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SUMMARY

The oxidized form of hydrogen dehvdrogenase of Hydrogenomoias rihlandii was in-
hibited by BAL, cyanidc, dithionite, sulfide. sulfite and thioglycolate. Reduction of
the dehydrogenase with DPNH or H, resulted in a diminished effect of the inhibitors,
with the exception of p-chloromercuribenzoate which inhibited only the reduced
enzyme, Information from kinetic analysis and inhibitor studies indicates that the
enzyme is reduced with Hg to give a proton and that this is followed by the oxidation
of th:: reduced enzyme with DPN to give DPNH. The ¢nzyme catalyzes an exchange
between Hy; and HTO and also between HTO and DPNH. Analysis of DPN enzymic-
ally reduced with T, shows that T is in the f-position of DPNH. The enzvme action
has a lag phase which can be eliminated by preincubation with H, or DPNH.

INTRODUCTION

The mechanism of actior: of hydrogen activating enzvmes has been investigated
from the viewpoint of exchange reactions .2, the metal component®? and a possible
flavin component?-?. The hydrogenase of Desulfovibrio desulfiricans has been
extensively investigated®4 and RikLIS anid RitTexNserct have obtained a highly
purified preparation using the exchange reaction between deuterium oxide and
hydrogen as the assay system. The hydrogenase of D). desulfiricans can also reduce
benzyl viologen, methylene blue and liberate hydrugen from reduced methyl vio-
logend:8, Spectrographic analysis of this protein showed iron to be the major metal
component. The exchange reaction indicated that the hydrogenase reaction can occur
as a heterolytic process resulting in the formation of an enzyme hydride and a proton®.

Hydrogen dehydrogenase of Hydrogenomonas rihilandii provides a more amen-
able system for the study of the activation of hydrogen and in this report attention
has been focussed on inhibitors which can react with disuifide groups, the use of
isotopes to evaluate the exchange reactions and a kinectic analysis of tne hydrogen
slehydrogenase reaction.

Abbreviation: PCMB, p-chloromecuribenzoate.
* I'resent address. Ilepartment of Botany. Queen Mary College, University of Londen,
London E. 1 (UGreat Britain).
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MATERIALS AND METHODS

The following materials were commercial preparations: pig-heart mnalic dechydrogenase
{C. ¥. Boehringer and Sohne, Mannheim, Germany), liver-glutamic dehydrogenase
{Sigma Chemical Company), DPN analogs (Pabst Laboratories).

Hydrogen dehyvdrogenase used was enzyme B and assaved as described in the
accompanying paperl®. Kinetic measurements were made using 0.1'M Tris—-HCI
buffer (pH 7.8) saturated with H; at 25°. The solubility of H, in Tris buffer is assumed
tu be the same ac in water. The technique for the measurement of reduced analogs
of PN ix taken from the Pabst Laboratories Circular OR-18. Samples of tritiated
material were pipetted onto planchettes and then dried down. Each sample was
taken up in 0.2 ml of water and evaporated to dryness 5 times. Radioactivity was
then micasured using a windowless gas flow counter.

RESULTS
Inkililors

Table I shows the effect of inhibitors on hydrogen dehydrogenase. The inhibitors
bisted are reagents which split dis ."ide bunds!* and also can, in the case of cyanide
and sulhde react with a mztal’®. The reaction of cyanide and sulfide with the oxidized
enzyme is a slow reactior. and the maximum inhibition is attained only after a
5-min incubation period whereas sulfite reacts instantaneously with the enzyme and

TABLE 1
EFFECT OF INHIBITORS ON HYDROGEN DEHVDROGENASE ACTIVITY

Preincubatud solutions contained hrdrogen dehydrogenase (sufficient enzynic to give an absorts-
ancy change at 340 my of o.z/min in the final volume}, and 20 gmoles Tris  HCl butfer (pH 7.8},
For DPNH preincubation. the sulution contained enzyme, zo pmoles Tris-succinate (pH 0.9)
and c.ob gmole DPNH. In hydrogen preincubation experiments, hydrogen was passed through
the solution. Preincubation was 35 1ain at 25, volume of solution o.2 ml anid cuoicentration of
inhibitors as indicated. Sephadex treaiment, at the end of preincubation, .3 ml of solution
treated with 0.4 ml of Sephadex G-23 suspension {(259% (vjv) in o1 M Tiis Q1 (pH 7.8)} for
5 min, then centrifuged and supernatant assayed. The reaction was started by adding 2.8 ml
of solutiun containing 280 umoles Tris-HCI {pl 7.8}, 2 ggmoles DPN amil saturated with hydrogen,
to the preincubation mixtures.

{nhitition

Addiions ta preincutoficn mixture 1o} Additions to Hraimcwhalinn miziure ‘"‘:'.:';m”

H, o 5-10-4 M N5 (pH 7.4%) 52
DPNH [+ 107" M Na,SO, (pH 7.8) 45
107 M KCN (pH 7.H) 40 103 M Na,S50, (pH 7.8) + H, o
107 M KON (pH 7.8) + H, 7 5-10-3 M N, 8,0, 68
10 M KCN (pH 6.9) 97 5-107% M No; 5,0, 4 H, 37
10~ M KCN (pH 6.7 + DINH 40 3-10°% M BAL Ba
to * M KCN (pH 7.8) — Scphadex 44 3 107" M BAL + H, 506
5:10* M Na,S (5.1 7.8) 100 5-10-¢ M Thicglycoilate «3
5107 M Na,5 {(p17.8) - H, 40 5-1. M Trioglycollate - H, 29
5-10-¢ M Na,8 (pH 6.9) 100 75+ M PCMDB o
510 4 M Na,S (pH 6.9) 1 DI’KH 75 710~ M PCMB | H, 53
= 10-¢ M Na, S (pH 7.8} + Scphadex 1c0

10~ M GS8G pfesent in reaciion nuxture.

.. Riochim. Riophys. Acta, 67 (1503) 589-598
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the reaction is complets in 30 scc. Attempts to reverse the inhibitions of Ne,3 zad
KX by (a) dilution thirty-fold with Tris buifer (b) remdrval of inhibitor by Sephadex
G-25 gel under conditions whirh effectively remove sulfide {Table 1) (¢) dialysis
against 100 volumes of 0.05M potassiuin phosphate (pH 7.8), onor M EDTA
o.cou7 M MnCl; for 24 h (4} treatinen- with n.oo1 M ZnSO, (¢) addition of 0.03 M
potassium salt of EDTA, were not effective. The only condition which partiativ re-
versed the inhibition of sulfide was the dilution of the preincubation misture with
a solution of GS5G (Table I}, A DPN-sulfide enzyvme complex has been repsred
as the mechanism of inhibition of Izctic dehydrogenase!3; but in the case of hyvdrogen
dehydrogenase DPXN had ro effect on the inhibition of the enzyme by 2-10 43
Na 5. Further, DPN was found to have no effect on unv of the inhibitors except in
those known cases where DPN reacts directly with the inhibitor,

The reagents were all moie effective when the inhibitor was preincnbated with
the enzyme and the reaction started by adding H, and DPN than when the engyme
was first reduced by H, o DPNH und the inkibitor then added. The extent to
which the pretreatment affected the inhibition w.s dependent on the inhibitor
(Table I}. Variable results for cyanide inhibition have been reported for hydrogenases
from anaerobic bacteria®-38.%4 The author has tound that it is essential to standard-
ize conditions for all inhibitor studies and that special care be given to the oxidized -
reduced state of the enzyme, if variable Tesults are to be eliminated.

It was possible to carry vut a reduction of hydrogen dehydrogenase with a small
amount of Hy (0.3 umole) to give an enzyme which is inhibited 44725 by 510 + M
Nag 5. When the enzyme was then oxidized with 3 gmoies of DPN and the nucleotides
removed with Sephadex (-25 gel, an enzyme was obtained which is completely in-
hibited by sulfide.

PCMB inhibition varies in the reverse manner tu that of the other inhibitors,
the reduced enzyme being more sensitive to PCMB (Table I). A similar effect was
noticed with glutathione reductase whiclh becomes sensitive to sulthrvdryl reagents
when reduced with TPNH or DPNH', Another inhibiter studied was 10 3 M arsenite
which inhibited the enzyvme 127, whether the enzyme was oxidized or reduced.
The effects of varying the concentiation ot NaCl, urea and Tris- HC1 buffer (pH 7.5
were tricd in arsenite inhibition experiments using enzyvies A and B! and enzvnae B
prepared in the absence of manganese. In no case was the inhibitory effect of arsenite
increased. Oxygen was found not to inhibit the enzyme and no precantions were
found necessary to ensure the abses ¢ of oxygen during the purification procedure!®.

As sulfide may form a stable compound with the enzvme, the enzyme (100 ug)
was incubated with Nay S (0.1 umole, 2-10% counts/min) for 20 min at room tem-
perature. The sulfide and enzyine were separated by the addition of sufficient
saturated (NH,).S50, solution to bring the saturaticn to 60%,. The precipitated
protein was washed twice with 60°%;, saturated (NH,),50, and its radivactivity then
measured. Nou radivactivity was associated with the protein,

Kinetics of inhibited enzyme

The effects of the inhibitors cyanide, sulfide and selfite were investigated by
measuring the rates of reaction in the presence of a constant amount of enzyme,
mhibitor and excess substrate, whilst varying the concentration of the other sub-

Biocham . Biophys, dcta, 67 (1903) 589-598
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Fig. 1. Effcct of cyanide, sulfide and sulfite on hydrogen dehydrogenase. o.04 unit of oxidized

enzyvme preincubated as in Table I with 10-*M KCN (Curve 2}, 107* M Na,50, (Curve 3} and

2.5-107% M Na S (Curve 4). Reaction started by adding varying amounts of DPN and H, saturated
buffer.

strate. The Lineweaver-Burk plot was used to analyze the results (Fig. 1). All
three inhibitors were competitive with DPN and partially non-competitive with H,.

Kinetics of reduction of DPN by hydrogen

A lag phase was observed when the enzynie was assayed by adding DPN and a
H, saturated buffer to e viizyme, No lag phase was found when the enzyme was
preincubated with H, or DPNH (Fig. 2). The lag phase could also be removed by
increasing the concentration of the enzyme {Fig. 2). Other reagents such as GSH,
cysteine, ascorbate and ferrcus ammoniwn culfate were ineffective in removing the
lag phase. It was possible to increase the lag phase 3-fold by preincubating the en-
zyme with 0.1 M NaCl. This effect was not reversed by the addition of Hg or DPNH.

Plots were made according to the method of LINEWEAVER-BURK on the effect
of DPN concentration on its rate of reduction by H, and the results shown in Fig. 3
were obtained at different concentrations of H,. Such kinetics are consistent with
the mechanism for a two substrate system in which the enzyr  exists in two different
states (oxidized and reduced) and the substrate can give one of the products when
reacting with a particular form of the enzyme't. Eqns. 1 and 2 represent such a
mechanism. WINFIELD!? has proposed Eqn. 1 for the mechanism of hydrogenase,

E + Hywa EH, » EH- + H* ()
EH~ + DPN+w EH-DPN= E + DPNH (4}

Bivckim. Biophys. Acta, 67 (1963) 58y—598
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Fig. 2. Effect of cnzvme concentration, DENH and H, on lag phase of debhydrogenase reaction,

For Curve 5, 0 vz unit of enzyme preincubated with cither DEPNH or H, as described in Tabic 1.

For Curve 2, the same as Curve 1 except no DEPNH or H, added w0 preincubstion mixture. Fer
Curve 3, 0.25 unit of cazvme and Curve 4. o 15 unit of enzyme were used.

taking as his model catalvtic hydrogenation and the results of KrasNAa AND RITTEN-
BERG®. The rate equation for this mechanism 15 Eqn. 3

Vaxfv - 1 I\.Ilzirl'lg - !\’L)PﬂII)PN {3)
whece v 1s initial velovity, Fpax maximum velocity, Ky, Kppy constants and H,,

DPN molar concentration of H; and DPN. When the LINEWEAVER- BURK plot is
made with equimolar concentrations of substrate~ which are varied simultaneously,
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Fig. 3. Effect of PPN and H, concentration on the raic of hydrogen dehydrogenase reaction. For

Curve 1, 1.6 m)] of H, saturated buffer; Curve 2z, 2.2 nl of H, saturated butfer: Curve 3, 2.8 ml

of H, saturated buffer were used. Reaction started by adding o.03 unit of cnzyme to assay
mixtutc.

Eqn. 3 reduces tu a linear relation between the reciprocals of initial velocity and
substrate concentration {Fig. 4). Other type * of mechanism for two substrates would
give a non-linear plot's,

Siocnim. Biophys Acta, 67 (1963) 589-598
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¥Fig. 4. Effect of cquimolar concentrations of PI’N and Hy on the rate of hydrogen dehydrogenase,
H, saturated buffer contained 7.2-107* M DIPN at 257,

Reduction of DPN analogs by Ivdrogen

Table IT gives the relative rates of reduction of DPN analogs. There is & high
degree of specificity of reaction as the only analog reduced was deamino-DPN.

Exchange reactions with tritiated water

When the dehydrogenase was incubated with tritiated water and shaken under
H,-He (20 : 80) for 30 min and a sample of gas then withdrawn through a CaCl,

TABLE 11
REACTION OF ANALOGS OF DN WITH MY DROGEN DEHYDHRUOGENASE

Enzyme assaycd under standard conditions!® using z-10-* M concentrations of nucleotides.

Nuch de Intal rafe

%l
N LOO
F-Acetyipyrdine- DN o
3-Acetyipyridine-deamino-DEPN 0o
Beammo-DPEN 9.3
3-Pyridincaldehyde-DPN [
J-U'yretncaldehvde-deamine- DN [

tube, a liquid N trap and counted, a small amount of radicactivity was found in the
gas sample. No guantitative data can be given owing to the limitations of the radio-
ictive counter and other cqaipment.

Under conditions described in Table 111, tritium ions exchange with a non-
volatile compound assumed to e DENH. The rates of exchange are approximately

Biochim. Bivphys. Acta, 07 (1903) s8y- 508
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TABLC UL
THITIUM INCORFORATION FROM MEDIUM

The incubation mixture contained, in a volume of 30 ml, @ pmoles DIPNH or 2 pmoles DPN and

the reaction mixture saturated with H,: o 2 unit of dehydrogenase; oo pmoles Tris—HCI buffer

(pH 7.8) or 300 jmoles Tris succinate (pt 6.0} HTO to give a final specific activity of 1.3 10t

counta/minfatom H and, when added, 3 pmoles sediuta arsenite. Reaction run at 25° for zo min

and stoppexl by heating on slanchettes. Spocine activity s alculated from concentration of DPNH
as cdetermined from absorbancy at 340 ma.

NACCIAC acfiuity

famdition., e rnltaand pwnie

t, — DN (ptl 7.4} 12 500
DUINEL (ptl 7.4 12 boo
DDNEL T Gog) 11 joo
PPENTL (pil 7.8 1 rsenite 12 400

the same whether DPNWH is added or generated feom H, and DPXND Arsenite bas
no effect on the exchange, which indicates that the small aiapborase contamin-ant is
not catalyzing the exchange reaction,

Reactions in dewterinum oxide

The hydrogen debydrogenase reaction wis curied out in the presence of go'y,
1,0. The rate of the forward reaction was found to be the same as in water. The
reverse reaction, on the other hand, wis aflected by the presence of DO (Fig. 5).
The ratio of initiul velucities (Fuaa! Vo) fur oo, Dy i 2.45.

°
o
~

A ABSORBANGY / MINUTE
o
o
)
o

Q 40 80
% D,0

Fig. 5. Effect of deuterium oxide on reverse teaction of hydrogen dehydrogenase. Reaction
mixture contained 0.2 gmale DPNEL, 100 gmales Tris succinate (pH 4.9) and 4 units of enzyme
1n a total volnme of 1.0 ml.

Stereochemistry of reaction

The isotope used to determine the stereochemistry of hydrogen dehydrogenase
reaction was T, gas. After the T, had enzymically reduced DPN, DPNT was oxidized
with glutamic dehydrogenase, a g-stereospecific enzyme!'®, and malic dehydrogenase,

Hiochim  Biophys. Acta, b7 (1963) 58y-393
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TABLE iV
STEREOSPECIFICITY OF TRITIUM REDUCT.ON Oof DPN

2 ml of solution containing § units of hvdrogen dehydrogenase, 6 umoles DPN and 20 gmoles
‘Tris- HCL buffer {pH 7.8) were placed on top of the glaas scal of the vial which contained approx.
0.9 gmole tritiom gas (50 m() in 1.0 ml. The rest of the container was tlushed with helium and
thent sealed with a glass stopper. Reaction started by breaking vial seal and incubated for ro min.
Contenta woere removerd, placed in a tube containing 40 pmoles DPNIH and then heated to 8 for
z min. Reaction mixture cooled and centrifuged. Supernatant lvophilised, redissolved in water
and used as source of NTPNT. The malic dehydrogenase system contained in 1.0 ml malic dehy-
drogenase, 4 pmoles DENT, so pmoles Trs-HCl (pH 7.8) and oxalacetate added as 3 x 5-
pamoles aliquots. Reaction was completed in 20 min as determinced at 3qo mu. For analysis of
procducts, 10 gomoles DIPPN and 1o gemoles malate were added to the reaction mixture, cooled and
protein precipitated by adding HCIO, te a final concentration of 0.2 M. Mixture was centrifuged
and the supernatant was neutralized with 1 M KOH. After the KClIO, had precipitated, the super-
natant was applied to a 7§ X 6.9 cm column af [Dowex-1 formate®® and the column was then
wanhed with sa ml of water, DIPPN and the acid were eluted with a linear gradient between 50 m)
water and goml 3 N formic acid, z-ml fractions were collected. The glutamic dehydrogenase
reaction mixture contawmed in i.cni. glutamic dehydrogenase, 15 umoles a-ketoglutarate,
15 pmoles N1, CL 50 gmaoles U'ris HCL (pH 7.8) and 3 gamoles DPNT, Reaction ran to completion
in 2amin. to amales glutamic acid and o pmoles DPN were then added. DPN and glutamic
avitl were separated as deseribied for malic dehydrogenase.

Malic dehvdrograace Glutarn: dehvdrogenase

Afainte nex Glwtamate nes
Radioactivity . -4 .. _

an u-stercuspecific enzyme'. Radioactivity was found in glatamic acid and in DPN
produced in the malic dehydrogenase reaction {Table 1V) -vhich means that hydrogen
dehydrogenase has f-stercospecificity. This method of using a- and @-stereospecific
enzymes to determine the stereospecificity of addition of hydrogen to TPXN has been

o

applicd to several enzymesse @2

DISCUSSION

Cyanide has been the only inhibitor of hydrogenases which has been studied by
several workerst.2.6.9.13.28  Cyanide has been shown to inhibit the exchange reaction
of the hvdrogenuse of Protens vulgaris but only when the enzyme is oxidized'-?.
Similarly, the oxidized form of Azolobacter vinelandii hydrogenase is inhibited by
cyanido®. With highly purificd preparations of hydrogenase from D). deswlfuricans
there exists a discrepancy in the cffects of cyanide? !, These differences could be
attributed to the different assav conditions. (a) Exchange rcaction at pH 6.7:
cyanide (10 3 M) inhibits the oxidized form 259, (see ref. 2). (b) Methylene blue as
atn hydrogen acceptor at pH X.4: cyanide (10-3 M) inhibits 1009, indepeudent of
the state of the enzyme, 1. . oxidized or reduced?s.

The more detailed studies with cvanide and other inhibitors on hydrogen
dehydrogenase of H. rublendii (able 1) indicate that their effect is likely to be due
tc the splitting of ecither a disulfide bond or perhaps a metal sulfur bridge such as
is postulated for xanthinte oxidaset*. That iron is part of the mechanism of hydrogen
activating enzymes has been indicated by the presence of iron in a highly purified
preparation of hydrogenase of ). deswlfuricans® and by a requirement for ferrous

Biackim. Biophys. Adcta, 67 (1963) 585—598
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iron for maximum activity of the enzymes from Clostridivm butylicum® and D.
desulfuricans®, Ferrous irun is also implicated in svstems reducing DPN®.25.26 Work
an Psewaomonas saccharophila suggests that iron is linked to the protein by a thiol
group®. A fuller description of the band being split will require data from quanti-
tative studies.

On reduction of hydrogen dehydrogenase of H. rihlandii vwith 11, or DPNH,
the bond is split and produces a PCMB sensative thiol group(s). The lack of inhibition
by arsenite suggests that a vicinial dithiul is not produced on reduction of the enzyme.
The reduced bound is assumed to react with DPXN to give DPXH, which would be in
accord with cyanide, sulfide and sulfite acting as competitive inhibitors of DPN
(Fig. 1). Kinetic analysis also supports this tvpe of mechanism involving the reduc-
tion—oxidation of & sulfur bridge and has been formulated as Eqns. 1 and 2.

This raechanism could explain the inhibitory: action of axygen on hydrogenases
of anaerobic bacteria which has previously been interpreted as oxygenation and
oxidation of the enzyme?’. Oxyvgenation inhibition was fous.d tu be reversed on
removal of oxygen?? and this mhibition can nuw be accounted for as the oxidation
of thiol groupi{s) which are generated on reduction of the enzyme by H,.

There is an analogous enzyme, the flavoprotemm dihyvdrolipovl dehydrogenase,
which shows the same kinetics® as Fig. 3 for hvdrogen dehydrogenase and has a
disulfidedithiol group as an intermediate™.3. This flavoprotein aiso catalyzes an
exchange reaction between DPNH and deuterium oxide®2 Several of the flavo-
protein dehydrogenases show varving exchange rates???2.3 and in one case there 1s
no exchange3!. Flavoproteins are not unique in promoting an exchange between a
reduccd substrate and water. The hvdrogenase of ). desulfuricans carries out an
exchange between the enzyme hydride and deuterium oxide, concurrently with the
reversal of a reaction like Eqn. 1. This results in the appearance of two species of
hydrogen s.e. DD and HD and the rclative rate of formation of DD to HD is 1.1
(see ref. 2}. The experiments with tritinm isotope and hydrogen dehvdrogenase do
not distinguish between reaction 1 and the exchange between the enzyme and water.
As tritium is incorporated rapdly into DPNH from HTO, it can be concluded from
ihe appearance of labelling only in the 8-position of DPNXH, that the sterecspecificity
of the exchange and dehydrogenase reactions arc the same.

The removal of the lag phase by preincubating the enzyme with H; or DPNH
could be explained by the existence of two enzvmic forms, one being inactive which
is in equilibrium with the active form. On reduction of the active form, the inactive
form is slowly converted into the active form. This lag phase contrasts with that
described by WITTENRERG AND REPASkE™ for extracts of H. emlropha which re-
duced NPN with H, and bad a lag phase that war not affected by DPNXH or H,.
The effect of sulfide also distinguishes the DPN reducing svstems in H. eutropha
and M. rublandii where in the former sulfide stimmlates activity® and in the latter
is a strong inhititor (Table 1),
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