
(2) 

Likewise, reduction of dioxygen in the presence of 
activating substrates (transition metal complexes, 
esters, and methyl viologen (MV2+)) results in a con- 
certed two-electron process to yield reactive oxygen- 
ating agents and reaction mimics for oxygenases [6]. 

MV2++02 t2e- 
-0.5 v 

- MV+(O,) 
DMF 

The interactions of O2 and its reduction products 
with iron-porphyrin, 

- 

Fe”‘TPP+ t O2 + e- + Fe”TPP(02) L 

FenrTPP(OzZ-)- 

copper-bipyridine, 

(4) 

Cun(Bipy)22’ + O2 + 2e- + Cun(Bipy)(Oz2-) (5) 

and manganese-catechol complexes [9] 

Mr?(DTBC)a’- + O2 t OH- + 

Mn”‘(DTBSQ), (DTBC)(OZ-)(OH)3- + 

Mnlrl(DTBC),(OZ-) (OH)3- + DTBQ (6) 

yield a variety of reactive intermediates; the O2 ad- 
ducts are further activated by reduction. Several 
examples will be discussed of the oxidation of organic 
and inorganic substrates via reductive activation of 
0 2. 
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Cyanide and Methylisocyanide: Probes for Nitro- 
genase Reactivity 

BARBARA K. BURGESS*, JUDITH F. RUBINSON and 

JAMES L. CORBIN 

C. I? Kettering Research Lab, I50 E.S. College St., Yellow 
Springs, Ohio 45387, &%A. 

Nitrogenase (N*ase) is composed of two separately 
purified proteins, the molybdenum-iron (MoFe) 
protein and the iron (Fe) protein. Nitrogen fixation 
requires both proteins, a reductant, protons and 
MgATP. The Fe protein is generally accepted as a 
specific one-electron donor for the MoFe protein, 
which is believed to contain the substrate-reduction 
site. Besides N,, Nzase catalyzes the reduction of 
protons and a number of alternative substrates [e.g. 
I], including the two six-electron substrates, cyanide 
and methylisocyanide, we have recently studied. 

The rate-limiting step for Nzase turnover occurs 
prior to substrate reduction. Thus, total electron flow 
through the enzyme should be essentially indepen- 
dent of the substrate being reduced. Although this 
appears true for Nz fixation, H, evolution and &Hz 
reduction [2], both CN- [3] and CHaNC dramat- 
ically inhibit the rate of total electron flow through 
N,ase. Inhibition by both substrates is completely 
reversed by CO. Not only do CN- and CHaNC in- 
hibit nitrogenase turnover, they also reduce the en- 
zyme’s efficiency by increasing the amount of 
MgATP hydrolyzed for each electron pair used to 
reduce substrate. These data are interpreted in terms 
of CN- or CHaNC binding to the MoFe protein in 
such a way as to prevent electron transfer to sub- 
strate. With nowhere to go, the electrons fall back to 
the Fe protein to complete a futile cycle. 

Are the substrates Nz, HCN and CHaNC reduced 
in one six-electron step or via a series of lesser re- 
duced intermediates? Previously, we proposed that 
Nz is reduced to ammonia via the two-electron inter- 
mediates NzHz and N2H4 [4]. For the six-electron 
reductions of HCN to CH4 t NH3 and CHsNC to 
CH4 t CHaNH2, we have definitively identified the 
four-electron products, CHaNH, (for HCN) and 
CHaNHCHa (for CH,NC), and suggest them as inter- 
mediates. The formation of two-electron reduced 
intermediates for both HCN and CHaNC is suggested 
by the product ratio of NH,-to-CH, (for HCN) and 
CHaNH2-to-CH4 (for CHaNC) being greater than one. 

The data support mechanisms whereby the six- 
electron reduction of Nz, HCN and CHjNC occur via 
a series of analogous two- and four-electron reduced 
intermediates. Thus, a common phenomenon is likely 
as an intimate part of the mechanisms of NZ, HCN 
and CHaNC reduction. Although Hz evolution is sug- 
gested as an obligatory part of the N2-fixation mecha- 
nism, it is not required for either HCN or CHsNC 
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reduction. This apparent anomaly might be explained 
if Nz, HCN or CHaNC were either reduced at differ- 
ent sites or bound and reduced by different redox 
states of the MoFe protein. So, as increasing the ratio 
of Fe protein-to-MoFe protein increases electron 
flow, component protein ratio titration experiments 
in the presence of Nz, HCN and CHaNC were used. 
They indicate that HCN and CHaNC bind to and are 
reduced at a redox state of the MoFe protein more 
oxidized than that responsible for either N2 fixation 
or Hz evolution. 

Do all substrates and inhibitors of nitrogenase bind 
to the same site on nitrogenase? Experiments with 
various combinations of substrates (N,, HCN, C&NC, 
C2H2, NzO, I$) and inhibitors (Hz, CO, CN-, 
CHaNC) indicate that either CzHz or NzO stimulate 
HCN reduction and influence its product distribution, 
implying simultaneous binding and at least two inter- 
action sites on N,ase. CHaNC appears to act as both 
substrate and inhibitor on binding to the same Nzase 
site, implying productive and non-productive modes 
of binding. 
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Thermal and Optical Electron Transfer Probabilities 
in Biological Systems 

N. S. HUSH 
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Electron-transfer reactions are perhaps the most 
important elementary chemical processes. In ionizing 
solution, the rates of the simplest of such exchanges 
(outer-sphere self-exchange between solvated or com- 
plex ions) vary enormously - in fact by a factor of 
-10”. The reasons for this very striking behaviour, 
and also for variation in the rates of cross-reactions, 
are now thought to be basically understood, as a 
result of work over the last two decades [l] . It is also 
known that there is an intimate connection between 
the probability of thermal exchange and of the corre- 
sponding optical or photon-assisted exchange (inter- 
valence transfer) [2] ; in principle, the thermal proba- 
bility can be calculated from the optical transfer 
probability and vice versa. Intramolecular transfer in 
polynuclear complexes [3] and solid-state transfer 
(e.g. in organic or organometallic semiconductor/ 
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metals) can be interpreted within a very similar 
framework. 

Electron transfer processes are very important in 
biological systems. In these, we are usually faced with 
the problem that the precise pathway is not known. 
However, it is known that the overall donor-acceptor 
distance is often much greater (e.g. 15-20 A) than is 
usual in simpler systems. There has (mainly as a result 
of this) been much discussion of the role of tunnelling 
in biological electron transfer [4], often with the 
implication that this is of greater importance here 
than in simpler chemical processes. It is therefore of 
interest to ask whether one can, at this stage, make 
useful generalizations about this and other possible 
determinants of biological transfers. In order to at- 
tempt to do so, one must first focus attention on the 
basic parameters governing transfer probabilities. The 
most important of these are: 

(1) the coupling of electronic to intramolecular 
vibrational and to phonon modes of the system, and 
the frequencies involved, 

(2) the nature and magnitude of the transfer inte- 
gral (J) coupling the reactant and product hyper- 
surfaces, 

(3) the overall free energy change, 
(4) steric factors. 
The interplay of factors (1) and (2) will firstly be 

illustrated by reference to optical transfer in iron- 
sulphur proteins. The (thermal) frequency factors for 
transfer rates over large distances will then be dis- 
cussed with particular attention to the anticipated 
form of the distance-dependence of J. This is very im- 
portant, as the electronic transmission coefficient 
multiplying the frequency factor is (for J < k,T) 
proportional to J’. It will be shown that there is good 
reason to suppose that the decrease of J with increas- 
ing donor-acceptor distance R in important systems 
is typically much less than exponential, and may be a 
fairly low inverse power of R. The magnitude of ex- 
pected electron-phonon coupling energies and fre- 
quencies will also have an important effect in increas- 
ing the electronic transmission coefficients. It will be 
concluded that while nuclear tunnelling plays a sig- 
nificant but minor role at ordinary temperatures, 
there is at present no need to invoke electron tunnel- 
ling as a rate-determining step in typical large-distance 
biological electron-transfer processes in order to ac- 
count for their moderate to rapid rates. 
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