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SUMMARY

Hydrogen dchydrogenase has been purified 3oo-fold asing MnCly to stabilize
the enzyme. The presence of MnCl, produced an cnzyme with the following pro-
perties: (a) heat stability, (b) diminished sensitivity to p-chloromercuribenzaate,
{c)} smaller K;, valuecs. The reaction of MnCl, with the protein was rapid and re-
versible. High concentrations of Nall and Tris buffer cause an irreversible denatu-

ration. The hydrogen dehydrogenase reaction can be reversed to preduce i, from
DPNH.

INTRODNUCTION

Some autotrophically grown hydrogen bacteria contain enzyme systems which
reduce DPN with hydrogen!-®. In two cases, Pseudowmonas saccharcphilia® and
Hydrogemonas ruhlandsi* an enzyme has been purified and shown not to require
additional cofactors for the reduction ¢ DPN.

This communication is concerned with the purification and some properties of
this enzyme in H. ruhlandii. Although extensive purification was obtained no
evidence was found that indicated a multiprotein system. This protein will accord-
ingly be called hydrogen dehydrogenase as proposed by BERNSTEIN AND VISHNIACS.
Further, the presence of two types of hydrogen-activating enzymes in P. saccharo-
phila®A, one a particulate hydrogenase and the other a IDPN-specific enzyme warrants

the use of the name hydrogen dchydrogenase tu describe the enzyme that catalyzes
the following reaction:

H, + DPN- 2 UDPNH + H*

Abbreviations: PCMB, p-chloromercmibenzoate; FPEM, n.os M pomsium phosphate (pH
7.8)0.001 M EDTA-o0.0007 M MnCl,.

* Present address: Department of Botany, Queen Mary Colleg: Lmversity of London,
London, E. 1. (Great Britain).
“* Present address: Veteran Administration Hospital, West Haven, Conn. (U.S.AL).

*** Present address: Department of Biology .University of Fochester, Rochester, N.Y,
{US.A).
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582 D. H. BONE, 5. BERNSTEIN, W. VISHNIAC
MATERIALS AND METHODS

H. rukiandii® was grown on a medium containing KH,PO,, 1.0 g; MgS0,-7 H,0O,
0.5 g, CaCly-2 HgO, o.01 g;: NH,Cl, 1.0g; NaHCGO,, o0.5g: Fe(\NH,),(50,),-6 H,0,
1o mg in 11 of distilled water. The pH was adjusted to 7.4 with 1 N NaOH and
tracc elements were supplied as recommended by CoOHEN ANp Burris?. 221
H,-CO;-04-N, (68 - 15 : 8 : y) were circulated through 1] of medium at the rate
of 101 of gas/min with a Dyna-Pump (model 4 K, Neptune Products, Inc., Dover,
N.J. (U.S.A))). The gas was distributed through an 8-cm glass sparger. With 1oo ml
of a fast growing culture as an inoculum, 2 1 of medium yielded, after 16 h of growth
at room temperature, 6-8 g wet weight of cells. These cells were stored at —zo0°
vniil ready for enzyme purification.

IFor assav, the enzyme, dissoclved in 3 ml of 0.1 M Tris-HCI buffer (pH 7.8) was
gassed for 4 min with hydrogen, and the reaction started by adding 2 umoles DPN.
The progress of the reaction was followed by recording the absorbancy at 340 mu in a
Carv spectrophotometer model No. 11 at 25° The initial rate was proportional to the
enzyme concentration up to an absorbancy change of o.2/min. A unit of enzyme
activity is defined as 1.0 gmole DPNH formed/min, and specific activity as umole
DPNH/min/ mg protein. Protein was estimated by the Lowry method®.

Ammonium sulfate used in enzyme purification was recrystalized from o.001 M
EDTA. Dialysis tubing used in purification procedure B was soaked in 0.05 M potas-
sium phosphate buffer (pH 7.8)-0.001 M EDTA--0 0007 M MnClL;, (PEM) for 30 min
before use. DFALR-cellulose, tvpe 20 was a product of Brown Co,, Berlin, N.H.,
U.S.A. and TEAE-celluose was obtained from California Foundation for Biochemical
Research.

RESULTS
Esnzymc purification

Proceaure A: This procedure has been described briefly® and is now given in
outline. Cells (8 g wet wt.) were disrupted in the Hughes press and then extracted
with 200 ml of 0.02 M potassium phosphate buffer (pH 7.8) 10 ug DNAase and
0.5 ml of 0.1 M MgCl, for 3c min at 25°. The extract was centrifuged and then
treated with 0.2 volume of 199/, streptomycin sulfate to remove nucleic acids. After
centrifugation, the supernatant was fractionated with saturated (NH,),SO, solution
and the fraction between 40-659;, saturated (NH,),SO,, was collected and dissolved
in 0.02 M phosphate buffer (pH 7.8). This traction was dialysed against 30 volumes
of 0.02 M phosphate buffer (pH 7.8 overnight and then appiied to a 2 x zo<<m
cotumn of DEAE-cellulose. Protein was eluted by a linear sodium chloride gradient
between oot M and 1.0 M NaCl. The enzyme is present in fractions containing
0.434 0.68 M NaCl and the most active fractions were combined and dialysed against
phosphate buffer overnight. This fraction was then chromatographed on a second
DEAE-cellulose column as described for the first column. Fractions containing en-
zeyme were immediately dialysed wnd then stored at —z20°. Details of purification
are given in Table I and this dehydrogenase preparation will be referred to as en-
zyme A.

Procedure B: The cells after being crushed in the Hughes press, were suspended
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HYDROGEN DEHYDROGENASE 583
in 32 ml of PEM buffer. This gelatinous suspension was sonicated for 4 min in a
10 kC Raytheon sonicator, followed by centrifuging at 35000 x g for 20 min to
give a cell-frec extract. Sufficient KOl was added to the extract to make a 0.4 M
solution of which a small sample was titrated with a sclution containing 1Y%, pro-
tamine sulfate in 0.4 M KCl until the enzymne just started to precipitate. Using this
titration v-lue (0.2 0.3 volame)}, the protamine sulfate solution was added slowly
to the extrant and then stirred for 15 min. The precipitate was spun down at 10 000 < g

TABLE I

PURIFICATION OF HYDROGEXN DEHYDROGENASE

Teal Specific

wadivity activey
funel;)
Procedure A

Crude extract [F13%1 1.47

Streptomycin Ssupernatant 325 LT ]

Amrronium sulfate (3o-635%,) dialysed 74 3.39

DEAE-cellulose cluate, fraction 22 370 15.34
fraction 23 243 1278

Fraction 22 -+ 23 rechromatographed

on DEAE-celluluse, fraction 23 10y 27.35
fraction =4 a3 [9.44

Procadure B

Crude extract 519 0.84

I'rotamine supernatant 420 L3z

Ammonium sulfate (40--60%) 350 3.51

Heat treatment supernatant dialysod 1o 121

TEAE-cellulose eluate, fraction 37 47 39.2
fraction 3% 1t 264
fraction 39 97 153
fraction 4o 43 123
fraction 41 13 4o

for 10 min and the supernatant was made 409, saturated with (NH,),50; solution,
followed by stirring for 15 min. The supernatant solution collected after centrifuga-
tion, was made 60%, saturated with (NH,),S0O,. The precipitate collected by centn-
fugation was taken up in 10 ml of PEM buffer, and divided into two portions. Each
portion was pipetted into a 50 ml cellulose nitrate centrifuge tube which was im-
mersed in water at 50°, The tube was shaken by hand for 4 min and then placed
in an ice bath. After the heat treatment the solution was centrifuged and the super-
natant was dialysed for 15 h against 11 of PEM buffer. The dialysed solution was
applied to a 2 X 22-cm columat of TEAE-cellulose which had been equilibrated with
PEM buffer. Protein was eluted from the colunn with a linear gradient between
zoo ml of PEM buffer and 200 ml of 0.5 M potassium phosphate buffer (pH 7.4}-
o001 M EDTA—0.0007 M MnCl,. The flow rat. was approx. 15 ml/h and 5-6-ml
fractions were collected. Fractions were concentrated 5-ro-fold by placing a dialysis
tubing containing 30 parts Carbowax 4000 and 1 part Sephadex G-25 into the frac-
tions. These concentrated fractions were dialysed against 100 volumes of PEM
buffer. Table I summarizes a typical purification proccdure, with a yield of 219,
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and 300-fold purification. Th= enzyme is stable for 6 months if kept frozen at —20°
but loses activity slowly when frozen and thawed many times. Some preparations
were made without added MnCl, and in this case the heat treatment step was omitted.

Diaphorase and reduction of dyes

Enzyme preparations A and B contain a diaphorase activity assayed with
methylene blue, which is a small contaminant in the case of enzyme B. That hydrogen
dehydrogenase and diaphorase are two different enzymes is suggested by an enzyme
prepared using purification procedure B without added MnCl,. This preparation on
heating to 60° loses all the dehydrogenase activity in the first minute of heating
whereas diaphorase retains 509, of the activity after 3 min of heating. Also enzyme
fractions eluted off the TEAE-cellulose column do not have a constant diaphorase to
dehydrogenase activity ratio. Hydrogen does not reduce methylene blue using enzyme
A or B. The only dye reduced was benzyl viologen and the ratio of activity for benzyl
viologen to DPN is 0.17 for enzyme A.

Effect of sulfiydryl compounds and inhibilors on hydrogen dekydrogenase

The effect of cysteine on enzymes A and B is different in that enzyme A is
activated by cysteine and DPN, whereas, in contrast, enzyme B is not affected by
cysteine and DPN (Tabl: II). BAL also enhances the activity of enzyme A.

TABLE 11
EFFECT OF CYSTEINE AND DDPN ON HYDROGEN DEHYDROGENASE

Preincubation mixture contained in 3 ml; 300 ymoles Tris-HCI {pH 7.8} and hydrogen dehydroge-
nase and was incubated with additions for 10 min, then H, gas bubbled rapidly for 1 min. Re-
action started by adding 2 gmoles IDPN,

Ensywme A Enzyme B

Addiion e e

(rmint} [Antin) {min) (Almin)
None 1 ©.04 o o.05
Cysteine jio 3 M) Q.5 .06 (3 0.05
Cysteine (10-* M) - DPN (b-10-* M) o o.10 o 0.05

When comparing the efiect of PCMB on enzymes A and B, enzyme A is shown
to be very sensitive to lewer concentrations of PCMB (Table II1). PCMB inhibition
can be partially reversed by sulfhydryl compounds and the preincubation of enzyme
A with DPN prevents complete inhibition by PCMB. Other sulfhydryl reagents,
iodoacetate (10~* M) and iodoacetamide (10~ M) do not inbibit these enzymes,

Km and pH optimum

The Michaelis constants fur enzyme A are K1 4.8-107* M, KD¥™ 5 7. 30-¢ M and
for enzyme B K% 7.6 -10-* M, KDY 6.6-10* M. To determine the Michaelis con-
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HYDROGEN DEHYDROGENASE 58%

stant for H, of enzyvme A, various concentrations of H,; and He were used as
the atmosphere in a Warburg vessel with excess DPN as the hydregen acceptor.
K for enzyme B was determined spectrophotometrically by varying the amount
of H; added as a H,-saturated solution in the presence of ¢xcess DPN. Michaelis con-

TABLE 111

EFFECT OF PUMD ON HYDROGEN DEHYDROGENASE

Preincubation mixture contained in 3 ml: joo umoles Tris- HCL (pH 7.8) and hydrogen dehy-
drogenase. Incubation time 5 min with additions followed by 1 min of rapid H; gassing. The
second addition was r.ade alter 5 min preincubation. Reaction started by adding 1 umoles DEPN,

Frzymme 4 Encyme R

Adiddions inkibiirom nhbrlion
Y Ty}
PUMB {to-* M) RE) o
PCMB {5-:10"% M) 77 o
PCMD (1o-* M) ofs It
PCMB (10° * M) then BAL (10— A} (%% 5
PCMD (107®* M} then cysteine (1o~ M) Hs5 6
PCMB (10o-* M) |- DPN (610 ¢ M) 72 g9

stants for DPN were determined with the buffer sate 1ted with Hy. The pH optimum
for both enzymes in Tris buffer is 7.8.

Reversibility

Using the DPN-specific glucose-6-phasphate dehydrogenase of [euconostoc
mesenteroides® as the generator of DPNH, the evolution of 2.5 umoles/h of alkali
insoluble gas can be demonstrated with 1085 ug of enzyme A {specific activity 1y.4)
at pH 7.0. The pH optimum for this reaction is 6.8--7.0. The disappearance of DPNH
can also be followed spectrophotometrically. Michaeclis constant for enzyme B is
8.1-107% DPNH and the forward reaction is 450 times as fast as the reverse reaction.
H, can also be generated by the dehydrogenase from reduced methyl viologen and

the ratio of activities of H, produced from reduced methyl viologen to the reduction
of DPN by H, remains constant at 0.7 throughout purification scheme A.

Effect of salts

Tabla IV shows that ecnzyme B is sens.tive to h:zh concentrations of NaCl. This
was also noticed during purification procedure A w:en it was necessary to remove
NaCl as rapidly as nossible after chromategraphy o= DEAE—<ellulose. The effect of
other salts are not so marked except for the case f KNO, Recently REpASKE®
reported DPN reduction by hydrcgea in extracts . © H. ewtropha was sensitive to
high concentrations of salts.

When investigating possible mectal activation I this enzyme, a non-specific
activation was found for enzyme B purified in the a.sence of MnCl,. This confirmed
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TABLYE IV
EPFECT OF $ALTS ON ENZYME B

Hydrogen dehydrogenase preincubated with 20 gmoles Tris - 1HCL buffer (pl 7.8} and 125 pmoles

of salt except in the case of K,50, 75 remoles, in a volume of o.z ml for 10 min at 30° Reaction

started by adding 2.8 ml of solution containing 280 ginocles Tris-HCl buffer [pH 7.8}, 2 umaley
DPEPN and saturated with 1,

Relalwwe

Nay welivity

r4.
None 100
Nall 40
LiCl 79
RC? &2
Potassium phosphate (pld 7.8} 91
KF Qo
KBr 80
IKNO, 63
K850, 78
INHICO)y, 28

TABLE V
EFFECT OF DIVALENT METAL SALTS ON MYDROGEN DEKYDROCENARE

Hydrogen dehydrogenase used in these experiments was purified by procedure B without MnCl,
atd had aspecific activity of 51. Experiment A Reaction started by adding the enzyme to 2.8 ini of
solution containing 280 ,;moles Trnis-H{O) wuffer (pH 7.8, 2 yunoles DPN, 0.20 gmole ferrous
ammonium sulfate or MnCl, or CoCl; and saturated with H,; Experiment B: Hydrogen dehy-
drogenase preincubaced with 150 gmoles Tris HC! buffer (pH 7.%), 0.20 umole ferrons ammo-
nium sulfate or MnCl, er NiCl, ir o4 m! for 10 min at 30°. Reaction started by adding 2.6 ml
of solution couiaiuing 200 #moles Tris HIC buffer (pH 7 8), 2 gnolex PPN and saturated with
H,. Experiment £: Hydroge dehydrogenase heated at 30° for 4 min with 0.6 ml of PEM buffer
and in the case of the metal salts of Fe?r, Mpt+, Nit-, Caot- replaced Mnt in PEM buffer. Reaction
started av in Experniment B using 0.2 ml of supurnatant after heat treatment.

Treatment __,;j::ﬂ-.
Expenment A
No mctal zalt [ L% Y
IFes+ D.104
Mnt [£38 Y
Co? T 0124
Expenment B
No metal salt 0.022
Foe ©.134
Mnz- 0.1I30
Ni3- ©.074
Experiment C
No heating 4 Mngr ©.z22
Hented, no metal salt o
Fev- 0.22
Mgt~ 0.19
Mnt+ 0.22
Ni~ 0.145
Coti 0.22
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HYDROGEN DEHYDROGENASE 587

earlier ohservations with a crude enzvme preparation’. Enzyme activity was stim .
lated 479, by the addition of MnCl, (Table V, Expt. A).

Further investigation of this effect showed that these metals could protect the
enzyme against high Tris concentrations for short perivds of time (Table V, Expt. B).
Storage of the enzyme B in o1 M Tris-HCl puffer (pH 7.8) ot 20° for 3 davs
results in complete loss of activity, Also, MnCl, was only effective against denatura-
tion by low concentrations of NaCl (0.1 M) for up to 30 min at reom temperature,

Expt. O, Table V, indicates that the offect of the metal is o stabilize the en-
zyme against heat treatment. From these results dhe divalent cation seems to sta-
bilize the enzyme rather than activate the enzyme. This is a reversible process as
enzyme B cuan be dialysed free of manganese and the resalting enzyme preparation
then becomes sensitive to inactivation by heat. To studyv the rate of MnCl, stabiliza-
tion, enzyme B was prepared without added MnClL, (A3 The two contrals were this
enzyme B preparation without the addition of MnCl, (8) and enzyme B prepared
in the normal way (C). To (A) MnCl added just hefore the heating of (A), (B), (C) as in
Expt. ¢, Table V. There was no difference in activity ot preparations (A} and ((),
whereas (B) was completely inactive. Another methad to establish the rate of
stabilization is to uxe the same conditions as FExpt. 13, Table V and measure the
activity of enzyme B to which MnCL, was just added pior to incubation with Fris
buffer. In this experiment there was ns dificrenc: in aciivity Loelween engyioe B
whether prepared in the presence of MnCl, or with MnCly added before incubation,
It was concluded that the stabilization process occurs within 5 min.

During purification, the most effective ratio of Mol to EDXTA was found to be
0.7, values bhigher than this resulted in an enzvime reguiring cysteine for maximum
activity.

THSCUSSINN

Manganese has bheen shown to stubilize a0 serics ot proteins against irreversible
denaturation??, RosesNperG has extensively investigated the stabilization of car-
nosinase by Mn2: and his concluderld that the enzaeme exists in several forms which
are n equilibrium, the rarte of inactivation heing differen? for cach form and the Mn2? -
form being the most stable. Other schemes have been proposed which include a Mn?- -
enzyme in equilibrium with different forms of the cnzvmet2 A siaailar scheme can
account for the effect of Mn?- un hvdrogen dehydrogenase. Enzvme B oor Mn#-
enzyvme bas the following propertics: (i) inercasorl Geat <tability, {b) insensitivity to
low concentrations of PCMB, (¢) smaller A, valucs, when compared te cozvme AL
From these changes in properties of hvdrogen dehvdrogenase on the addition of
MnCl,, the protein is assumed to rearrange or form agpregates. Of particular interest
15 the change in the KA q volues for both substrates and we can assume tha  the active
site conbiguration has been altered in some unknown manner. Phe reduction in
sensitivity to PUMB and heat stabilization could be part of the same phenomenon,
i.e. on addition of MnCl, the protein involutes and hides the thiol groups within the
maolecule away from oxygen and salthvdryl reagents. Mangancese stabilization of
hydrogen dchydrogenase is a rapid processs when compared to the formation of
Mn#-_stabilized carnosinase'™. The veversal of the Mn*- effect by NaCl acd Tris
huffer is interpreted as the displacement of Mp?: by Na and Trs to give an unstable
protein.

HMiochine Hrophys, dcta. b7 {1903} 581- 588



588 D. H. BONE, S. BERNSTEIN, W, VISHNIAC

The effect of DPN on enzyme A (Table 11) appears to be that of protecting the
enzyme against Tris buffer in a similar manner to the protection of DPN-linked
dehvdrogenases against urea and heat denaturation!t. DFN also prevents the com-
plete inhibition by PCMB (Table IIT) which is cousistent with the hypothesis that
DPXN combines with thiol groups of DPN-iinked dehydrogenase't,

The reversibility of hydrogen dchydrogenase has little physiological significange
for the hydrogen bacteria and the presenca of this type of Hy-producing enzyme in
anaercbic bacteria has yvet to be demonstrated.
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