe sites of the cofactor. This  transmitted to the substrate),(the number that reside on the
assignment implicitly assumes that the spin-coupling schemeintermediate cofactor in excess of those on the resting state
for the S = Y/, cofactor state is like those of [F&] clusters, cofactor (n), and the number delivered to the cofactor from
involving high-spin ions that do not exhibit small spin-coupling the P clusters of this intermediate)( n=m+ s — p.
coefficients and correspondingly small observed couplings. The As the first application of the electron inventory formalism,
absence of weakly couplédFe signals in the 35 GHz Mims  consider the simple case of lo-CO. First, as CO does not bind
57Fe pulsed ENDOR measurements described here (Figure S2}o the resting state, it must bind to a reduced form of the enzyme,
(plus the slight improvement in simulations of th&e line an LT E, state withn > 0. The FeMo-co of lo-CO is doubly
broadening of the EPR spectrum through use of the ENDOR- reducedm = 2, relative to the resting state (see above). When
derived hyperfine couplings for the seveifre of the cofactor CO binds to a metal ion or ions, it usually does so through
rather than four (Figure S3)) adds some support to this dative bonding, without being reduced. CO binding to the
assumption; it will be tested further with W-bak@Fe ENDOR cofactor of lo-CO is no exception, as shown by the highGC
measurements. stretching frequencies of bound GDThus,s = 0 for the
The 5"Fe ENDOR analysis for lo-CO, combined with an cofactor-bound CO. As we have never seen EPR signals from
assigned Mé" oxidation state, unchanged from that of the any intermediate that can be assigned to an oxidized P
resting-stat&? implied a valency and electron count for the cluster®®5%we may takep = O for lo-CO, givingn=m+ s —
FeMo-cofactor in 10-CO of [M&", Fe, Fets, o] T(d*); p=2+ 0-0=2: lo-CO is an E kinetic state; we denote its
the same assignment was made for hi-CO. Because the restingofactor, which is doubly reduced relative to thée\ Mesting
state can be recovered from lo-CO merely by pumping off the state, as Ni~2. Below, we drogp from the equations as applied
CO without addition of oxidant or reductant, we further assigned to lo-CO and $pr:.
these valencies and electron count to the resting state. Smith E, State and Ethylene Binding Geometry of $pr1: The
and co-workers have since suggested that 10-CO is in fact doubly>’Fe ENDOR measurements oge&; reported here indicate that
reduced relative to the resting state and that when the CO isthe cofactor of this intermediate, like that of lo-CO, is 2-fold
pumped off, the lo-CO cofactor two protons are reduced4o H reduced relative to the resting state:= 2. We conclude above
thereby restoring the resting stdtWe accept this suggestion  that Spriincorporates a complex of the ethylene product bound
as the appropriate way to connect our study of the intermediateto the cofactor, as in the case of the allyl alcohol complex

with Mdssbauer experimerfsand DFT computatiorg53-56 formed during turnover of propargyl alcohol. Thus, in these
which suggested that th® = 3/, resting-state cofactorAy'1) cases, no fewer tha;= 2 of then electrons transferred to the
has the electronic state, [Mig Fe3, F&t,, S ¢]3" (d*Y). In MoFe protein must have been “transmitted” (along with the

support of these conclusions, an FTIR spectroelectrochemicaladdition of two protons) to the alkyne (3R;") substrate during
study of the isolated FeMo-cofactor frofp nitrogenase under  the reductive formation of two €H bonds. Thusn > 4
CO atmosphefé suggested that the CO-bound cofactor states electrons have been delivered to the MoFe proteinggkSIf
can be achieved at the one- or two-electron reduced level beyondhe alkene binds to a cofactor Fe as a dativdonor, Figure 8,
the resting state in binding geometries consistent with our analogously to the dative bonding of CO, thtthe binding
suggestions based on tR&O ENDOR studies (Figure 2A).  does not alter the valency of the cofactor. As a result such a
We have employed the same protocol developed for inter- product complex of alkyne reduction has an electron inventory,
preting®>Fe ENDOR of the lo-CO cofactor to that of:. It n=m-+ s=2+4 2= 4: while lo-CO is an E state, $pr1
characterizes th&Fe hyperfine couplings of an ion in terms of  with a dative GH, would be an g state. The cofactor reduction
its observed isotropic hyperfine coupling constant and a level and bonding can be denotedN-[7-(CoHa)].
parameter, @&; Which is the weighted average of the intrinsic One might also imagine that,B;H; actually binds by & Fe
isotropic constants for all Fe sitésThe5Fe ENDOR measure-  ¢-bonds, as the ferracyclopropane we had originally drawn for
ments on $pr1 reported here show a 1:1 correspondence convenience in the PA study, Figure 8; such a structure would
between thé’Fe ENDOR signals of lo-CO and:&;, Table 1. occur upon oxidative addition of a,R,H, moiety to the
The analyses for l0-CO and:&; are virtually the same, and ~ MN-(-2) cofactor and would be recognizable by the bond angles
indicate that the cofactors of the two share the electronic state,around the & carbons. In this case the alkene must be
[Mo**, FeT, Fete, S o] 1(d*3), reduced bym = 2 electrons considered to have accepted two additional electrons from the
relative to the resting state. cofactor, making a total o = 4 electrons transferred to the
Electron Inventory and E, States of Intermediates; Ap- C,H, substrate; in the highly reduced polynuclear FeMo-co,
plication to lo-CO: To correlate nitrogenase turnover interme- electron redistribution within the cluster would surely prevent
diates with the LT kinetic schemes for substrate reduction, we the formation of a high-valent Fe ion at the binding S$ite.

(52) Venters, R. A.; Nelson, M. J.; McLean, P. A.; True, A. E.; Levy, M. A; (58) Tittsworth, R. C.; Hales, B. Biochemistryl996 35, 479-487.
Hoffman, B. M.; Orme-Johnson, W. Hl. Am. Chem. Socl986 108 (59) Hagen, W. R.; Wassink, H.; Eady, R. R.; Smith, B. E.; HaakeEt. J.
3487-3498. Biochem.1987, 169, 457—465.
(53) Dance, I.Chem. Commur2003 3, 324—325. (60) This is so regardless of whether the cofactor Fe ion(s) remain in the high-
(54) Hinnemann, B.; Norskov, J. K. Am. Chem. So@003 125, 1466-1467. spin state with @H, bound or convert to intermediate- or low-spin.
(55) Durrant, M. C.Biochemistry2004 43, 6030-6042. (61) Such a valency assessment has no consequences for the magnetism of a
(56) Vrajmasu, V.; Muenck, E.; Bominaar, E. lnorg. Chem2003 42, 5974~ “typical” organometallic center, witt8 = 0 even-electron metal ions.
5988. However, in principle it has experimentally observable consequences for
(57) George, S. J.; Ashby, G. A.; Wharton, C. W.; Thorneley, R. Nl. Am. the magnetic properties of a metal cluster comprised of spin-coupled high-
Chem. Soc1997, 119 6450-6451. spin, open-shell Fe(ll/11) ions: the two electrons provided by the cofactor
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Table 2. Electron Inventory of Nitrogenase MoFe Protein States
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Figure 8. Cartoon representation of alternate schemes for bindiutdy @ a cofactor high-spin metal ion. (Left) Dative bonding without change in
metal-ion spin state. (Middle) Dative bonding with spin-pairing to yield intermediate- or low-spin metal ion; the other unpaired electron (top) and the new
spin pair (bottom) are not shown. (Right) Oxidative addition to form-Ees bonds.

m = 2 electrons residing on the cofactor asd= 2 on the
substrate. When £, is released the enzyme would be ig E

resting .
cofactor state 10-CO 7-CoRoH o-(CRoHy) 2 the MN-2 cofactor could bind another,8, substrate, but also
spin 3, 1, 1, it could give off H, and return the enzyme topEFigure 9)3°
E, staté Eo E> Es Eo .
gclb 8 g g i E,(7-CH,) +2H"—CH,+ H, + E,
d-electron courdt a#t a3 a3 a3

Such production of Bduring GH, reduction would make the
a-195°" MoFe protein less efficient at48l, reduction than the
WT protein, which is exactly what Newton and co-workers
found25 even though both the WT and195°" MoFe proteins
have identicaK, for acetylene reduction, the-195°" MoFe

an=m+ s. P Cofactor reduction leveF Substrate reduction level(d*%)
= [Mo**, F&¥3, Fe&ty, $7¢] ™3, (d*) = [Mo*t, Fe¥*y, Fefte, S7g] ™1

Combining the conclusion that the lo-CO angb& cofactors
both are doubly reduced relative to the resting cofaator protein has a smaller electron allocation into ethylene production
2) with the deduction thag = 4 when a bound alkene forms a than the WT protein. Furthermore, itS; were a trapped &
o-bonded ferracyclopropane species, Figure 8, then adoptionstate, it is likely that the bound ethylene would in part undergo
of such a bonding mode would imply that=m+s=2+4 further reduction to ethane, most likely with generation ef H
= 6, namely that Sr1is Es (Table 2). and return to resting state,

The 12H and 13C ENDOR of the $pgr; intermediate is too
poorly resolved to offer hope that the discrimination between
dative ands-binding modes can be achieved experiment&ly,
but we can apply the above framework to choose the appropriateHowever, no ethane is detected duringHe reduction by the
electron inventory and make inferences about the ethylene@-195°" MoFe proteir?*2>We therefore conclude thakgk:
bonding geometry for thegBr: intermediate, as follows. Lowe IS an & state (Figure 9) in which the productylds, binds as a
et al. found that @H, is released from the £and E states sr-donor in the ferracycle of Figure 8 and Figure 2C; at present
during GH, reduction by WT enzym& Sgpr: does not we cannot infer the effects of,8,4 binding on the spin state of
accumulate in the WT enzyme, so in this case eithgarBmptly the Fe to which it binds (Figure 8).
releases gH, or the WT enzyme does not reachdnd releases
the product at the EPR-sileng Btate, yielding the Estate (also
EPR-silent),

Es(0-C,H,) + 4H" — C,H; + H, + E,

Conclusions

We have reexaminetH ENDOR of SpriMoFe protein with
C2H2/C,D2 in HO/D,0 buffers in light of our recent discovery
that the product, allyl alcohol, is trapped during reduction of
PA by theo-70%2 MoFe proteint® This has shown thatgggr;
in fact binds GH4, the reduction product of £, a result

Ey(7-CH,) — CH, + E;

which cannot generatezhvithout addition of another electron. . : .
Now let us imagine that the EPR-actives§: intermediate confirmed by the absence of H/D exchange with solvent during

which accumulates with the-195°" MoFe protein is an E turnover with GH,. We further suggest that the;K4 binds to

state (Figure 9) that has been stabilized by the mutation, with a single Fe of the cofactor as a ferracycle, as proposed for allyl
' alcohol.

The 5Fe ENDOR measurements of thé&e-enriched Sr1
FeMo-cofactor (Figure 5A) disclose a one-to-one correspon-
dence of the sites in theggri and l0-CO cofactors (Table 1),

to the C-Feo-bonds of the ferracyclopropane no longer participate in the

cluster spin system, and the consequence to the ion would be the same

(magnetically) as if complex formation had driven it to intermediate spin.
(62) The same may not be true for bound allyl alcohol.
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Figure 9. Kinetic scheme for gH binding and reduction by nitrogenase as adopted from Lowe3®talshow the placement of resting, lo-CO, anga
states within the scheme.

indicating that electronic structures and magnetic couplings of m = 2 (MN-2) cofactor, but at least = 2 electrons (plus two
the two states are similar and are describable with the valencyprotons) have been delivered to the substrate to form the bound
model proposed in the previo@%e ENDOR study of lo-CO: C,H4 product, so in this case= m + s > 4. Consideration of
[Mo*t, Feé™, Fe?™, S2~(d*9)] ™. Following the suggestion of  the catalytic efficiency of thei-195°" MoFe protein leads us
Smith and co-workers, this state is doubly reduced (reduction to conclude that Sr1is an E kinetic state (Figure 9) in which
level, MN=2) relative to the M (d*) resting-state cofactGe. the doubly reduced cofactom(= 2) binds the GH, (s = 2)
Only one>"Fe hyperfine coupling differs appreciably irgR; product through dativer bonding (Figure 8).
and lo-CO. This suggests a picture in which a bridging CO of  While the Lowe-Thorneley scheme of nitrogen fixation
lo-CO and the GH, of Sgprishare a common Fe site, as in  clearly specifies the kinetic relation betweep $fates during
Figure 7A; in such cases only sitevould likely show a major  the reduction of various substrates, the characterization of any
change, as it binds an exogenous ligand in lo-CO, but none in of those states has, until now, eluded investigators. This paper
Sepr identifies, for the first time, the substrate binding and the
To correlate turnover intermediates with kinetic schemes for reduction states of both the FeMo-cofactor and the substrate of
substrate reduction we have introduced the concept of anan E, mechanistic intermediate during enzyme turnover.
“electron inventory”. It relates the number of electrons an MoFe
protein intermediate has accepted from the Fe protejrtq Acknowledgment. This work has been supported by the NSF
the number which have been transmitted to the substsate ( (MCB-0316038, B.M.H.), the USDA (2003-02105 NRI, CS-
the number that reside on the cofactam)(and the number ~ REES, B.J.H.), the Korea Research Foundation (KRF-2003-
delivered to the cofactor from the P clustepy (n=m+ s — 070-C00029, H.-l.L.), and the NIH (GM59087, D.R.D.; HL
p (with p = 0 here) We have applied this formalism to the two 13531, B.M.H.). We thank Dr. Joshua Telser, Roosevelt
intermediates discussed here, showing how an electron inventoryJniversity, for extraordinarily helpful comments.
can be determined by combining ENDOR data with results from
studies of catalysis. The lo-CO intermediate hasnarF 2
(doubly reduced) cofactos,= 0 electrons delivered to bound
CO, and thusr = m+ s = 2: |0-CO is an E kinetic state of
the MoFe protein, Figure 9. Thes&;intermediate also has an  JA054078X
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