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This communication reports the evidence for a reversible 
photodissociation of carbon monoxide from a non-heme iron cluster 
of the Desulfovibrio (D.) vulgaris [Fe] hydrogenase. Both the 
unligated and the CO-bound states of the enzyme exhibit unique 
electron paramagnetic resonance (EPR) spectra, and the photo-
dissociation process can be followed by the EPR technique. 

Hydrogenases are a group of enzymes which catalyze the ox
idation of molecular hydrogen and/or the reduction of proton. 
According to their metal contents, hydrogenases may be cate
gorized into the nickel-containing hydrogenases and the [Fe] 
hydrogenases, which contain only the iron atoms.2,3 The peri
plasmic hydrogenase of D. vulgaris (Hildenborough NCIB 8303) 
is composed of two subunits with molecular masses of about 45.8 
and 10.5 kDa and contains two ferredoxin-type [4Fe-4S] clusters 
and an iron-sulfur cluster of undefined structure.4"7 The function 
of the two ferredoxin-type clusters is thought to be electron transfer 
while the third cluster is believed to be the hydrogen-binding site. 
D. vulgaris hydrogenase is highly sensitive to inhibition by CO.8,9 

Previous investigations6,10 have shown that when the reduced 
hydrogenase was exposed to CO an axial EPR signal with reso
nances at g, = 2.06 and g± = 2.01 (the axial 2.06 signal) is 
induced. Stoichiometric amounts of this axial 2.06 signal (ap
proximately one spin per molecule) could be generated with a low 
concentration of CO.10 This axial 2.06 signal was reported to be 
photosensitive,10 and we now have observed that at temperatures 
below 10 K this signal can be reversibly converted by light into 
a rhombic signal with resonances at g = 2.10, 2.04, and 2.00 (the 
rhombic 2.10 signal), found in the active hydrogenase. It should 
be noted that the photosensitivity of the axial 2.06 signal reported 
earlier10 was detected at temperatures above 20 K, where a dif-
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Figure 1. EPR spectra of D. vulgaris hydrogenase showing the effect of 
photoirradiation. Experimental conditions: temperature, 9 K; microwave 
frequency, 9.44 GHz; microwave power, 0.2 jtW; modulation amplitude, 
1.0 mT; receiver gain, 5 X 105. Spectra: (A) hydrogen-reduced enzyme 
treated with CO; (B) 20 min, (C) 40 min, (D) 80 min, and (E) 160 min 
irradiation with light; (F) warming the irradiated sample up to 150 K 
for 10 min and cooling back down to 9 K. 

ferent photoinduced process was observed. 
The D. vulgaris hydrogenase was purified as previously de

scribed.6 The specific activity of the purified enzyme in the 
hydrogen evolution assay was 3800 ± 250 jimol of H2/min/mg 
of protein. The EPR sample (140 iM protein in 50 mM Tris-HCl 
buffer, pH = 7.6) was reduced under a hydrogen atmosphere for 
about 30 min. A 10% volume of CO with respect to the total 
volume of the sealed EPR tube was injected into the reduced 
sample and incubated for 30 min before freezing with liquid 
nitrogen. An EPR spectrum of the CO-reacted hydrogenase 
(Figure IA) was then recorded at 9 K on a Bruker ER 200D-SRC 
spectrometer equipped with an Oxford Instruments ESR 910 
continuous flow cryostat. The axial 2.06 signal with a spin 
concentration of approximately 0.8 spin per molecule was observed. 
The sample, inside the EPR cavity at 9 K, was then subjected to 
the irradiation of a focused light beam from a 200-W mercury 
arc lamp (Oriel Optics Corp, C-60-30). After each selected 
interval of irradiation an EPR spectrum was taken. The results 
are shown in Figure 1 (traces B (20 min), C (40 min), D (80 min), 
and E (160 min)). These spectra indicated that irradiation of the 
CO-reacted sample at low temperature caused a decrease of 
intensity of the axial 2.06 signal and simultaneous appearance 
of the rhombic 2.10 signal." After 3 h of irradiation time, the 
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rhombic 2.10 signal reached a maximum intensity corresponding 
to ~0.5 spin/molecule, while the axial 2.06 signal was reduced 
to a minimum value of 0.3 spin/molecule. Since the light beam 
was focused onto only a part of the sample, complete conversion 
of the axial 2.06 signal to the rhombic 2.10 signal was not expected. 
Most interestingly, this photoinduced process was found to be 
reversible by warming up the sample and letting it stand for 10 
min at 150 K. An EPR spectrum recorded at 9 K after warming 
is shown in Figure IF. The rhombic 2.10 signal disappeared, and 
the axial 2.06 signal recovered approximately 80% of its original 
intensity. Storing the sample in liquid nitrogen for 24 h restored 
the full intensity of the axial 2.06 signal. For a given sample the 
irradiation-warming cycle could be repeated several times with 
consistently reproducible results. 

The rhombic 2.10 signal could also be induced by partially 
oxidizing the reduced hydrogenase under an argon atmosphere.12 

In order to show that CO is involved in the above mentioned 
photoconversion process, we produced a partially reoxidized 
hydrogenase sample under argon exhibiting the 2.10 signal and 
subjected it to the higher temperature (150 K). It was found that 
the argon-induced rhombic 2.10 signal retained its full intensity 
and did not convert into the axial 2.06 signal. 

Both the axial 2.06 and the rhombic 2.10 signals have been 
observed previously in the [Fe] hydrogenases isolated from D. 
vulgaris,6'12 Clostridium(C.) pasteurianum,13-14 and Megasphaera 
elsdenii.15 In the case of C. pasteurianum hydrogenase I the axial 
2.06 signal was induced by reacting CO with preparations which 
exhibited the rhombic 2.10 signal.13 The axial 2.06 signal was 
shown to represent a CO-bound cluster by the observation of 13C 
resonances in an ENDOR study of the 13CO-treated enzyme.16 

In the case of the [Fe] hydrogenase from D. vulgaris, the rela
tionship between these two signals has not been extensively studied. 
It should be noted in this regard that the axial 2.06 signal can 
also be induced by chemical oxidants.6 Furthermore, the phys
iological significance of the axial 2.06 signal has long been a 
controversy. It has been proposed that the axial 2.06 signal 
observed in D. vulgaris hydrogenase was caused by the uninten
tional exposure of the enzyme to oxygen and represented irre
versibly inactivated hydrogenase.12 However, our recent inves
tigation has shown that D. vulgaris hydrogenase with the fully 
developed axial 2.06 signal (induced by CO) could be reversibly 
activated.17 

The present study suggests that the CO-induced 2.06 and the 
rhombic 2.10 signals observed in D. vulgaris hydrogenase originate 
from the same iron-sulfur cluster with the axial 2.06 signal rep
resenting the putative CO-bound cluster and the rhombic 2.10 
signal, the unligated cluster. The effect of irradiation is to flash 
off the bound CO. The facts that the rhombic 2.10 signal retains 
its intensity at low temperature and that it can be converted back 
to the axial 2.06 signal by raising the temperature suggest that 
the flashed-off CO remains in the protein matrix but is separated 
from the cluster by an energy barrier(s). At higher temperatures, 
the CO is capable of crossing the barrier and recombining with 
the cluster, a plausible mechanism which bears similarity with 
that described for the CO binding of myoglobin where certain 
energy barriers were postulated.18 Since CO is a competitive 
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inhibitor of D. vulgaris hydrogenase, it is apparent that both the 
axial 2.06 and the rhombic 2.10 signals are of physiological sig
nificance. In general, metal centers in proteins can be grouped 
into catalytic substrate-binding sites as well as electron-transfer 
centers. The observed photoreaction of the 2.06 signal demon
strates that in the [Fe] hydrogenase from D. vulgaris a specific 
iron-sulfur cluster is involved in ligand binding. The fact that 
the 2.06 and the 2.10 signals are commonly observed in the [Fe] 
hydrogenases suggests further that the [Fe] hydrogenases must 
share this unique active center. 
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We wish to report a generalized treatment applicable to 1:1 
hydrogen bond complexation constants (as log K values) for a large 
number of acidtbase pairs in solvent tetrachloromethane. Recently, 
we have shown1 that when log K values for a series of acids 
(hydrogen bond donors) against a given reference base are plotted 
versus log K values for the acid series against any other reference 
base, there results a set of lines that intersect at a point where 
log K = -1.1, when equilibrium constants are expressed in molar 
concentration units. Because the order of solute hydrogen bond 
acidity is independent of the reference base (for exceptions see 
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