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Structural and Catalytic Properties of Hydrogenase from 
Chromatiurn? 

Peter H. Gitlitzt and Alvin I. Krasna* 

ABSTRACT: The enzyme hydrogenase, from the photosyn- 
thetic bacterium Chromatium, was purified to homogeneity 
after solubilization of the particulate enzyme with deoxy- 
cholate. The  purification procedure included ammonium 
sulfate fractionation, treatment with manganous phosphate 
gel, heating a t  63O, DEAE-cellulose chromatography, and 
isoelectric focusing. The last step gave two active enzyme 
fractions with isoelectric points of 4.2 and 4.4. It was shown 
that  the two fractions were different forms of the same pro- 
tein. The enzyme was obtained in 23% yield and was puri- 
fied 1700-fold. The enzyme had a molecular weight of 
98,000, a sedimentation coefficient of 5.16 S and gave a sin- 
gle protein and activity band on disc gel electrophoresis. So- 
dium dodecyl sulfate gel electrophoresis gave a single band 
of mol wt 50,000, suggesting that the active enzyme was 
composed of two subunits of the same molecular weight. 

T h e  enzyme hydrogenase catalyzes the reversible activa- 
tion of molecular hydrogen and is unique in that its sub- 
strate, Hz, is the simplest molecule known. The activation 
of hydrogen can be demonstrated in a number of ways. 
From studies on the enzyme-catalyzed conversion of para 
hydrogen and the exchange between hydrogen and H D O  
(Krasna and Rittenberg, 1954) or HTO (Anand and Kras- 
na, 1965), it was concluded that hydrogenase cleaves hydro- 
gen heterolytically to form an enzyme hydride and a proton. 

In cells containing hydrogenase, the enzyme can reduce 
various substrates with hydrogen or evolve hydrogen gas 
from substrates with low redox potentials. In photosynthetic 
organisms, hydrogen can serve as the reducing agent under 
anaerobic conditions and reduce pyridine nucleotides. In ex- 
tracts of the photosynthetic bacterium, Chromatium, the 
reduction of N A D +  by hydrogen requires ferredoxin. This 
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The pure hydrogenase contained four atoms of iron and 
four atoms of acid-labile sulfide, and had a visible absorp- 
tion peak a t  410 nm. Electron paramagnetic resonance 
(EPR) spectroscopy a t  10-15 K showed a free-radical sig- 
nal a t  g’ = 2.003 in the oxidized enzyme and signals a t  g’ = 
2.2 and g’ = 2.06 in the reduced enzyme. These findings 
suggest that  Chromatium hydrogenase is a n  iron-sulfur 
protein. The pure hydrogenase catalyzed the exchange reac- 
tion between H2 and H D O  or HTO,  the reduction of Benzyl 
Viologen and Methylene Blue, and the evolution of hydro- 
gen from reduced Methyl Viologen. The mechanism of hy- 
drogen activation was shown to be heterolytic cleavage to 
an enzyme hydride and a proton. Hydrogenase could not 
catalyze reduction of pyridine nucleotides or ferredoxin 
with H2. The effect of pH and various inhibitors on the en- 
zymatic activity has been studied. 

was demonstrated by Weaver et al. (1965) who also re- 
ported that the enzymatic activity was present in the soluble 
portion of the extract. Buchanan and Bachofen (1968), 
while confirming the ferredoxin requirement, found only 
25% of the H*-NAD+ reducing activity of the extract in 
the soluble portion with no activity in the particulate frac- 
tion. Reconibination of the soluble and particulate fractions 
restored the original H2-NAD’ activity, yet both fractions 
contained equal amounts of hydrogenase activity as mea- 
sured by reduction of Benzyl Viologen with hydrogen. 
Feigenblum and Krasna (1970) found all the hydrogenase 
and ferredoxin-dependent H*-NAD+ reducing activity in 
the particulate fraction of Chromatium extracts. The par- 
ticulate hydrogenase was solubilized with Triton X-100 or 
deoxycholate and the reduction of N A D +  by hydrogen was 
dependent on either ferredoxin or Benzyl Viologen. 

In order to study the mechanism of hydrogen activation 
by hydrogenase, the hydrogenase of Chromatium has been 
purified to homogeneity and its structural and catalytic 
properties studied as described in this report. 

Experimental Section 
All reagents were obtained from commercial sources and 

were of the highest purity available. Chromatium cells were 
grown as  described previously (Feigenblum and Krasna, 
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1970) and stored as a frozen paste. Hydrogenase activity 
was assayed by the deuterium exchange (Krasna and 
Rittenberg, 1954) or tritium exchange methods (Anand and 
Krasna. 1965; Feigenblum and Krasna, 1970). When assay- 
ing highly purified hydrogenase preparations, where the 
protein concentration was very low, bovine serum albumin 
(4 mg) was added to each assay. In the deuterium exchange 
assa), 1 unit of activity is defined as the appearance of 0.05 
atom YO D per hr (DzO concentration of 10%). In the tri- 
tium assay. 1 unit is defined as an exchange rate of 1 
mV/hr as measured in an ionization chamber with a 10l2 R 
resistor (the 3H20 contained 1 mCi/ml). One unit of ex- 
change activity, as defined, is equal to the activation of 
0.287 kmol of hydrogen/min. 

Manometric assays for reduction of substrates by hydro- 
gen or evolution of hydrogen from reduced substrates were 
carried out as described by Feigenblum and Krasna (1970). 
Oxygen was removed by the use of Feiser's solution (Feiser, 
1924). which contains 15 g of sodium hydrosulfite and 2 g 
of sodium anthraquinone-&sulfonate in 100 ml of 20% PO- 
tassium hydroxide. The manometric activities are  expressed 
as micromoles of hydrogen consumed or evolved per min- 
ute. 

Analytical Methods. Protein concentration was deter- 
mined by the method of Lowry et al. (1951). Polyacrylam- 
ide disc gel electrophoresis was carried out a t  p H  9.5 and 
the gels were analyzed for protein and hydrogenase activity 
(Ackrell et al., 1966: Kidman et al., 1968). Sodium dodecyl 
sulfate gel electrophoresis, as described by Shapiro et al. 
( 1967) and Weber and Osborn ( 1  969), was used for estima- 
tion of the molecular weight of protein subunits. 

The molecular weight of' purified hydrogenase was deter- 
mined by sucrose density gradient centrifugation (Martin 
and Ames, 1961) and by analytical ultracentrifugation 
(Yphantis, 1964). For the gradient centrifugation, sucrose 
solutions were prepared in 0.05 M phosphate buffer (pH 
7.0) containing 0.00 1 M mexaptoethanol. Gradients were 
run at  7O for 18 hr in an SW-39 rotor a t  34,000 rpm. Frac- 
tions were collected and assayed for hydrogenase activity. 
Ovalbumin, bovine serum albumin, and aldolase were used 
as standards. ~ 2 0 , ~  values were determined by sedimentation 
velocity in a Spinco Model E centrifuge. 

Amino acid analysis was carried out by hydrolyzing puri- 
fied hydrogenase in vacuo with constant boiling HCI for 22 
hr a t  I I O o ,  drying the sample over N a O H ,  and analyzing 
with a Beckman automatic amino acid analyzer. The in- 
strument was calibrated with a standard amino acid mix- 
ture, Half-cystine was determined on a sample oxidized 
with performic acid (Hirs, 1956; Moore, 1963). Tryptophan 
was estimated spectroscopically by the methods of Bencze 
and Schmid (1957) and Edelhoch (1967). Both methods 
gave similar results. 

Total iron was determined by atomic absorption with a 
Varian AA5 spectrophotometer. Acid-labile sulfide was 
measured by the method of Brumby et al. ( 1  965). 

Electron spin resonance measurements were performed 
on a Varian E-9 E P R  spectrometer a t  10-15 K. W e  are in- 
debted to Dr. P. Aisen of the Department of Biophysics of 
the Albert Einstein College of Medicine for these analyses. 
For electron paramagnetic resonance (EPR)  and iron deter- 
minations. the pure enzyme was first dialyzed against 0.05 
M Hepes (N-2-hydroxyethylpiperazine-N'-2-ethanesulfo- 
nate) buffer (pH 7.1), containing 0.1 M KCI and 5 X 
M EDTA and then against iron-free 0.05 M Hepes (pH 
7 .  I ) .  containing 0.1 M KCI. 

Table I: Purification of Chromatiurn Hydrogenase. 

Total Total Sp Act. 
Act. Protein (Units/mg % Act. 

Step (Units)a (mg) of Protein) Recovd 

Extract 3170 19,500 0.16 100 

fraction 2020 1,860 1.08 64 
MnC1,- heat 2480 115 21.6 78 
High-speed super- 

natant fraction 2130 80.1 26.6 67 
DEAE fraction 1520 12.2 125 48 
Isoelectric 

focusing 
(a) 4.2 228 0.87 262 7 
(b) 4.4 512 1.79 286 16 

(",),SO, 

~ 

aThe  values in the table are based on the exchange assay and the 
units are defined in the Experimental Section. One unit of exchange 
activity is equal to  the activation of 0.287 pmol of hydrogen/min. 

Purif icat ion of C h r o m a t i u r n  H y d r o g e n a s e .  The method 
used for the solubilization of particulate hydrogenase by 
sonication in deoxycholate is that  described by Kondo et al. 
(1957) with the omission of trypsin digestion which was 
found to be unnecessary (Feigenblum and Krasna, 1970). 
Except where noted, all steps were performed between 0 
and 4' under normal aerobic conditions. For assay, the en- 
zyme was activated by addition of hydrosulfite (exchange 
assay) or by the presence of an oxygen absorber in a center 
well (manometric assay). There was no loss of activity on 
exposure of the enzyme to air a t  any step in the purification 
procedure. 

The packed cells from 40 1. of media were suspended in 3 
vol of 3% sodium deoxycholate, and portions of 50 ml were 
treated by sonication in a I O  kc Raytheon sonic oscillator 
for 25 min. The sonicated solution was centrifuged a t  
18,OOOg for 20 min and the supernatant fraction recovered 
(extract). 

The extract was diluted with 3 vol of 0.0067 M phos- 
phate buffer (pH 7.0) and the p H  raised to 8.0 by addition 
of 1 A' KOH.  This solution was incubated a t  37O, with 
shaking, for 45 min after which the p H  was brought to 7.0 
with 1 N HCI. Saturated ammonium sulfate was added to 
bring the solution to 20% saturation, the mixture was cen- 
trifuged at  17,OOOg for 20 min, and the precipitate discard- 
ed. The supernatant solution was then brought to 50% satu- 
ration and centrifuged a t  9000g for 15 min, and the super- 
natant fraction discarded. The precipitate was dissolved i n  
700 ml of 0.05 M phosphate buffer (pH 7.2), containing 
0.01 M mercaptoethanol, and the solution clarified by cen- 
trifugation a t  40,OOOg for 20 min ((NH4)2S04 fraction). 

To  the clear (NH4)2S04 fraction, 35 ml of 0.5 M MnC12 
was added; the solution was stirred for 15 min and centri- 
fuged a t  17,OOOg for 15 min. The resultant supernatant so- 
lution was then heated a t  63' for 10 min and cooled to  O o ,  
and the suspension centrifuged a t  40,OOOg for 20 min to 
yield a clear supernatant fraction (MnCl2-heat). 

This solution was concentrated to 25 ml in an Amicon ul- 
trafiltration cell with a PM-30 membrane and the concen- 
trated solution centrifuged a t  100,OOOg for 90 rnin (high- 
speed supernatant fraction). The high-speed supernatant 
solution was dialyzed against 0.05 M phosphate buffer (pH 
7.0), containing 0.001 M mercaptoethanol and applied to a 
DEAE-cellulose (DE-52) column (1.9 X 22 cm) equilibrat- 
ed with the same buffer. The column was eluted with a lin- 
ear phosphate gradient (pH 7.0. containing 0.001 M mer- 
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FIGURE 1 : Elution pattern of hydrogenase from DEAE-cellulose col- 
umn. Fractions of 8-ml volume were collected. 

captoethanol) from 0.05 to 0.5 M at a flow rate of 25 ml/ 
hr. Sixty 8-ml fractions were collected and assayed for ex- 
change activity and absorbance a t  280 nm. The active frac- 
tions were combined and concentrated to 4 ml in an Amicon 
ultrafiltration cell with a PM-10 membrane. This solution 
was dialyzed against 0.05 M phosphate buffer (pH 7.0) 
containing 0.001 M mercaptoethanol (DEAE fraction). 

The DEAE fraction was then purified by isoelectric fo- 
cusing between pH 3 and 5 using the apparatus and Am- 
pholines supplied by LKB. The total concentration of .Am- 
pholines was 3%; I O  parts of pH 3-5 Ampholines were 
mixed with 1 part of pH 3-10 Ampholines. After the col- 
umn reached equilibrium, fractions of 1 -ml volume were 
collected and the activity found in two fractions a t  pH 4.2 
and 4.4. These two fractions were centrifuged a t  40,OOOg 
for 30 min and dialyzed against 0.05 M phosphate buffer 
(pH 7.0) containing 0.001 M mercaptoethanol to give two 
pure fractions, 4.2 and 4.4. 

Results 
Purqication of Hydrogenase. A summary of the purifi- 

cation scheme developed for obtaining pure Chromatium 
hydrogenase is given in Table I. Extraction of the cells by 
sonication in deoxycholate followed by incubation at  37O, 
pH 8.0, solubilized the particulate hydrogenase. Most of the 
red pigments in the extract were removed by the ammo- 
nium sulfate treatment and MnC12 precipitation removed 
the remainder. Addition of MnCl2 to the ammonium sulfate 
fraction in phosphate buffer produced a voluminous precipi- 
tate, probably manganous phosphate. This gel adsorbed 
other proteins and gave considerable purification. The hy- 
drogenase activity at  this stage was completely stable to 
heating at  70° for 10 min, and heating a t  8 5 O  for 10 min in- 
activated only 40% of the activity. Heating at  63O for 10 
min was, therefore, selected as a purification step. The elu- 
tion pattern of the enzyme from DEAE-cellulose is shown 
in Figure 1; this step gave a five-fold purification. The final 
step, which gave pure hydrogenase, was isoelectric focusing; 
the results are  presented in Figure 2A. The enzyme is sepa- 
rated into two distinct bands with p l  values of 4.2 and 4.4. 
As can be seen from Table I, both forms of the enzyme have 
the same specific activity and, as will be shown below, are  
probably the same protein. This procedure gave a 1700-fold 
purification with 23% recovery of the initial activity. 

TO decide whether the 4.2 and 4.4 forms of the purified 
hydrogenase were different proteins or different ionic forms 
of the same protein, each separated form of the enzyme 
(from the peak tubes in  Figure 2A) was subjected to iso- 
electric focusing a second time as shown in Figures 2B and 
2C. It is clear that each form gave two components with p l  

d.1 -.- , 1; ;;i 4, , , r 2  
A i  

AS b* 0 

30 40 50 60 70 80 
Fraction Na 

r 1  I 

Fraction No. 

L E  I 
30 40 50 60 70 80 

Fraction No. 

FIGURE 2: Profile of hydrogenase on isoelectric focusing. Ampholines 
were used in  the following amounts: pH range 3-5, 5.0 ml: pH range 
3-10, 0.4 ml. (A) Profile of enzyme after DEAE fractionation. Frac- 
tions containing 25 drops were collected. Fractions 57-59 were com- 
bined as the 4.2 form and fractions 61-64 were combined as the 4.4 
form. The peak tubes from the two fractions separated in Figure 2A 
were subjected to a second isoelectric focusing and fractions of 16 
drops were collected. (B) Profile of the 4.2 form of the enzyme. (C) 
Profile of the 4.4 form of the enzyme. 

values of 4.2 and 4.4. This finding suggests that both peaks 
represent the same protein in different ionic forms. I t  is 
quite possible that the separation into two active forms is an 
artifact of the method perhaps due to complexing with Am- 
pholines. 

Molecular Weight. Sucrose density gradient centrifuga- 
tion was used to estimate the molecular weight of the en- 
zyme from the last steps in  the purification. The enzyme 
after DEAE-cellulose chromatography had a molecular 
weight of 98,000 f 8000. After isoelectric focusing the mo- 
lecular weights were 100,000 f 4000 for the 4.2 form and 
98,000 f 4000 for the 4.4 form. 

To obtain more precise values for the molecular weight, 
the 4.4 form of the enzyme was analyzed by analytical ul- 
tracentrifugation. The ~ 2 0 , ~  value was 5.16 S. High-speed 
equilibrium sedimentation data (not shown) suggested a ho- 
mogeneous preparation. Using a partial specific volume of 
0.75 (calculated from the amino acid composition) and the 
equilibrium sedimentation data, the molecular weight was 
calculated to be 93,000 f 4000. 

Polyacrylamide gel electrophoresis of the 4.2 and 4.4 
forms of the pure enzyme showed a single protein and activ- 
ity band. Sodium dodecyl sulfate gel electrophoresis was 
used to estimate the subunit molecular weights. Both forms 
of the enzyme gave one major band and from the mobility 
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nanometers 

FIGbRE 3: Absorption spectrum of Chromatium hydrogenase. The 
spectrum shown is that for both the 4.2 and 4.4 forms of the enzyme. 
The spectrum of bovine serum albumin is included for comparison. 
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FIGURE 4: EPR spectrum of Chromatium hydrogenase. The 4.4 form 
of the enzyme at a concentration of 1.1 X IOF5 M in 0.05 M Hepes 
buffer (pH 7.1) containing 0.1 M KC1, was analyzed at 15 K: (A) oxi- 
dized enzyme as isolated; (B) after reduction with sodium dithionite; 
microwave power, 10 mW; modulation amplitude, 10 G; microwave 
frequency, 9.404 GHz; spectrometer gain, 1.25 X lo3 (A) and 3.2 X 
104 (B). 

of this band (not shown), the subunit molecular weight was 
estimated to be 50,000 and 49,000 for the 4.2 and 4.4 en- 
zymes, respectively. Considering that the molecular weight 
of the native enzyme was 93,000-100,000, it is reasonable 
to conclude that Chromatium hydrogenase consists of two 
subunits of molecular weight 50,000, 

Chemical Properties of the Purified Enzyme. The ab- 
sorption spectrum of hydrogenase in the ultraviolet and visi- 
ble regions is shown in Figure 3. For comparison, the spec- 
trum of bovine serum albumin is included. It is clear that 
hydrogenase absorbs in the visible with a peak a t  410 nm. 
This absorbance is typical of iron-sulfur proteins (Orme- 
Johnson, 1973) and suggests that hydrogenase contains this 
functional group, probably at  the active site. Both forms of 
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Table 11: Amino Acid Composition of Purified Hydrogenase? 

No. of Residues 

4.2 Form 4.4 Form 

LY s 

k g  
ASP 
Thr 
Ser 
Glu 
Pro 

Ala 
Half-Cys 
Val 
Met 
Ile 
Leu 
Tyr 
Phe 
Trv 

His 

Gly 

26 
23 
5 1  
86 
43 
48  

101 
39 
85 

120 
14 
61 
14 
48  
76 
19 
24 
13  

27 
22 
57 
87 
44 
45 

101 
38 
83  

132 
12 
63  
15 
50 
76 
19 
24 
13  

aThe  amino acid composition was calculated using 98,000 as the 
molecular weight of the enzyme. The details of the analysis are given 
in the Experimental Section. The values given are the average ob- 
tained from six separate determinations o n  three different enzyme 
vrevarations. 

the enzyme have identical absorption spectra and the milli- 
molar extinction coefficients a t  280 and 410 nm are 96 and 
14, respectively. The extinction coefficient a t  280 nm calcu- 
lated from the aromatic amino acid content is 108. Addition 
of dithionite to the enzyme causes a slight decrease in , the 
absorption a t  410 nm. 

The amino acid analysis of the purified enzyme is given 
in Table 1 1 .  Each value is the average of six separate deter- 
minations on three different enzyme preparations. I n  addi- 
tion, the 4.4 form isolated by isoelectric focusing of the 4.2 
form gave the same composition as  the 4.4 form and vice 
versa. I n  general, both forms of the enzyme had the same 
amino acid composition which suggests that they are  the 
same enzyme in different ionic forms. The only notable dif- 
ference is in the value for alanine and it is slightly greater 
than the observed experimental error. Though the amide 
content was not determined, the high percentage of aspartic 
and glutamic acids is consistent with the low isoelectric 
point of the enzyme. 

Analysis of the purified enzyme for iron and acid-labile 
sulfide showed 3.7 atoms of iron and 4.0 atoms of sulfide i n  
the 4.2 form. The 4.4 form contained 3.6 atoms of iron and 
3.9 atoms of sulfide. 

The EPR spectrum of purified hydrogenase a t  15 K is 
shown in Figure 4. In the oxidized state, there a re  two sig- 
nals with axial symmetry at  g’ = 2.003 and g’ = 2.018. On 
reduction, the 2.018 signal is lost and two new signals ap- 
pear a t  g’ = 2.2 and g’ = 2.06 along with a very small sig- 
nal at g’ = 2.125. No signal is detected a t  g’ = 1.94. The 
signals observed are  consistent with hydrogenase being an 
iron-sulfur protein (Orme-Johnson, 1973). 

Catalytic Properties of Purified Hydrogenase. Table I I I 
compares the activity of hydrogenase at  different stages of 
purification with respect to reduction and oxidation of dyes. 
The enzyme, purified with respect to the exchange reaction, 
was able to catalyze the reduction of Methylene Blue and 
Benzyl Viologen with hydrogen and the evolution of hydro- 
gen from reduced Methyl Viologen. It c i n  be seen that as 
the enzyme is purified, the dye activity decreases compared 
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Table 111: Reduction and Oxidation of Dyes by Chromatium Hydrogenase at Different Stages of Purificati0n.a 

Ratio 
Exchange Act. Methylene Blue 

Reduction/ 
of Protein) Exchange 

(pmol of H,/min per mg 

Whole cells 0.029 8.4 
Extract 0.046 5.5 
(NHJ,SO, fraction 0.31 9.2 
High-speed supernatant fraction I .6 4.1 
4.2 or 4.4 enzvme 82.1 3.9 

Benzyl Viologen 
Reduction/ 
Exchange 

2.5 
3.0 
2.8 
1.2 
0.95 

Methyl Viologen 
Oxidation/ 
Exchanee 

0.86 
0.89 
0.61 
0.31 
0.43 

~ ~~~~ ~ ~~ 

a The manometric assays were performed as described in the Experimental Section. In each case, 10 pmol of substrate was added and the 
assays were done at two different enzyme concentrations to ascertain that the rates fell in the linear range. All activities are expressed as 
micromoles of HJminute per milligram of protein. 

Table IV: NAD+ Reduction by Chromatium Hydr0genase.a 

Rate of NADf Reduction in Presence 
of Cofactors 

Rate of Benzyl Clostridial Spinach 
Exchange None ViologenFerridoxinFerridoxin 

Whole cells 0.67 0.005 0.039 0.012 0.016 
Extract 2.24 0.011 0.017 
(NHJZSO, 

fraction 0.94 0 0 0 

enzyme 2.24 0 0 0 
4.2 or 4.4 

a NAD+ (10 pmol) was present as substrate. Cofactors were added 
in the following quantities; Benzyl Viologen, 0.5. pmol; clostridial 
ferredoxin, 0.15 umol; suinach ferredoxin. 0.025 umol. The rates of 

ME”\ 
h 
“0 I 

I I 1 I 

4 5 6 7 8 9  
PH 

exchange and NAD+ reduction are expressed as micromoles of H,/ 
minute per milliliter of enzyme fraction. 

FIGURE 5: Effect of pH on the D20  exchange and Methylene Blue re- 
duction reactions, using purified Chromafium hydrogenase. Buffers 
were a t  a final concentration of 0.15 M. (A) citrate; (0) phosphate; 
(0) Tris. 

Table V: Inhjbition of Pure Hydrogenase.0 
~ 

% Inhibition 
Methylene 

Compd Tested Reaction Reduction 
Exchange Blue 

Mercuric chloride 
Silver nitrate 
Copper sulfate 
Sodium nitroprusside 
2,3-Dimercapto-l-propanol 
Potassium ferrocyanide 
Sodium mersalyl 
Sodium iodoacetate 
2,2’-Dipyridyl 
Sodium arsenite 
1 ,lO-Phenathroline 
pHydroxymercuribenzoate 

100 
100 
100 
44 
16 
13 
9 
8 
8 
7 
I 

100 
100 
100 
88 
41 

6 
3 

11 
aThe inhibitors were tested with the 4.4 form of the pure enzyme. 

All inhibitors were present at a final concentration of 10-3M. 

to the exchange activity. This suggests that although the 
pure enzyme is capable of dye reduction and oxidation, 
there are  factors present in the crude system which facili- 
tate this reaction. 

The  activity of hydrogenase toward N A D +  reduction a t  
different stages of purification is shown in Table IV. In 
whole cells, NAD+ reduction was stimulated by Benzyl 
Viologen or ferredoxin. The  crude extract showed less stim- 
ulation by Benzyl Viologen, while after ammonium sulfate 
fractionation the enzyme could no longer reduce N A D +  
even in the presence of Benzyl Viologen or ferredoxin. It is 

clear that  hydrogenase cannot reduce NAD+ with hydrogen 
and that the reduction observed in crude systems is due to 
the presence of other enzymes or factors. The pure enzyme 
did not catalyze the reduction of ferredoxin with hydrogen. 

Figure 5 compares the p H  profile of the purified hydro- 
genase for the exchange reaction and the reduction of 
Methylene Blue. The exchange reaction shows a relatively 
sharp p H  optimum a t  6.0, while the Methylene Blue reduc- 
tion shows a very broad p H  profile from 5 to  8.5. 

Activation of H2 by hydrogenase was shown (Krasna and 
Rittenberg, 1954) to be a heterolytic process resulting in 
the formation of an enzyme hydride and a proton. The  evi- 
dence for this mechanism is the demonstration of the for- 
mation of H D  a t  a more rapid rate than D D  when the ex- 
change reaction is measured with H2 in 100% D2O. The 
ratio of HD to D D  formation a t  all stages during the purifi- 
cation, from the whole cells to  the pure enzyme, was 2.4- 
2.5. It is clear that the Chromatium hydrogenase catalyzes 
a heterolytic split of H2 and that this mechanism is unaf- 
fected by the degree of purity of the enzyme. 

Enzyme Inhibition. The effect of a number of inhibitors 
on the exchange and Methylene Blue reduction activity of 
pure hydrogenase is shown in Table V. The  heavy metals, 
mercury, silver, and copper, completely inhibit the enzy- 
matic activity. This was also found for the hydrogenase of 
Scenedesmus and Proteus vulgaris (Hartman and Krasna, 
1964) and could be due to reaction with sulfhydryl, amino, 
carboxyl, or imidazole groups. Sodium nitroprusside, 
Na2[Fe(CN)sNO],  was shown to inhibit the hydrogenase 
of Proteus vulgaris (Krasna and Rittenberg, 1955) and 
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Desulfovibrio desulfuricans ( Krasna et al., 1960) and, as 
shown in Table V, also inhibits Chromatium hydrogenase, 
although to a lesser extent. This inhibitor had a greater ef- 
fect on Methylene Blue reduction. The  other inhibitors test- 
ed had no effect on the enzymatic activity except for a par- 
tial inhibition of Methylene Blue reduction by 2,3-dimer- 
capto- 1 -propanol. The  failure of dipyridyl and phenanthro- 
line to  inhibit hydrogenase is in accord with our earlier ob- 
servation (Hartman and Krasna, 1964) that  chelating 
agents have no effect on active hydrogenase and suggests 
that the iron is firmly bound in the active enzyme. 

The  failure to observe inhibition by mersalyl, iodoace- 
tate, p-hydroxymercuribenzoate, and arsenite suggests that 
modification of the available cysteine residues of Chroma- 
t ium hydrogenase does not affect the catalytic activity, or 
that there a re  no available sulfhydryl groups. This is in con- 
trast to other hydrogenases which are  inhibited by these re- 
agents (see Discussion). 

Discussion 
The procedure described above affords pure hydrogenase 

from the photosynthetic bacterium, Chromatium, in a rea- 
sonable yield. All the criteria applied (disc gel electrophore- 
sis, sodium dodecyl sulfate gel electrophoresis, sedimenta- 
tion analysis) indicate that  the enzyme is homogeneous. 
The entire purification procedure and storage of the enzyme 
are  done under aerobic conditions and no instability is ever 
observed. This contrasts with the pure hydrogenase from 
Clostridium pasteurianum (Nakos and Mortenson, 197 1 a )  
which is completely inactivated after exposure to air for I 
hr. 

The last step in the purification, isoelectric focusing, sep- 
arates the enzyme into two active fractions with PI values of 
4.2 and 4.4. These two forms of the enzyme have the same 
molecular weight, subunit composition, behavior on gel 
electrophoresis, absorption spectra, amino acid analysis, 
EPR spectra, and iron and sulfide content. Therefore, these 
two forms of hydrogenase are  probably the same enzyme in 
different ionic forms. The  observation that each separated 
form gives rise to  a mixture of the two on a second isoelec- 
tric focusing confirms this suggestion. However, it is not 
clear now whether they represent two different ionic forms 
or a re  artifacts of the separation due to complexing with the 
Ampholines. The isoelectric point of Chromatium hydro- 
genase is 4.2-4.4 while the hydrogenase from Desulfovibrio 
vulgaris has a PI of 6.25 (Yagi, 1970) and the enzyme from 
Clostridium pasteurianum has a p l  of 5.0 (Nakos and 
Mortenson, 197 1 a) .  This fact suggests that these three hy- 
drogenases, not surprisingly, are  not identical. 

The  molecular weight of Chromatiurn hydrogenase is be- 
tween 93,000 and 100,000 depending on which method is 
used for its estimation. Sodium dodecyl sulfate gels showed 
one major band of mol wt 50,000, indicating that the active 
enzyme is composed of two subunits of the same molecular 
weight. The hydrogenase of Desulfovibrio vulgaris has a 
mol wt of 60,000 and dissociates into two subunits of mol wt 
30,000 (Yagi, 1970: Legall e t  al., 1971). Haschke and 
Capmbell ( 1  97 1 )  reported that the molecular weight of this 
hydrogenase was 45,000 with a sedimentation constant of 
2.58 S. The  sedimentation constant for the Chromatium 
hydrogenase is 5.16 S. The hydrogenase of Clostridium 
pasteurianum has a mol wt of 60,000 (Nakos and Morten- 
son, 197 1 a,b; Chen and Mortenson, 1974). The report that 
it is composed of two subunits of mol wt 30,000 (Nakos and 
Mortenson, 1971a,b) has not been confirmed in the same 

laboratory (Chen and Mortenson, 1974) which has recently 
found that the enzyme does not dissociate into subunits. 

Concerning the nature of the active site, the Chromatium 
hydrogenase contains four atoms of iron and four atoms of 
acid-labile sulfide per mole of active enzyme. The same 
content of iron and sulfide was reported for the hydrogenase 
of Clostridium pasterianum (Nakos and Mortenson, 
1971a) and Desulfovibrio vulgaris (Legall et al., 1971). In 
contrast, Yagi (1970) found eight atoms of iron per mole of 
Desulfovibrio enzyme while Haschke and Campbell (1 97 1 ) 
reported 1 atom of iron and 0.35 atom of sulfur per mole of 
this enzyme. Recently, the iron and sulfide content of the 
hydrogenase from Clostridium pasteurianum has been re- 
ported as 12 iron atoms and 12 acid-labile sulfide atoms 
(Chen and Mortenson, 1974). 

The equivalence of iron and inorganic sulfide in Chroma- 
t ium hydrogenase suggests that  it is an iron-sulfur protein 
of the ferredoxin type. The visible spectrum of Chromatium 
hydrogenase, with a peak a t  410 nm, supports this sugges- 
tion. This peak has also been observed in the other purified 
hydrogenases (Haschke and Campbell, 197 1 : Legall et al., 
1971; Nakos and Mortenson, 1971a; Chen and Mortenson, 
1974). The EPR spectrum is also consistent with an iron- 
sulfur chromophore which can be reduced (Orme-Johnson, 
1973). In  the reduced state, signals are  observed a t  g’ = 2.2 
and g’ = 2.06. There is no signal a t  g’ = 1.94, though this 
signal was observed in other purified hydrogenases. The sig- 
nals a t  g’ = 2.018 and g’ = 2.003 in the oxidized eniyme 
may be due to trace radical contamination, oxygen bound to 
the oxidized enzyme, or to the iron-sulfur cluster. A weak 
EPR signal a t  g’ = 2.015 has been observed (Sweeney et 
al., 1974) in oxidized Clostridial type ferredoxins and at- 
tributed to  a super-oxidized iron-sulfur cluster. 

Chromatium hydrogenase was not inhibited by arsenite, 
mersalyl, iodoacetate, or p-hydroxymercuribenzoate. The 
failure of arsenite to inhibit is in accord with our earlier 
finding (Hartman and Krasna, 1964), whereas iodoacetate 
and p-hydroxymercuribenzoate caused complete inhibition 
of the hydrogenase from Scenedesmus, Proteus vulgaris 
(Hartman and Krasna, 1964), Desulfovibrio desulfuricans 
(Sadana and Rittenberg, 1963), and Desulfovibrio vulgaris 
(Haschke and Campbell, 1971). Though mersalyl inhibited 
the Clostridium hydrogenase (Nakos and Mortenson, 
1971 b), it was without effect on Chromatium hydrogenase. 

The inhibition of hydrogenase by nitroprusside, Na2- 
[Fe(CN)5NO], has been confirmed in this laboratory on all 
hydrogenases studied and is observed with other iron penta- 
cyano compounds, but not with hexacyano compounds 
(Krasna and Rittenberg, 1955). The inhibition may arise 
from the substitution of the sixth group (NO in this case) of 
the pentacyano compound by an active group of the en- 
zyme. 

Chromatium hydrogenase in whole cells or crude ex- 
tracts reduces NAD+ with H2 in the presence of ferredoxin. 
This natural carrier can be replaced by Benzyl Viologen. 
Purified hydrogenase does not reduce NAD+ even in the 
presence of carriers, nor does it reduce ferredoxin. The data 
in Table IV show that the ability to reduce NAD’ is lost in  
the early stages of purification, probably due to the loss of 
unidentified factors or enzymes. A flavoprotein ferredoxin- 
NAD+ reductase may be required, by analogy with ferre- 
doxin-NADP+ reductase isolated from spinach chloroplasts 
(Shin and Arnon, 1965; Avron and Jagendorf, 1957). This 
latter enzyme was required for the reduction of NADP+ i n  
a system containing ferredoxin and bacterial hydrogenase. 
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I t  should be noted that  Benzyl Viologen has a much greater 
stimulatory effect on N A D +  reduction in whole cells com- 
pared with the extract (Table IV) and may suggest that a 
factor or enzyme is required for activity with Benzyl Violo- 
gen. Nagi et al. (1968) have shown a specific NAD+-Ben- 
zyl Viologen reductase in Azobacter vinelandii which cata- 
lyzes the reversible transfer of electrons between NAD' 
and Benzyl Viologen independent of ferredoxin and hydro- 
genase. 

The  inability of hydrogenase to reduce ferredoxin or 
N A D +  is not surprising since hydrogenase is a n  enzyme 
which cleaves Hz reversibly. The ability to transfer the acti- 
vated hydrogen to a physiological acceptor probably de- 
pends on the presence of factors or enzymes specific for the 
acceptor. Therefore, in studying hydrogenase per se, it is es- 
sential to use an assay which directly measures the activa- 
tion of H2. The exchange reaction between hydrogen gas 
and H D O  or H T O  is such an assay and was used in this 
work. The  results in Table 111 show that the reduction of 
Methylene Blue or Benzyl Viologen with hydrogen and the 
evolution of hydrogen from reduced Methyl Viologen are  
also inherent properties of the enzyme. The activity with 
these dyes is somewhat less with the pure enzyme than with 
cruder fractions suggesting that the crude preparations con- 
tain factors, enzymes, or electron carriers that facilitate the 
reaction with dyes. The different ratios of reduction to ex- 
change for various substrates are related to the specific rate 
constants for each reaction and have been discussed else- 
where (Krasna and Rittenberg, 1956). 

The  H D / D D  ratio of 2.5 in the exchange between H2 
and 100% D20 shows that Chromatium hydrogenase cata- 
lyzes a heterolytic cleavage of hydrogen. A homolytic split, 
as in the case of platinum catalysis (Krasna, 1961), results 
in the predominant production of D D  and not HD.  In Pro- 
teus vulgaris this ratio was 5.0 (Tamiya and Miller, 1963) 
and in Desulfovibrio desulfuricans, 0.9 (Krasna et al., 
1960). The lower H D / D D  ratio in some organisms proba- 
bly reflects the degree to which the enzyme hydride ex- 
changes with the hydrogen of water. 

The  data  presented in this investigation show that Chro- 
matium hydrogenase contains four iron atoms and four 
acid-labile sulfides arranged as  iron-sulfur complexes in the 
active site. The protein consists of two subunits of mol wt 
50,000. W e  do not know how the subunits and iron-sulfur 
centers are  arranged in the catalytically active enzyme or 
whether the two subunits are  identical. There are  a number 
of ways that the iron and sulfur atoms could be arranged on 
the two subunits. Each subunit could contain a binuclear 
iron-sulfur center with both subunits functional and each 
accepting a single electron. Though this configuration, with 
two single electron transfers, may not appear suited to a hy- 
dride mechanism, the two iron centers on the subunits may 
be close enough to each other in the active enzyme to func- 
tion as  a hydride acceptor. Another possible configuration 
would have a tetranuclear iron-sulfur center on one subunit 
which could accept two electrons and no metal site on the 
second subunit. This second subunit could be nonfunctional, 
have a regulatory role, or participate in the catalytic mech- 
anism by binding the proton formed on splitting hydrogen 
or binding the other substrate. A third possible configura- 
tion would have a tetranuclear iron-sulfur center held by 
cysteine-iron bridges to both subunits. This would accom- 
modate a hydride mechanism and ascribe an essential role 
to both subunits. 

The resolution of these questions of the quaternary struc- 

ture of hydrogenase must await more detailed structural 
studies now in progress. 
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The Interaction of an Epoxide with Yeast Alcohol 
Dehydrogenase: Evidence for Binding and the Modification 
of Two Active Site Cysteines by Styrene Oxide? 

Judith P. Klinman 

ABSTRACT: Yeast alcohol dehydrogenase is inactivated and 
alkylated by styrene oxide in a single exponential kinetic 
process. The concentration dependence of half-times for in- 
activation indicates the formation of an enzyme inhibitor 
complex, K I  = 2.5 X lo-* M a t  p H  8.0. Reduced nicotin- 
amide adenine dinucleotide (NADH),  a t  a concentration of 
3 X M ,  has a small effect on 
kinetic parameters for inactivation. Although benzyl alco- 
hol and acetamide-NADH increase the KI  for styrene 
oxide in a manner consistent with their dissociation con- 
stants, substrate also increases the rate of inactivation a t  
high styrene oxide concentrations. The reciprocal of half- 
times for inactivation, extrapolated to infinite styrene oxide 
concentration, increases with p H  between 7.6 and 9.0, pK 
N 8.5. The stoichiometry of alkylation by [3H]styrene 
oxide is 2.2 mol of reagent incorporated/mol of subunit, 
and is accompanied by the loss of 1.9 mol of sulfhydryl/mol 

M where Kd N 1 X 

T h e  modification of enzymes by chemically reactive sub- 
strate analogs can provide insight into the nature of the ac- 
tive site side chains involved in catalysis. Inactivation of 
yeast alcohol dehydrogenase by iodoacetate and iodoace- 
tamide (Whitehead and Rabin, 1964; Harris, 1964), and 
butyl isocyanate (Twu and Wold, 1973; Twu et al., 1973) 
has been studied by previous investigators in some detail. 
These three reagents are  characterized by the following 
common properties: (i) the kinetics of the inactivation pro- 
cess do not indicate the reversible formation of enzyme-in- 
hibitor complexes prior to inactivation; (ii) the coenzymes, 
N A D H  and NAD,  protect against inactivation a t  concen- 
trations consistent with their dissociation constants; (iii) in- 
activation is accompanied by the incorporation of 1 mol of 
reagent/mol of enzyme subunit; (iv) inactivation results in 
the alkylation of either of two reactive cysteines, depending 
on the reagent and the conditions of inactivation; and (v) 
both cysteines cannot be alkylated simultaneously, presum- 
ably due to overlap in sites. 
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of subunit; prior alkylation with iodoacetamide reduces the 
stoichiometry to 0.88:1, and increases the rate of labeling. 
Tryptic digests of enzyme modified with ['4C]iodoacetam- 
ide or [3H]styrene oxide produce two major peptides which 
cochromatograph, indicating that styrene oxide and iodoa- 
cetamide modify the same cysteine residues. Previous inves- 
tigators have reported that iodoacetate, iodoacetamide, and 
butyl isocyanate alkylate either of two reactive cysteines of 
yeast alcohol dehydrogenase; both cysteines cannot be mod- 
ified simultaneously [Belke et al. (1974), Biochemistry 13, 
341 81. The inactivation of enzyme by p-chloromercuriben- 
zoate (PCMB) is reported here to be accompanied by the 
incorporation of 2.3 mol of PCMB/mol of enzyme subunits, 
in analogy with styrene oxide; the planarity of the alkylat- 
ing agent appears to be an important factor in determining 
the stoichiometry of labeling. 

In an effort to affinity label yeast alcohol dehydrogenase 
a t  the substrate binding site, and thereby obtain informa- 
tion concerning the side chain, pK = 8.25, which has been 
implicated in acid-base catalysis of the hydride transfer 
step (Klinman, 1975), a study of the inactivation of yeast 
alcohol dehydrogenase by styrene oxide, an analog of the 
aromatic substrate benzyl alcohol (Scheme I ) ,  was under- 

Scheme I: Structural Similarity of Benzyl Alcohol (I), Styrene Oxide 
(11). and p-Chlorornercuribenzoate (111). 

(XI o i l  c0.- 

taken. Preliminary experiments indicated that the inactiva- 
tion of yeast alcohol dehydrogenase by styrene oxide was 
characterized by saturation kinetics, suggesting the forma- 
tion of a reversible enzyme-inhibitor complex, and that 
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