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A B S T R A C T  

Preliminary EXAFS data has been collected on the molybdenum (K-edge) in C. 
pasteurianurn formate dehydrogenase and the tungsten (LHi-edge) in C. thermoaceticum 
formate dehydrogenase. In the presence of dithionite, the tungsten enzyme was devoid of 
W = O bonds, and exhibited average W-(O, N) and W-S bond lengths of 2.13 ± 0.03 
and 2.39 + 0.03 A., respectively. In sharp contrast, the C. pasteurianum molybdenum site 
has three Mo = O bonds with an average bond length of 1.74 ± 0.03 A.. It is also the first 
molybdenum enzyme found lacking Mo-S bonds, and does not appear to be redox active in 
the presence of formate or dithionite. Model compounds WO2(8-hydroxyquinoline)2 = 
WO2(ox)2, and WO2(8 mercaptoquinoline)2 = WO2(tox)2, were also examined. Respective 
predicted bond lengths for WO2(ox)2 and WO2(tox)2 were W = O of 1.71, 1.73 .~, ; W-N of 
2.31, 2.29 A.; W-O or W-S of 1.92 or 2.40 A,  with estimated uncertainties of ±0.03 A.  

T h e  e n z y m e s  w h i c h  c a t a l y z e  t he  r e v e r s i b l e  o x i d a t i o n  o f  f o r m a t e  to  c a r b o n  d i o x i d e ,  

f o r m a t e  d e h y d r o g e n a s e s ,  e x h i b i t  s u b s t a n t i a l  d i v e r s i t y  in  t h e i r  p r o s t h e t i c  g r o u p  

c o m p o s i t i o n  a n d  r e a c t i v i t y  w i t h  v a r i o u s  e l e c t r o n  a c c e p t o r s  [1,  2] .  T h e  p r o s t h e t i c  
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groups of these enzymes can include Fe/S clusters, molybdenum, tungsten, and/or 
selenium. As part of a program to characterize systematic trends in the structure of 
molybdenum and tungsten enzymes [3-8], the molybdenum center in C. pasteu- 
rianum formate dehydrogenase, CP-FD, a Mo, Fe/S protein, has been examined 
by x-ray absorption spectroscopy [8], and compared with the tungsten site of C. 
thermoaceticum formate dehydrogenase, CT-FD, [9], a W,Se,Fe/S protein. The 
results show that the molybdenum and tungsten environments could hardly be 
more different. 

CT-FD was purified to a specific activity of 486 units/mg by previously 
described procedures [9] and concentrated to 180 mg/ml with an Amicon PM-30 
membrane. The activity was measured by monitoring the formation of NADPH 
[10]. Samples which were 2 mM in sodium dithionite were loaded anaerobically 
into Lucite cuvettes, and the spectra were recorded at room temperature. Although 
the activity was low on a protein basis, this was caused by the presence of 
tungsten-free enzyme. After correction for the presence of apoprotein it was 
estimated that better than 95 % of the tungsten-containing sites were active. Assays 
done immediately after data collection showed 8 % loss of activity. 

CP-FD was purified to a specific activity of 254 units/mg by an adaptation of 
previously described procedures [11, 12] and concentrated to 42 mg/ml with an 
Amicon XM-100A membrane in pH 8 50 mM Tris HC1 buffer. The sample "as-  
isolated" contained no reductants, and had a volume of 1.5 ml. The "formate- 
reduced" enzyme was prepared by addition of 20 #moles of formate. Subsequent 
addition of 12 #moles of dithionite produced the "dithionite-reduced" sample. 
The model compounds WO2(8-hydroxyquinoline)2 and WO2(8-mercaptoquino- 
line)2 were prepared using literature procedures [I 31. 

The EXAFS data were recorded on several occasions at the Stanford Synchro- 
tron Radiation Laboratory using filtered fluorescence detection techniques [14], 
and processed and analyzed according to previously described procedures [15, 
16]. To surmount a severe "g l i t ch"  problem with the Si[2,2,0] crystal in the W 
Lni region, a weighted average with a comparable spectrum obtained on a Si[ 1,1,1 ] 
crystal was generated, with the k-dependent weighting of the [2,2,0] contribution 
adjusted smoothly to zero in the glitch regions. 

The molybdenum K absorption edge region of "as-isolated" CP-FD in Figure 1 
shows a strong peak at 20008 eV which is a bound state transition characteristic of 
terminal oxo groups [5, 17]. The major inflection point position is in a region 
characteristic of Mo(VI) with oxygen and/or nitrogen ligands [3]. The "formate- 
reduced" spectrum shows a small shift to lower energy, but the overall shape is 
identical to the "as-isolated" spectrum. Because the monochromator makes large 
1-eV steps in this region, the apparent shift is within experimental error, and does 
not necessarily indicate binding of formate to molybdenum. It is certainly too 
small to indicate reduction of the molybdenum. However, the rapid color change 
demonstrated reduction of the Fe/S centers. Addition of dithionite, in order to 
generate more reducing conditions, yielded an edge indistinguishable from the 
"as-isolated" spectrum. 

The CP-FD EXAFS Fourier transform, Figure 2, has a strong low R peak with 
an amplitude corresponding to 3 M o = O  bonds. In contrast with all other 
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FIGURE 1. Molybdenum x-ray absorption edges for Clostridium pasteurianum formate dehydro- 
genase. Calibration assumed 20003.9 eV for molybdenum foil first inflection point. - - ,  Enzyme 
as-isolated; - - - - - - ,  formate-reduced enzyme; - - -  dithionite-treated enzyme. 

molybdenum enzymes, there is no significant longer distance peak that would 
indicate a Mo-S interaction. Rather, there are only weak features barely above the 
truncation ripple; these are probably from Mo-O and/or Mo-N interactions. 

The transform of the CT-FD EXAFS exhibits a single broad and asymmetric 
peak in the region where normal W-OR and W-SR features occur. Furthermore, it 
lacks any evidence for a short W = O bond. As illustrated in Figure 2, the spectrum 
of CT-FD is vastly different from that of CP-FD, as well as from two dioxo- 
tungsten "mode l s . "  The WO2(ox)2 and WO2(tox)2 models show twin peak 
patterns, similar to those previously observed for dioxo-molybdenum models [ 15]. 
The first peaks correspond to the W = O  interactions, while the second peaks 
represent the combination of W-N and W-O or W-S interactions. 

Curve-fitting the Fourier-filtered EXAFS data, as summarized in Scheme 1, 
allows more precise estimation of the metal-ligand distances. The structures of the 



122 S.P. Cramer et al. 

' ' ' ' I ' ' ' ' l ' ' ' ' l ' ' ' ' 

: 

ttO X t ¢,,b l \ ,d " / ,, 

I-. t LUCC ~ 1  I 
0 

V \ ~ F ,  
, , , I V ,  , , , I ~ ,  

O 1 2 3 4 

R + A(A) 
F I G U R E  2.  E X A F S  Four i e r  t r ans fo rms  for  fo rmate  dehydrogenases  and  tungs ten  model  compounds .  

Top:  - - - - ,  Clostridium pasteurianum formate  dehydrogenase ;  - - - ,  Clostridiura thermoaeeti- 
cure fo rmate  dehydrogenase .  Bot tom:  . . . . . .  , WO2(ox)2; - - - ,  WO2(tox)2. T r a n s f o r m  range:  k = 4 -  
12 ,~ -~ ,  k 3 weigh t ing .  

tungsten model compounds were derived from the EXAFS bond lengths combined 
with the assumption of cis-W = O bonds and equivalent ligands. 

1 . 7 1  A 1 . 7 3  A 

x _ o / l \ N J  S / I \ N }  
~- ~ .  *d 2.31 ~._." ~ 2.29 X,Y,Z = 0,N 2.39 Aav A A 

C. pasteurianum C. thermoacetlcum WO2(ox)2 W02(tox)2 

S C H E M E  1. P roposed  s t ruc tures  for  e n z y m e  metal  sites and  tungs ten  model  c o m p o u n d s  

The 1.74 A Mo = O bond length found by curve-fitting the CP-FD EXAFS is 
longer than the 1.66-1.72 .~ values found for other molybdenum enzymes. This is 
consistent with the proposed tri-oxo structure, since tri-oxo bonds tend to be 
longer than mono- or dioxo-Mo = O bonds, but shorter than the 1.77-tk bonds in 
MoO42-. Two additional different Mo-O,N distances were required to completely 
fit the CP-CR data, but the nature of these ligands remains unclear. 
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The CT-FD fits indicate W - O , N  and W-S interactions at 2.13 and 2.39 ,~, 
respectively. However,  there is a large uncertainty in the coordination numbers. 
EXAFS amplitude corrections may be required, because the enzyme data were 
recorded in the fluorescence mode using filters, while the model compound spectra 
were recorded in transmission mode. Additional uncertainty stems from the 
possbile presence of a W-Se  interaction, since inclusion of a W-Se  interaction at 
2.6 A does improve the fit and lower the number of  W-S  interactions required. 
Selenium EXAFS experiments are planned to resolve this point. The proposed 
tungsten environment bears some resemblance to the structure previously reported 
for E. co l i  nitrate reductase [7]. 

A tungsten cofactor can be obtained from CT-FD [ 18], which has excitation and 
emission spectra very similar to the degraded molybdenum cofactor from sulfite 
oxidase, nitrate reductase, and xanthine oxidase [19, 20]. A similar fluorescent 
material can also be extracted from CP-FD [21]. Johnson and Rajagopalan [19] 
have proposed that the molybdenum cofactor contains a novel 6-substituted pterin 
with two sulfurs in the side chain and that molybdenum is coordinated by these 
sulfurs. The CT-FD tungsten EXAFS, together with the results of  fluorescence 
excitation and emission spectroscopy [18], are consistent with the presence of a 
similarly substituted pterin for the tungsten cofactor. 

The absence of sulfur ligands indicated by the EXAFS studies of  CP-FD 
indicates differences between its molybdenum environment and the model 
proposed by Johnson and Rajagopalan [19]. These results suggest that either the 
same pterin binds metals in different ways in different enzymes, that different 
types of  pterins are present in different molybdenum enzymes, or that the cofactor 
acutally binds to molybdenum through nitrogen and/or oxygen ligands, with the 
sulfur ligands frequently observed by EXAFS being provided by the protein. 
Although the possibility remains that sulfur ligands interact with CP-FD 
molybdenum under other conditions, the current EXAFS results nonetheless 
clearly show that molybdenum can be bound to proteins in a sulfur-free 
environment. 
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