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ABSTRACT. Nitrogenase-catalyzed substrate reduction reactions require electron transfer between two
component proteins, the iron (Fe) protein and the molybdeninom (MoFe) protein, in a reaction that

is coupled to the hydrolysis of MgATP. In the present work, electron transfer (Marcus) theory has been
applied to nitrogenase electron transfer reactions to gain insights into possible roles for MgATP in this
reaction. Evidence is presented indicating that an event associated with either MgATP binding or hydrolysis
acts to gate electron transfer between the two component proteins. In addition, evidence is presented that
the reaction mechanism can be fundamentally changed such that electron transfer becomes rate-limiting
by the alteration of a single amino acid within the nitrogenase Fe protein (deletion of Leu 12A)L127
These studies utilized the temperature dependence of intercomponent electron transfer within two different
nitrogenase complexes: the wild-type nitrogenase complex that requires MgATP for electron transfer
and the L12A Fe protein-MoFe protein complex that does not require MgATP for electron transfer. It
was found that the wild-type nitrogenase electron transfer reaction did not conform to Marcus theory,
suggesting that an adiabatic event associated with MgATP interaction precedes electron transfer and is
rate-limiting. Application of transition state theory provided activation parameters for this rate-limiting
step. In contrast, electron transfer from the LAZ2Fe protein variant to the MoFe protein (which does

not require MgATP hydrolysis) was found to be described by Marcus theory, indicating that electron
transfer was rate-limiting. Marcus parameters were determined for this reaction with a reorganization
energy {) of 2.4 eV, a coupling constanHQBA of 0.9 cnt?, a free energy chang\G'°) of —22.0

kJ/mol, and a doneracceptor distance)of 14 A. These values are consistent with parameters deduced

for electron transfer reactions in other proteprotein systems where electron transfer is rate-limiting.
Finally, the electron transfer reaction within the LI¥Fe proteir-MoFe protein complex was found to

be reversible. These results are discussed in the context of models for how MgATP interactions might
be coupled to electron transfer in nitrogenase.

Nitrogenase-catalyzed substrate reduction reactions requirechanges (6) that are a prerequisite for the proper docking of
electron transfer from the iron (Fe) prot&icomponent to this protein to the MoFe protein, (ii) the hydrolysis of
the molybdenumriron (MoFe) protein component in a MgATP by the Fe proteirMoFe protein complex is coupled
reaction that is coupled to the hydrolysis of MgATP-6). by an unknown mechanism to the transfer of an electron
The flow of electrons proceeds from a [4Fe-4S] cluster in from the Fe protein to the MoFe proteit){ and finally (iii)
the Fe protein to a P-cluster (or [BFe-7]) 8 in the MoFe the hydrolysis of MgATP to MgADP appears to be involved
protein ©) and finally to an iror-molybdenum-sulfur— in triggering dissociation of the Fe protein from the MoFe
homocitrate cofactor (FeMocoll(), the site of substrate  protein following electron transfed8—18). Thus, nitroge-
binding and reductioni, 12. MgATP appears to serve at nase appears to provide a unique case of biological electron
least three important functions in this overall reaction, transfer thatis coupled to MgATP hydrolysis. Interestingly,
namely, (i) the binding of MgATP to the Fe protein from an X-ray crystal structure of a nitrogenase Fe pretein
component of nitrogenase induces protein conformational MoFe protein complex, it is known that the two MgATP
binding sites on the Fe protein are at least 15 A away from
Mégfgizvg:l%was CSgpfgggdC%yEN;;gggéS%{?gcg l):oundation Grants the metal centers involved in electron transf&g)( This
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1 Abbreviations: Fe protein, iron protein of nitrogenase; MoFe T . G
protein, molybdenumiron protein of nitrogenase; HEPES, 4-(2- The kinetics of electron transfer reactions within nitroge-

hydroxyethyl)-1-piperazineethanesulfonic ad; midpoint potential; nase have been extensively investigatéd, (18, 20, 2}
AS, activation entropyAH*, activation enthalpy, reorganization Despite these studies, there is still considerable debate abou

energy;Has, electronic couplingr, distance between redox donorand e getails of how these two different reactions are coupled.
acceptor;, electron pathway medium constant; L1Q7altered form

of the Fe protein with Leu at position 127 deletédrate constant; K, Itis apparent that MgATP hydrolysis dramatically ir.‘ﬂuences
equilibrium constant. the rate of electron transfer between the two nitrogenase
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component proteinsld), and may play a possible role in datatoegs 1 and 2, it is possible to derive the above Marcus
reducing substrates. At a minimum, two MgATP molecules parameters27). Comparison of these parameters to values
must be hydrolyzed for each electron transferred betweenobtained from theoretical and experimental studies on related
the two nitrogenase proteing1), but how the energy of the  systems can be used to gain insights into the electron transfel
hydrolysis reaction is coupled to electron transfer is not well reaction. In particular, the type of electron transfer reaction
understood. (true, gated, or coupled) can be determin2d, 9. If the

Recently, we discovered that removal of a single amino electron transfer reaction is the rate-limiting step, then the
acid within the Fe protein significantly changes the coupling reaction can be described as either true or coupled. In true
between MgATP hydrolysis and electron transfed)( A electron transfer, the electron transfer step is rate-limiting.
Leu residue at position 127 in the Fe protein fréwmoto- In the coupled reaction, electron transfer is also rate-limiting,
bacter vinelandii is located in what appears to be a but a fast, thermodynamically unfavorable reaction precedes
communication pathway from the nucleotide binding site to the electron transfer step. In contrast, if an adiabatic event
the [4Fe-4S] cluster]( 4). Deletion of this residue results  (e.g., a protein conformational change) precedes electron
in a protein that appears to be in a conformation resembling transfer and is rate-limiting to the overall reaction, then the
the MgATP-bound state even in the absence of bound electron transfer reaction is said to be gat2d,(29. In
nucleotides 22). While the L12A Fe protein will not  this case, Marcus theory is not applicable as evidenced by
Support substrate reduction when combined with the MoFe inappropriate values of the Marcus parameté@_(
protein, it was found to form a tight complex with the MoFe
protein even in the absence of MgATRY. This irreversible
protein—protein complex is in contrast to the wild-type Fe
protein—MoFe protein complex, which is only transiently
formed during turnover. Surprisingly, it was found that the
L127A Fe protein variant transferred a single electron to the
MoFe protein in the absence of MgATP hydrolysig) The
L127A Fe protein was not able to transfer a second electron
(a minimum of two electrons are required to reduce the
simplest substrates), probably since the two proteins could
not dissociate, explaining the lack of substrate reduction.
Thus, unlike the wild-type nitrogenase complex, MgATP
hydrolysis is not absolutely required for primary electron
transfer in the L12& variant. The availability of these two
different nitrogenase complexes, namely, the MgATP-
dependent wild-type case and the MgATP-independen
L127A variant, provides a unigue opportunity to examine
the role of MgATP hydrolysis in the nitrogenase electron
transfer reaction.

Electron transfer (Marcus) theor23) provides a quantita-
tive way to describe electron transfer reactions and has bee
applied to several biological electron transfer syste?ds-(
27). Inthis theory, the rate of electron transfig is related
to the temperature of the reaction by a series of parameter
according to eqs 1 and 2:

In the present work, we have applied Marcus theory to
the two cases of electron transfer in nitrogenase, the MgATP-
dependent and MgATP-independent cases, to gain insights
into the function of MgATP hydrolysis in the intercomponent
electron transfer reaction. Our results provide evidence that
events associated with MgATP interaction gate intercom-
ponent electron transfer, and that deletion of the single amino
acid, Leu 127, in the Fe protein can convert the nitrogenase
reaction to true or coupled electron transfer, where electron
transfer is rate-limiting. The Marcus parameters derived for
this latter reaction are compared to values seen in other
biological electron transfer systems. In addition, evidence
is presented that this latter electron transfer reaction is
reversible, suggesting a possible role for MgGATP hydrolysis
tin making electron transfer unidirectional.

EXPERIMENTAL PROCEDURES

Expression and Purification of Nitrogenase Proteins.
Wild-type nitrogenase Fe and MoFe proteins were expressed
n Azotobacterinelandii cells and were purified as previ-
ously described30). The altered Fe protein with Leu at
Sposition 127 deleted (L12Y) was constructed, expressed,
and purified as describe@%). All proteins were homoge-
neous as determined by Coomassie staining of SDS 3ls (

) 5 and the wild-type nitrogenase proteins had specific activities

Kep = 4 (Hpg) o ~(AG“+2)2/4IRT @ of at_least 2000 nmoI_ of acetylene_ redugath~1-(mg of

T hWaATART protemfl (32_). Protein concentratlons_ were determ_lned

either by a biuret assa®) or from the visible absorption

Ker = koe—ﬂ(r—ro)e[—(AG"’H)Z]/MRT ) coefficients of 13.3 mM*-cm™* at 400 nm for the oxidized

Fe protein 84), 11.1 mM*-cm™! at 400 nm for the reduced

Fe protein 85), and 62.3 mM-cm™t at 400 nm for the

MoFe protein 86). All manipulations were done in the

absence of oxygen inside a glovebox (Coy Products, Grass

Lake, MI) with a gas atmosphere of 95% &hd 5% H and

whereh is Planck’s constanR is the gas constariy is the
characteristic frequency of the nuclei (assigned a value of
10" s71), andr, is the close contact distance (assigned a
value of 3 A). The Marcus parameters that describe electron .

transfer are as follows: (iHas, the coupling constant, a 20 OXygen concentration of less than 1 ppm. Unless
measure of the degree of wave function overlap between thePtherwise noted, all buffer solutions contained 2 mM
electron acceptor and the donor; ¢ii)the reorganizational  dithionite (NaS;Ox).

energy; (iii) 8, the electronic decay factor, which is related  Kinetic Analysis. Electron transfer from the nitrogenase
to the nature of the intervening medium between the electron Fe protein to the MoFe protein was monitored by the increase
acceptor and donor; (iv) the interatomic distance between in the visible absorbance of the Fe protein upon oxidation
the acceptor and the donor; and Mp'°, the standard free  of the [4Fe-4S] cluster from the reducedH{}lto the oxidized
energy change for the reaction. By measuring the temper-(2+) oxidation staté (37). This electron transfer reaction
ature dependence of electron transfer rates and fitting thewas monitored in real-time by use of a Hi-Tech SF61
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stopped-flow spectrophotometer equipped with a data ac- Equilibrium Electron Transfer between the L¥7Fe
quisition and curve-fitting system (Salisbury, Wilts, U.K.). Protein and the MoFe Protein.The electron transfer
The SHU-61 sample handling unit was kept anoxic inside equilibrium constant for the reaction between the LAZFe
an anaerobic glovebox operating at less than 1 ppm oxygen.protein and the MoFe protein was determined from the ratio
Reactant solutions were thermostated to withit1 °C by of oxidized to reduced L12Y Fe protein ([4Fe-43}/[4Fe-
means of a closed-circulation Techne C-85D water circulator 4SJ*t) following electron transfer. This was conveniently
(Techne Ltd., Duxford, Cambridge, U.K.) attached to a FC- determined from the final absorbance value reached at long
200 Techne flow cooler. Both the flow cooler and circulator times in the stopped-flow experiment. Electron transfer
were external to the anaerobic chamber. Data were collectedreactions were conducted by mixing reduced LA2Fe
at 430 nm for the oxidation/reduction of Fe proteit¥) protein in one syringe with MoFe protein in the other syringe
Earlier work has demonstrated no significant changes in the and allowing the reaction to proceed to completion at defined
absorption coefficient of the MoFe protein at 430 nm temperatures. The final absorbance value for indigodisul-
resulting from electron transfer from the Fe prote3i)( All fonate-oxidized L12A& Fe protein alone was taken to be
reactions were carried out in 100 mM HEPES buffer, pH 100% oxidized, and the absorbance value for the dithionite-
7.4, with 2 mM dithionite. In all cases, reactions were reduced L12A Fe protein alone was taken to be 100%
initiated by rapidly mixing reactants contained in the two reduced. For absorbance values between these two extreme:
drive syringes of the stopped-flow instrument. The instru- it was possible to establish the ratio of oxidized to reduced
ment mixing time was determined to be approximately 4 ms. [4Fe-4S}™* cluster. The equilibrium constari£y) for the
Reaction conditions are noted in the appropriate figure reversible electron transfer reaction was taken as the ratio
legends. of the concentration of the oxidized to reduced LA2Fe
Apparent first-order rate constants for electron transfer protein at equilibrium. The other thermodynamic parameters
(kob9 Were determined from nonlinear, least-squares fits of were calculated from the standard thermodynamic relation-
the absorbance versus time traces to the equation for a singleships in eq 4:
exponential. In all cases, the absorbance versus time traces
represented the average of three consecutive experimentsAG® = —RTIn (Kgy) = —nFAE,, = AH'® — TAS® (4)
Marcus Analysis. The Marcus parameters for the nitro- ) ) S ) )
genase electron transfer reactions were determined from thevhereAEy is the difference in midpoint potentiahG'™® is
temperature dependence of the apparent electron transfer raté1€ standard Gibb’s free energy change{® is the standard
constantsKy,). These data were fit to eqs 1 and 2, which €nthalpy changeAS*© is the standard entropy chandeijs
describe nonadiabatic electron transfer reactions derivedthe gas constant, anil is the Faraday constant [96 495
using Marcus theory23, 27). The data were first fitto eq  J/(V-mol)].
1 using a nonlinear least-squares method in the program Igor Freeze-Quench EPR Spectroscopyhe electron transfer
electronic coupling between the electron acceptor and theProtein was trapped by rapid freezing of samples poised at
donor, (i) 4, the reorganization energy, and (iyG'°, the dlffe_rent eqqlhbnum temperature conditions. The success
Standard free energy difference for the reaction_ The gasof th|S experl.ment depended on the faCt that the rate constant
constant R) was taken as 8.314 J/{iol), Planck’s constant for establlshlng equilibrium was much sloyver than the rate
(h) as 6.626x 1073 Js, and the temperatur@)(in kelvin. of fre_ez_mg of the sample;. In the experiment, a sol_ut|on
Using the values oAG'® and A obtained from fitting the ~ containing L12°A Fe protein (142¢M) and MoFe protein
data to eq 1, the data were then fit to eq 2 to obtain, @ie (75 uM) in 50 mM HEPES buffer, pH 7.4, was allowed to
distance between electron donor and acceptor, angs (i) react to completion at 25C for 1 h. The sample was split
the electronic decay factor, which is related to the nature of into four equal fractions and then incubated an additional 1
the intervening medium between the electron acceptor andh at either 5, 10, 16, or 2%. The samples were then rapidly
donor @8, 39. The characteristic frequency of the nuclei frozen in EPR tubes by plunging the tubes into a hexane
(k,) was assigned a value of G2, and the close contact liquid nitrogen slurry. EPR spectra were _recorded on a
distance i) was assigned a valud 8 A (26). Bruker ESP300E spectrometer e.qu!pped.wnh a dual-mode
Activation Parameters.For the application of transition ~ cavity and an Oxford ESR 900 liquid helium cryostat. In
state theory, plots of the In of the observed rate constantsall cases, 4 mm calibrated quartz EPR tubes (Wilmad, Buena,
(ko9 Versus 1T were fit to eq 3, wheréis Planck’s constant, ~ NJ) were used. All EPR spectra were recorded at 12 K,
Ris the gas constant, is the absolute temperature, akgd ~ With a microwave power of 1.01 mW, a microwave

is Boltzmann’s constant (1.380 10723 J/K). frequency of 9.64 GHz, a modulation frequency of 100 kHz,
a modulation amplitude of 5.028 G, a conversion time of
Kl —AH¥ AS 10.24 ms, and a time constant of 10.24 ms. Each spectrum
In T =&t TR (3) was the sum of 10 scans.

RESULTS
The activation enthalpyXH*) and the activation entropy

(AS) for the reaction were obtained from fits of the datato  1emperature Dependence of Primary Electron Transfer
eq 3. in Nitrogenase. Electron transfer from the nitrogenase Fe

protein to the MoFe protein can be followed by a change in

2The redox couples of low potential [4Fe-4S] clusters can also be absorpt!on at 43.0 .nm resulting from the. d.lfference in the
defined in terms of the formal charges of the entire cluster [4Fe-45- absorption coefficients between the oxidized [4Fe2ﬂs]
(Cys)] where the 2-/1+ couple is defined as-2/3—. cluster and the reduced [4Fe-4Stluster of the Fe protein
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Ficure 1: Temperature dependence of primary electron transfer L B S L S
rates from the L12K Fe protein to the MoFe protein. Reduced 0.281- B

L127A Fe protein and MoFe protein samples were prepared as . 1
described under Experimental Procedures. Electron transfer was 0241 n
monitored by following the oxidation of the L1A7Fe protein [4Fe- I 1
48] cluster from the * to the 2+ oxidation states by stopped-
flow absorption spectroscopy at 430 nm. Absorbance traces are
shown after mixing L12& Fe protein (75M) contained in one
syringe with MoFe protein (28M) contained in the second syringe.
The experimental temperatures were: trace 30.9°C, trace 2= I
25.8°C, trace 3= 20.1°C, trace 4= 17.9°C, trace 5= 16.1°C, 0.08
trace 6= 14.2°C, trace 7= 12.4°C, and trace & 11.0°C. The ]
heavy solid lines on top of traces 1 and 8 are fits of the data to the ooabl— o 1+ . . 1 )
equation for a single exponential. 84 28 292 ® 296 300 304

(37). No significant changes in absorption coefficient have FIGURE 2. Marcus analysis of the temperature dependence of the

. . observed electron transfer rate constakgs)( The observed rate
been observed for the MoFe protein upon reduction by the constants for electron transfdg(y) from the nitrogenase Fe protein

Fe protein. Using stopped-flow absorption spectroscopy, it 1o the MoFe protein were plotted against the experimental tem-
is therefore possible to monitor the primary electron transfer peratures for electron transfer in the MgATP-dependent reaction
reaction from the Fe protein to the MoFe protein (eq 5) by from the wild-type Fe protein to the MoFe protein (panel A) or in
following the increase in absorption at 430 nm resulting from the MgATP-independent electron transfer reaction from the A127

L2 Fe protein to the MoFe protein (panel B). The solid lines represent
the oxidation of the [4Fe-4S] clusteB?). nonlinear, least-squares fits of the data to egs 1 and 2 described ir

the text. The Marcus parameters derived from these fits are

0.20- -

-1
kobs (s )
o
>
T
|

1

FeR(MgATP), + MoFeP= summarized in Table 1. Each point is the average observed rate
constant from three separate reactions, where the standard deviatio
FeFt’Jx(MgADP)Z + MoFeP, ®) between the observed values was less than 2.1%.

The kinetics of the reaction are pseudo-first-order under the other parameters were held constant as specified under
reaction conditions used in this work and thus can be fit to Experimental Procedures. The valueslhg, A, andAG'®

a single exponential equation to obtain pseudo-first-order rateobtained from these fits are tabulated in Table 1. Using the
constants for the observed electron transfer reactigs).( values of AG'® and 4 obtained from the fit to eq 1, the
For the wild-type nitrogenase primary electron transfer temperature-dependent rate data were then fit to the seconc
reaction at 23C, an observed rate constant of 150 was Marcus equation (eq 2), resulting in the second solid line in
determined, which is consistent with values reported earlier Figure 2. From this fit, the values of the distance between
for this reaction§). This electron transfer reaction was also the electron acceptor and donor, ghdhe electronic decay
found to be temperature dependent, with slower rates factor, were determined (Table 1). A comparison of the
observed at lower temperatures, consistent with earlier work Marcus parameters (Table 1) derived for the MgATP-

(40). This indicates a nonzero activation enthalpyf) for dependent electron transfer reaction in wild-type nitrogenase
the electron transfer reaction. Similarly, the MgATP- and the MgATP-independent electron transfer in the 1427
independent electron transfer reaction from the LAZe Fe proteinr-MoFe protein complex to theoretically and

protein to the MoFe protein is observed to be pseudo-first- experimentally determined values from other systems pro-

order under these conditions with a temperature dependenceides an indication of the relevance of Marcus theory to these

on the rate of reaction (Figure 1). It is noteworthy that the two casesZ7). Several of the Marcus parameters (e-bs,

rate of electron transfer for the MgATP-independent reaction r, ) derived for wild-type nitrogenase electron transfer are

(kobs= 0.18 s at 23°C) is approximately 1000-fold slower unreasonable and thus indicate that Marcus theory is not

than that observed for the MgATP-dependent wild-type applicable. This suggests an adiabatic event (e.g., a con-

nitrogenase reaction. formational change) is preceding the electron transfer reaction
The observed rate constanig,() measured at different  and contributes to the rate of the reaction.

temperatures for the two reaction types are plotted against In contrast, the thermodynamic parameters derived for the

the temperature of the reaction in Figure 2. Fits of these MgATP-independent electron transfer reaction from the

data to the Marcus equations (egs 1 and 2) are shown as th& 127A Fe protein to the MoFe protein are consistent with

two solid lines in Figure 2. The data were first fit to equation accepted values for these paramet@8,(suggesting the

1 with the unknown variables beinyG'°, Hag, andA. All applicability of Marcus theory. Most telling of these
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Table 1: Activation and Marcus Parameters for Electron Transfer ST T T T 1 T
from the Wild-Type and L12X Iron Proteins to the 6.0 A
Molybdenum-Iron Protein 551 4
iron protein 50 4
parametey wild-type L127A :: 45} .
AS (Imol LK) +129 ~100 £ 4o i
+360 a5k |
AH* (k*mol~Y) +97 +46
+165 8.0 7
A(eV) [4.42F 24+0.3F 251 _
Hag (cm™) [7.42 x 101 09+04 P N N S S S
AG'” (kJmol™?) [—5.8] —22.0+£25 328 332 336 340 344 348 352
r (&) [—84] 14+15 1000/ T (K
B A [0.19] 1.1+ 0.2 05—
aThe activation parametersS' andAH* were determined from fits 0.0 B 4
of the data in Figure 3 to eq 3, with the error in the reported values 05k |
being less than 5%. The Marcus parametersiag, and AG'° were
determined from fits of the data in Figure 2 to eq 1. The Marcus .0r 7
parameters and$ were determined from fits of the data in Figure 2 2 451 _
to eq 2 using the values fdr, Hag, and AG'® obtained from the first g
fit. ® The first numbers for the wild-type nitrogenase reaction are for £ 20- T
the temperature range from 291 to 304 K, and the second numbers are 251 .
for the temperature range from 284 to 291 K. For the LAZFe a0k |
proteinr—MoFe protein complex, the reported values are from a fit of
the data in Figure 2 to eq 3 over the entire temperature r&ngee 351 T
brackets indicate that these parameters are not physically meaningful 4ol 00
because the formalism used to analyze the data may be inappropriate. 328 332 336 340 ?-44 348 352
dThe reported errors represent the standard deviation from three 1000/ T (K™)
independent experiments. FiGurRe 3: Thermodynamic analysis of the electron transfer

reactions from the Fe protein to the MoFe protein. The natural

parameters is the value ofthe measure of the interatomic logarithms of the observed rate constaiktgy for electron transfer
from the Fe protein to the MoFe protein were plotted against

distance between the electron acceptor and the electrom iemperature for the MgATP-dependent electron transfer from the
donor. A value of 14 A is calculated from the Marcus wild-type Fe protein to the MoFe protein (panel A) or for the
equation (eq 2) for the L12Y Fe proteir-MoFe protein MgATP-independent electron transfer from the LA27e protein
reaction, which is identical to the distance between the [4Fe- 1 thhe MoFe protein (panel B). The Sﬁ"d g”e.s rgprﬁse“t '(ij“ear fits
4] cluster of the Fe protein and a P-cluster of the MoFe 5, e, g edaton (eq ) The aerved hermodynanie
protein within a nitrogenase complek9). The uniqueness
of the values obtained for the Marcus parameters presentednol and +360 J/(moiK), again were similar to values
in Table 1 was accessed by fitting the data in Figure 2 to reported over this temperature rang®)( Thus, the rate-
egs 1 and 2, holding the value otonstant at values other limiting step(s) in the wild-type nitrogenase electron transfer
than 14 A. From such an analysis, it was possible to obtain reaction represent(s) a highly disordered state, with an
reasonable values fgt, 1, and AG'® when the value of unfavorable change in the enthalpy of activation.
ranged from 13 to 16 A. Values ofoutside of this range In contrast to the wild-type nitrogenase reaction, the
resulted in poor fits to the data. In summary, a single amino Arrhenius plot for the MgATP-independent L1R7Fe
acid alteration within the Fe protein appears to have changedprotein—MoFe protein electron transfer reaction is linear over
the mechanism of electron transfer so that electron transferthe temperature range from 284 to 303 K, indicating that
has become rate-limiting. the events contributing to the transition state do not change.
Application of Transition State Theorythe unreasonable  This is consistent with the results from Marcus analysis,
values of Marcus parameters for the MgATP-dependent suggesting that electron transfer is rate-limiting. Interest-
electron transfer reaction in wild-type nitrogenase suggestingly, while the activation enthalpyAH*) for the reaction
that an adiabatic event is contributing to the reaction rate is similar to that observed for the MgATP-dependent reaction
and thus that transition state theory is more appropriate toin wild-type nitrogenase, the activation entrop&s) is
analyze this reaction. Figure 3 (panel B) shows an Arrhenius dramatically different, being of opposite sign (Table 1).
plot of the In of the observed rate constarkgd versus 1T Negative values of the activation entropy have been observed
for the wild-type reaction. Interestingly, a break in the plot for other protein-protein electron transfer reactions, although
is observed, indicating a change in the rate-limiting step of the meaning of these values in not cleéat (429.
the reaction over this temperature range. The activation Electron Transfer Equilibrium.An interesting observation
parameters derived for the two different temperature rangesfrom the stopped-flow traces of nitrogenase electron transfer
are tabulated in Table 1. These results are similar to resultsis that the final equilibrium absorbance value is also
previously reported for this reactiod@. Over the tem- temperature dependent (Figure 1). This observation indicates
perature range from 291 to 304 K, the values obtained for that the ratio of oxidized to reduced [4Fe-4S] cluster is
AH* andASF were+97 kJ/mol and+125 J/(moiK), similar changing with temperature, suggesting that the electron
to the previously published values 00 kJ/mol and+99 transfer reaction is reversible, with a temperature-dependent
J/(motK) (40). The values ofAH* and AS" obtained over equilibrium constant. While similar results have been
the temperature range from 284 to 291 K weré&65 kJ/ interpreted in the past as indicating reversibility of electron
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Table 2: Thermodynamic Parameters for the Electron Transfer T Tyt Tt
Equilibrium in the Nitrogenase L12V Fe Proteir-MoFe Protein
Complex
temperature°C) Ker? AG*® (kFmol™)  AEn (mV)
111 1.4+ 0.3 -0.8 8
12.5 1.9+ 0.7 -1.5 16
135 3.8+ 0.9 -3.2 33
16.3 7.0+ 1.1 —4.6 47
19.2 13.0+ 5.0 -6.3 65
22.0 69.0+ 10.4 -10.4 107
aValues forKer were determined from the ratio of oxidized/reduced R R T R T S
Fe protein calculated from the final equilibrium absorbance values in 3000 3200 3400 3600 3800 4000 4200
stopped-flow experiments similar to that shown in Figure 1. The Magnetic Field (Gauss)

uncertainty reported represents the standard deviation from six inde-

pendent measurements FIGURE 4: Freeze-quench of the electron transfer equilibrium

between the L12X Fe protein and the MoFe protein. Electron
transfer between the L1A7Fe protein (142:M) and MoFe protein
transfer in wild-type nitrogenasd3d), these interpretations (75 M) was allowed to reach equilibrium at 2& with a 1 h
are complicated by the continuous hydrolysis of MgATP. incubation. An aliquot of the sample at 26 (trace 1) was placed

S : into an EPR tube and was rapidly frozen as described under
The electron transfer reaction in the L12Fe protein- Experimental Procedures. The remaining solution was separated

MoFe protein complex occurs without MgATP hydrolysis.  into three aliquots, with one aliquot being incubated at@6trace
This makes interpretation of the temperature dependence o), one at 10°C (trace 3), and one at & (trace 4) fo 1 h prior

the electron transfer equilibrium tractable. Figure 1 dem- to being rapidly frozen in EPR tubes. L12Fe protein alone was

onstrates that the final equilibrium absorbance value for the incubated fo 1 h at 25°C prior to being frozen in an EPR tube

L127A Fe protein-MoFe protein reaction was temperature (trace 5). EPR spectra for each sample were recorded as describe
p el p . p under Experimental Procedures.

dependent, indicating reversible electron transfer. The

reversibility of this reaction was confirmed by cycling the temperatures. From the intensity of tige= 1.94 (3600
temperature and observing that the final absorbance valueggss) hased signal, it was possible to estimate the ratio of
returned to the starting absorbance value. Using the final equced to oxidized [4Fe-4S] cluster at each incubation
equilibrium absorbance value at different temperatures, it WaStemperature. From this ratio, thér for each incubation
possible to calculate the ratio of oxidized to reduced [4Fe- temperature could be determined, and was found to give
4S] cluster at each reaction temperature. From this ratio, gjmilar values to those derived from the stopped-flow
the electron transfer equilibrium constaRief) was calcu-  experiments (Table 2). This confirmed the validity of the
lated, along with the free energy change®) and midpoint  apnajysis of the stopped-flow experiments. These results
potential difference AEr) at each reaction temperature. As ingjcate that the electron transfer reaction in the LAZ
can be seen from the data in Table 2, the midpoint potential yrotein-MoFe protein complex is reversible. Furthermore,
difference between the electron donor and electron acceptoinese results indicate that the electron transferred from the
(presumably the [4Fe-4S] cluster and P-cluster) changes from 157A Fe protein resides somewhere in the MoFe protein
8 mV to over 100 mV over a 11C temperature range.  and has not been transferred to the solvent. The location of
Freeze-quench EPR studies were employed to confirm the electron within the MoFe protein is not clear from the
that the changes in the final absorption values from the gpr spectra since few changes are apparent in the EPF
stopped-flow experiments were the result of changes in the gignals, A slight decrease in the intensity of the EPR signal
oxidation state of the [4Fe-4S] cluster. It is possible that atrihyted to FeMoco appears to correlate with the transfer
the changes in the absorption values at 430 nm are not simplyyf the electron from the L12Y Fe protein, which has been

reporting the changes in oxidation state of the [4Fe-4S] g,ggested to indicate that the electron may partially reside
cluster, but might be complicated by other events such as a,; FeMoco (4).

change in the absorption maximum of the [4Fe-4S] cluster

in the complex 18) or by changes in the absorption D|SCUSSION

coefficient of metal centers in the MoFe protein. EPR

provides a method to quantify the oxidation state of the [4Fe- The application of Marcus theory to the two different
4S] cluster without interference from the other metal centers. hitrogenase intercomponent electron transfer reactions in-
In this experiment, the L12Y Fe protein-MoFe protein vestigated in the present study provides insights into how
complex was allowed to incubate at a defined temperature MgATP interactions are coupled to electron transfer. The
for 1 h to allow the electron transfer reaction to reach results of the present work are discussed in the broader
equilibrium. The sample was then rapidly frozen by plung- context of protein-protein electron transfer, along with the
ing the EPR tube containing the sample into a slurry of implications for understanding the mechanisms for coupling
hexane and liquid nitrogen. This results in the rapid freezing these two diverse reactions in nitrogenase.

of the sample (less than 1 s). This experiment was dependent Nitrogenase Electron Transfer Reactioridarcus analysis

on the relatively slow change in the electron transfer highlights the fundamental differences between the mecha-
equilibrium with changes in temperature and thus allowed nism of the electron transfer reaction for the wild-type Fe
the equilibrium to be trapped by freezing the sample before protein-MoFe protein nitrogenase complex and for the
the cooling could change the equilibrium. Figure 4 shows L127A Fe protein-MoFe protein nitrogenase complex. In
EPR spectra for samples of L1& Fe protein-MoFe protein the wild-type nitrogenase electron transfer reaction, which
that were rapidly frozen following incubation at various absolutely requires MgATP interactions, the Marcus param-
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eters were found to be significantly outside of the values
expected from both theoretical and experimental stu@és (
In the Marcus formalismZ3), the electron transfer reaction

Biochemistry, Vol. 37, No. 1, 1998105

to transfer a single electron to the MoFe protein in the
absence of any MgATP lends support to this proposed
sequence of eventd4). In this case, a single amino acid

is assumed to be a nonadiabatic reaction. From calculationgdeletion in the Fe protein resulted in protein conformational

of the dynamic relaxation rates of water, a maximum value
for the coupling constant(sg) of 80 cnT?is predicted 24).
The value ofHHag obtained for the MgATP-dependent
electron transfer reaction within the wild-type nitrogenase
was 7.42x 102 cmL. Clearly this value is significantly
larger than the theoretical maximum value, indicating that
electron transfer is not rate-limiting, but rather that some
adiabatic reaction is contributing to the electron transfer

changes, some of which appear to mimic those normally
induced by MgATP bindingZ2). Thus, it would appear
that deletion of Leu 127 results in some or all of the
conformational change&{) normally associated with MgATP
binding. Support for this hypothesis comes from the Marcus
analysis of the MgATP-independent electron transfer reaction
done in the present work. In contrast to the wild-type
electron transfer reaction, the L1R7Fe protein-MoFe

reaction. This is also evident from the unreasonable value protein electron transfer reaction does conform to Marcus

obtained for the electronic decay factg) 6f 0.19 AL Both
theoretical and experimental studidgll suggest a range for
B of 0.7-1.4 A~ for proteins. Likewise, the value obtained
for the reorganizational energ§)(of 4.42 eV is significantly

theory. Values obtained fot, Hag, and 8 are consistent
with expected values for these parameters in biological
electron transfer reaction®7). Most importantly, the value
obtained forr, the interatomic distance between the electron

larger than the values obtained in other protein electron acceptor and donor, of 14 A is the distance between the Fe

transfer reactions of about 2.5 e¥7, 45. Finally, the most
obvious deviation from Marcus theory comes from the value

protein [4Fe-4S] cluster and the MoFe protein P-cluster
within a nitrogenase complexl9. Mounting evidence

of r, the interatomic distance between the electron acceptorsuggests that a P-cluster is the initial electron acceptor from
and the electron donor. For the wild-type nitrogenase the [4Fe-4S] clustery, 46, 473, making these clusters the
reaction, a value of-84 A is obtained for. A negative likely electron acceptor and donor pair. The apparent
number for the interatomic distance is clearly not possible, applicability of Marcus theory to the electron transfer reaction
confirming that electron transfer in wild-type nitrogenase in the L127A Fe protein-MoFe protein complex suggests
does not conform to Marcus theory. Thus, it must be that electron transfer is rate-limiting in this reaction. Thus,
concluded that some event preceding electron transfer inby changing a single amino acid in the Fe protein, the
wild-type nitrogenase is contributing to the electron transfer mechanism of the electron transfer reaction has been
rate. This can be viewed as the addition of an adiabatic fundamentally changed such that electron transfer has now
reaction (e.g., a conformational change) which precedes thebecome rate-limiting.
electron transfer reaction (ET) as shown in eq 6. Protein electron transfer reactions in which electron
transfer is rate-limiting have been referred to as true or

OX,—k‘-__ ‘E‘on_ coupled reactions2@, 27. True electron transfer would

Kee Keer imply that no adiabatic reactions precede electron transfer,
and thus only the nonadiabatic electron transfer event is rate-
limiting. The other possible mechanism, called coupled
electron transfer, holds that an adiabatic reaction precedes

kl
Bx==A.B

oX k_,;

Ared + Ared_ Box* Bred*

(6)

The initial docking of the Fe protein (&) with the MoFe
protein (Byx) can be described by the equilibrium constant
K1 = ki/k-1. Earlier kinetic studies indicate th&t andk; electron transfer, but that electron transte#fA rea—Box*])
are both large®), and thus this reaction will not contribute is rate-limiting, and the equilibrium constag is small and
to the observed rate of electron transfer. Following docking, thus the observed rate constakdy,g is the product oker
it is expected that conformational changes (probably a seriesandK.. With the present data, it is difficult to distinguish
of changes) occur before the electron transfer evé8t (  between these two mechanisms for the LAZe protein
which can be characterized by the equilibrium constgnt  nitrogenase complex electron transfer reaction. However,
= kJ/k_.. This adiabatic step is rate-limiting, explaining why one observation may suggest that the reaction mechanisir
the Marcus formalism is not applicable. Such a reaction may be better described as coupled. The value of 2.4 eV
sequence has been referred to as gated electron transfefpr 4, the reorganization energy, determined for the LA27
indicating that an adiabatic reaction gates the electron transferFe protein nitrogenase complex reaction is relatively large
reaction g7—29). compared to simpler protein electron transfer cases examinec
Evidence that the gating reactions for electron transfer in which have been described as true electron tran2®r This
nitrogenase are associated with MgATP interactions comessuggests that the observed reorganization energy for the
from several observations. For the wild-type nitrogenase L127A Fe protein nitrogenase complex contains contributions
system, MgATP must be present to allow intercomponent from both the electron transfer event and preceding adiabatic
electron transfer. Earlier kinetic studies indicated that the steps 27). Similar “high” values for the reorganization
rate constant for electron transfdef) was significantly energy have been observed in other protgirotein electron
greater than the rate constant for MgATP hydroly4i8)( transfer systemsi(, 45, 48, suggesting that the complexity
Thus, it was concluded that MgATP binding, but not of these systems probably involves some adiabatic steps.
hydrolysis, preceded electron transfer, and that MgQATP  The Roles of MgATP HydrolysisThus, one conclusion
hydrolysis to MgADP and Followed the electron transfer that can be drawn from the current work is that events
reaction {8). Attainment of the MgADP-bound state of the associated with MgATP binding must precede and contribute
Fe protein appears to be necessary to allow dissociation ofto electron transfer in the nitrogenase reaction. It is important
the oxidized Fe protein from the MoFe proteltB(-16). The to point out here that these results do not provide information
recent discovery that the L1A7Fe protein variant is able  about the relative order of MgATP hydrolysis and electron
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transfer. The conformational event&) preceding electron  force for electron transfeb(). Second, the observation of
transfer associated with MgATP interaction may result from reversible electron transfer in the L12 Fe proteir-MoFe
either MgATP binding or MgATP hydrolysis. protein complex may suggest that another function of
It is of interest to know how MgATP interaction events MQgATP hydrolysis is to render the electron transfer reaction
might be coupled to electron transfer. The overall architec- irreversible. Again, preventing reverse electron transfer
ture of the nitrogenase complex places the bound MgATP could be accomplished either by a change in the electron
at least 15 A away from the metal centers involved in the transfer pathway or by a change in the driving force for
electron transferl9). Thus, this architecture demands that electron transfer.
the effects of MgATP interaction must be communicated as  In summary, the results from the current study provide
protein conformational changes which impact the electron insights into the relationship between MgATP interactions
transfer reactionl| 4). How might this happen? A model and intercomponent electron transfer in nitrogenase. It
that is developing suggests MgATP binding induces a seriesappears that MgATP participates in this electron transfer
of protein conformational changes in the Fe protein, which reaction by regulating the reaction by a gating mechanism.
could impact the electron transfer reaction. An X-ray crystal Details of this mechanism are expected to be complex and
structure of a nitrogenase Fe proteoFe protein complex  will require additional work to be elucidated.
trapped with MgADP-AIF,~ appears to mimic some inter-
mediate state in the course of MgATP hydrolysi$ (16, ACKNOWLEDGMENT
19). The structure reveals significant conformational changes
in the Fe protein, suggesting that during the course of
MgATP binding and subsequent hydrolysis, a dynamic range
of protein conformations are accessed, which could impact
the rate and/or thermodynamics of electron transfer betwee
the proteins.
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