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INTRODUCTION 

Molybdenum is al found in ve ions nitrogenase. This 

with results es of ic models nitrogenase~ 

such as molybdate ne complex of auzer1 suggest that molybdenum 

plays an important role in the enzyme mechanism. In light of the many molyb~ 

denum-dinitrogen complexes that have been prepared~ it is ing to speculate 

that molybdenum is somehow i ved with the binding of substrates, prior 

to reduction ful understand the function of molybdenum 

in ase, it is important know whether, and under what conditions, 

molybdenum­ i ions 11 occur. using absorp-

tion inves s problem we wi 1l 

the resul we have date. 

i ex-ray source that is·occasi ly 1 able 

Radiation laboratory made it i to study 

s ons of absorber of i t typical of 

1 n al studies metall n terns with the 

ion source ly 2,3 

i discussed in 

i 5 is will here. For 

scussion, ion s vided into 

' !!!' on, located within + sharp increase 

in ion the the absorption 

fine s ure or EXAFS9 lOOOeV an absorption 

In edge 

case) 

ion9 we trans i ons 

low lyi unoccupied molecular 

core levels (ls, in the 

itals. Edge structure 

is determi by the metal si symmetry 9 i i surrounding 

ligands and the strength of the metal~ligand interaction. 
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At higher energies~ a continuous distribution of final states is lable 

for occupation by the ejected photoelectron. The absorption coefficient in 

the energy range of 50~1000eV above the edge is modulated due to backscattering 

of the ejected photoelectron from atoms in vi nity of the absorbing 

atom. These modu1 ons are the EXAFS, whi may 

ferogram whose structure is sensitive the di 

thought of as an inter~ 

between the absorber 

and nearby scatters~ the nature the scattering atom~ and the degree 

local order around the absorbing atom. The EXAFS is written as a normalized 

modulation of the absorption cross on in photoelectron wave vector (k) 

• Where k ~ 1 Zm(E-Eo) 1/2 (1) 
(k) 

k) : 

~n equation 1~ ll
0

(k) is the absorption cross section in the absence of any 

modul on. The dependence of EXAFS on local structure is ven 4 by equation 2. 

sum 

1.(k)=-

(k) has written as a sum 

-11.· )\' 
J J Sf)'! (t.k 

damped sinusoids. 

~.(k) 
J ' 

term in 

the contri on of a shell of Nj identical atoms located 

a di Rj from the absorber. The backscattering amplitude function 

des bes the interaction between photoelectron and scatterer. The 
a2k2 

of thermal and structural disorder are represented by e factor. 

(.z.J 

The effect of interations potentials on the photoelectron phase is given by the 

phase shift aj(k). Fi ly~ a mean free path 

for inelastic decay of the photoelectron. In equation 2, the backscattering 

amplitude is characteristic of the type scattering atom,'while the total 

phase shift is a combined characteristic of the absorber-scatterer pair. 

The above 'considerations indicate that the x-ray absorption spectrum 

is sensitive to the arrangement and nature of the ligands around a metal atom 
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In ncip1e, if dinitrogen were to bind directly to molybdenum 9 or bind to 

some other enzyme si causing an indirect perturbation of the coordination 

environment of molybdenum 9 the absorption spectrum would be altered. 

Our experimental approach to the use of x-ray absorption sepctroscopy 

can sumnari as follows. Solutions of the molybdenum-iron component 

nitrogenase are prepared and equilibrated with ther argon or dinitrogen. 

The molybdenum absorption spectra and EXAFS of these samples are measured 

and compared 9 along with the spectra of selected model compounds. 

EXPERIMENTAL 

The Mo-Fe component i was prepared 

according to procedure Shah and Bri11. 6 In one experiment 9 we used 

Mo-Fe component prepared by M. Henzl of the University -----
of Wisconsin at Madison. The average specific vities of pooled Azotobacter 

ons used in this work ranged from 1500 to 1650 nanomoles of ethylene 

produced per minute per millgram of protein. samples run frozen 

of vity after X-ray experiments was or better. For the 

experiment where were taken on 

argon equilibrated sample was 

sample 88%. 

utions held at 4°C, the recovery 

and that of the dinitrogen equili-

utions~ 

Tris (3-4 di iotoluene) Mo (VI) was prepared 

in a solution by the method of Gil and Sande1L 7 Other molybdenum 

compounds were reagent grade commercially available chemi s. 

X-ray spectra were recorded at the Stanford Synchrotron 

R ation laboratory. This facility has been described elsewhere. 8 Model 

compound spectra were recorded in the absorption mode using_ ion chamber detectors. 

Enzyme spectra were recorded in both the absorption and the fluorescence mode. 9 

Due to severe .absorption background problems, only fl cence EXAFS data 

are presented here. 
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R'EsOCrs= 

The:c·absorrrtion- edge- spectra of sever-al molybdenum- compounds= are- shown 

n· {igurr -1.-- In~ figure 2, the absorption- spectra- of two nitrogenase- samples 

at 4°C 'are .pres-ented. 

ln>a1Yo{the edge spectra~ the absorption of thecMo R=shen·was -, 

by fftting' a' first or second order polynomi 

the data= fo-llowed: bi extrapo 1 ati on and subtraction of-the fitted function 

fom=the'entire data set. 

rwo· types of EXAFS experiments were performed on nitrogenase samples. 

Three:separate data collections were made on esheld at -90°C. 

Each data collection included samples equilibrated wi argon and dinitrogen. 

A s:i e lar]_~ _9_ata_£ollection was performed on samples held at +4°C. The 

average EXAFS of nitrogenase samples at -90°C are shown: in figure 3. -In fi 

4--;,-- wev show- the EXAFS of nitrogenase samples at 4°C. 

ln: an_ effort measure the effects of dinitrogen coordination on molyb-

deoum- EXAFS~ Timothy Walker of our laboratory prepared samples of trans-bis 

ain-1 trogen [1 ~2~bi s diphenyl phosphi noethane]Mo( 0) -and its tetrahydri de ana 1 og. 

In figure-5, we present the EXAFS of these compounds. 

of model compounas (fig~ 1) illustrate the 

sensi the edge region structure to the environment of the molybdenum. 

Pr-ogressingcfrom-the octahedral K
3

Mo 
6 

to more distorted 6-coordinate structures 

(Tri~--4~oluene)Mo(Vl), Moo2 and Mo03) the. absorption- edge becomes 

broader and more complex. The spectrum of um molybdate dihydrate shows 

edge shape characteristic of the tetrahedral coordinated species with 

--- lyd0 configur ions. 10 
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absorption edge nitrogenase is broad and featureless on the low 

energy side of the first absorption maximum. the high energy side of the 

first absorption maximum~ there is a net shoulder. For six coordinate 

first row transition metal ions~ shoulders on the high energy side of the 

first absorption maxima have been attributed to splitting of the excited state 

to asymmetric coordination. 11 Comparison of the two enzyme s shows 

little difference in the low energy side the absorption edge. The energy 

of the 1nfleciton int in the absorption edge has been used as a qualitative 

indicator molybdenum ·"coordination charge". There is no change (within 

an error of leV) in the i ection point energy due to presence of dinitorgen. 

When dinitrogen is added~ the shoulder on the high energy si of the 

rst absorption maximum becomes somewhat broader. Schemes for the interpreta-

tion of this feature have been proposed, 13 but in the absence a detailed 

model of the molybdenum site in nitrogenase, a quantitative interpretation 

of-the changes observed is premature. 

In summary, the presence of dinitrogen causes only minor changes in the 

molybdenum edge structure of nitrogenase. These resul show that no drastic 

change in the coordination environment molybdenum occurs upon the addition 

dinitrogen. Without a detailed model of the structure of the molybdenum 

s1 , it would be premature to attempt a more quantitative lanation the 

changes observed. On a qualitiatve level, extension these ments 

to nitrogenase samples equilibrated with other substrates or inhibitors might 

permit a more detailed interpret on to be formulated. 

EXAFS STUDIES 

The EXAFS of the nitrogenase samples have been analyzed by Fourier 

transformation. 4 In figure the Fourier transforms of the -90°C trogenase 

EXAFS are presented. In addi on to the transforms of the EXAFS of samples 
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equilibrated with N2 and argon, we show the Fourier transform of the di 

between the Mo-Fe+N2 and the Mo-Fe+Ar EXAFS. The di EXAFS was obtained 

by subtracting the normali Mo-Fe+Ar (k) from that of Mo-Fe+N2• The difference 

transform should hi ight any features of the Fourier transforms due 

presence of dinitrogen. 

Examination of the transforms in figure 6 shows that both samples display 
0 

a major periodicity at an apparent radius of 1.72A~ with shoulder at 2.5A. 

There are no significant differences in the transforms. 

The results the Fourier transfer~ method depend on weighting of 

the data in k space prior to computation of the Fourier transform. By weighting 

different parts of the k space domain more heavily than others, information 

can be obtained about the dependence of EXAFS amplitude on k. When the gh 

k part of the data is given greater·weight in computing the transform, peaks 

due to scatterers with higher atomic numbers and less thermal and structural dis­

order tend to grow with respect to peaks due to scatterers of lower atomic number 

and greater disorder. 

data we1gted by k3. 

In figure 7 we show the Fourier transforms of ~he -90°C 
() 

The growth the peak at 2.5 A component suggests 

the 2.5 A component is due to scatterer(s) with higher atomic numbers than 

the scatterer'(s) responsible for the 1.72A component. 

In figure 8~ we show the transforms of nitrogenase data taken on samples 

There is a major periodicity at 1. as was observed in the -90° 
0 0 

data. However~ there are additional peaks at 3. A and 5. A (N2) and 4.06 A 
0 

and 4.82 A (Ar) which are not present in the -90° data. There appears to 

a significant difference in the N2 and Ar transforms. The interpretation 

of these results presents several problems. The first is that of the peaks at 
0 

distances of greater than 4 A. 
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Experience with the analysis EXAFS data from systems of known structure 

indicates that unless there are multiple scatterers~ detection of peaks beyond 

4 A is not possible. It could be proposed, knowing that a number of iron 

atoms are present in the molybdenum-iron cofactor, that the molybdenum is 

present in a novel cluster structure with ~ultiple molybdenum-iron distances. 

This explanation does not explain the apparent alterations in structure that 

occur on freezing. formufate a consistent explanation for both -90°C 

and 4°C data~ it would have to be assumed that a) a signifi structural 

change occurs ng freezing; b) upon thawing~ the molybdenum site assumes 

a highly unusual (by EXAFS standards) structure; and c) Mo-substrate i 

actions which occur at 4°C are blocked at -90°C. An alternative to the above 

specul ons is to assume that the 4°C data contains some pathological artifact 

which gives rise the peaks at larger. Under usual circumstances, these 

discrepancies would be resolved by simple repeti on of the experiment at 

4°C. However, the present situation with respect instrument time at Stanford 

make it unlikely that these experiments will be repeated soon. 

In summary, the EXAFS results show that the presence of nitrogen produces 

no change in the nearest neighbors molybdenum in nitrogenase. Both -90°C 

data and 4°C data are in agreement on this point. In the -90°C data a shoulder 

on the main peak in the Fourier transform appears to be due to a di 

type of scatterer than that responsible for 1. A peak. The data taken 

at show peaks extending out to 5.3 A. These peaks are altered in the 

presence of N2• Due to the large differences between t 4°C and 90°C , 

and the unusually large radii of peaks in the 4°C data, the apparent differences 

d~e to the presence N2 are open to question. 

Finally, we will consider the EXAFS of the molybdenum-dinitrogen complexes 

(fig. 5). In these compounds molybdenum is surrounded by 4 phosphorous atoms 
0 0 

(at 2.45 A) and in one case, two nitrogen atoms as well (2.01 A). The be ing 
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of two slightly fferent frequencies is apparent in the low k region of the 

data for the dinitrogen complex. The tetrahydride EXAFS is composed of a 

single major frequency. 

The results of this preliminary study show that in these compounds coordina­

tion of molybdenum by dinitrogen is detectable under some circumstances. 

It is clear, however, that the EXAFS is dominated by the scattering of 4 phos-

phorous atoms. This has impli ions the study of the molybdenum-substrate 

;Interactions in nitrogenase. If N2 entered the coordination sphere of molybdenum, 

its presence could be hidden by the presence a larger number of strong 

scatters such as sulfur or iron. This is particularly true if the Mo-N distance 

was close to the Mo~X distance, where X represents the other nearest neighbors 

· in nitrogenase. the present time~ we are continuing our EXAFS studies 

of molybdenum nitrogen complexes in an effort to better define the condi ons 

under which Mo-N coordination could be detected EXAFS. 
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