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ABSTRACT A moving front has been observed as a special pattern during the hydrogenase-catalyzed reaction of hydrogen
uptake with benzyl viologen as electron acceptor in a thin-layer reaction chamber. Such fronts start spontaneously and at
random times at different points of the reaction chamber; blue spheres are seen expanding at constant speed and amplitude.
The number of observable starting points depends on the hydrogenase concentration. Fronts can be initiated by injecting either
a small amount of completed reaction mixture or activated hydrogenase, but not by injecting a low concentration of reduced
benzyl viologen. These characteristics are consistent with an autocatalytic reaction step in the enzyme reaction. The special
characteristics of the hydrogen-uptake reaction in the bulk reaction (a long lag phase, and the enzyme concentration
dependence of the lag phase) support the autocatalytic nature. We conclude that there is at least one autocatalytic reaction step
in the hydrogenase-catalyzed reaction. The two possible autocatalytic schemes for hydrogenase are prion-type autocatalysis, in
which two enzyme forms interact, and product-activation autocatalysis, where a reduced electron acceptor and an inactive
enzyme form interact. The experimental results strongly support the occurrence of prion-type autocatalysis.

INTRODUCTION

Hydrogenases

Hydrogenases are metalloenzymes that catalyze the reaction

H2 � 2H11 2 e�. Two distinct groups of hydrogenases can
be defined, depending on the metal content of the protein.

There are iron-only and [Ni-Fe] hydrogenases. The [Ni-Fe]

enzymes are usually heterodimers involving a small (;30

kDa) and a large (;60 kDa) subunit, giving an overall

molecular mass of ;90–100 kDa. The metals are organized

into 2–3 FeS clusters and a Ni-Fe binuclear center. The Ni-Fe

binuclear center or its ligand environment is believed to be the

hydrogen-binding site because hydride/proton has been found

close to the paramagnetic center (1–3), though the exact

binding location of the hydrogen molecule has not yet been

determined. The FeS clusters transfer the electrons from the

Ni-Fe binuclear center to the terminal electron acceptor (4,5).

Though the enzymatic activity of hydrogenase is de-

termined routinely, a number of contradictory results have

been published. Despite the many features described in the

hydrogenase reaction, the activity of this class of enzymes

has not yet been thoroughly explained (6–10). It is known

that hydrogenase needs activation to attain full activity

(10,11). The characteristics and the members of the enzyme

cycle are still a matter of dispute. Two hydrogenase catalysis

models can be derived from the published data. Both models

involve a double activation chain. Two inactive enzyme

forms (Form A and Form B) of hydrogenase can be activated

through several intermediates. Three hydrogenase forms take

part in the enzyme cycle. In the triangular model, the enzyme

cycle involves all three hydrogenase forms (Form S, Form C,

and Form R (12–14)), whereas two enzyme cycles partici-

pate in the other model (15), each cycle involving two en-

zyme forms (the Form S/Form C and Form C/Form R

cycles), Form C being common in the two cycles.

The kinetic characteristics of the hydrogen-uptake re-

action of hydrogenase, obtained by conventional activity

measurements, led us to propose an autocatalytic reaction

step in the hydrogenase cycle or during the activation pro-

cess (16). The autocatalytic behavior of an enzyme reaction

may result in oscillating concentrations of enzyme inter-

mediates and/or products contributing to the autocatalytic

step. This behavior has already been investigated in the early

phase of the hydrogenase-methyl viologen reaction (17). The

results were evaluated on the assumption of an autocata-

lytic reaction in the hydrogenase kinetic cycle. The kinetic

constants of the autocatalytic reaction were determined, and

limits of the kinetic constants relating to the intramolecular

(intraenzyme) reactions were set.

We now report new experimental evidence regarding the

autocatalytic behavior of hydrogenase catalysis. Autocatal-

ysis can explain several previously unexplained or misinter-

preted findings concerning the activity of hydrogenases.

Hydrogenase catalysis can also serve as an experimental

example or model of a number of autocatalytic biological

reactions (prion, autophosphorylation, etc.).

MATERIALS AND METHODS

Purification of hydrogenase

The stable [Ni-Fe] hydrogenase from Thiocapsa roseopersicina (HynSL)

(18–20) was purified as described previously (17). Both partially (before
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preparative gel electrophoresis) and fully purified enzymes were used for

activity measurements, with no apparent difference in the results.

Hydrogenase activity measurements

Hydrogenase activity can be measured by following the concentration of any

of the substrates and/or products in the catalytic cycle. For this work, we

utilized only hydrogen-uptake reactions and followed the appearance of

the reduced electron acceptor (benzyl viologen from Sigma, St. Louis, MO).

The spatial distribution of the hydrogenase-catalyzed hydrogen-uptake

reaction was followed both in a quartz cell and in a crystallization dish

located in a small plexiglass anaerobic box. The atmosphere was changed

and oxygen was removed by repeated evacuation and flushing with nitrogen

gas. The reaction was initiated by changing the nitrogen atmosphere to

hydrogen. The reaction mixture contained benzyl viologen (final concen-

tration 100–400 mM) and hydrogenase in 20 mM phosphate buffer

(pH 7).

The cells were stored on the desktop and photographs were taken at

arbitrary time intervals.

In the plexiglass anaerobic chamber, 800 ml of the reaction mixture

formed a 0.1-mm thin layer on the bottom of a crystallization dish. Due to

the uneven surface, the curvature of the petri dish, and the side effects near

the wall, the thickness of the solution varied slightly, depending on the

position in the petri dish. This resulted in a somewhat uneven radial

distribution of the spheres. The reaction was followed by video recording of

the dish. The video was then assembled and maintained by the computer

program Adobe Premier 5.1 or a freeware program, avi2mpg1 1.10.

Seeding was performed by injecting a small amount (1–3 ml) of seeding

material (completed reaction mixture, activated hydrogenase, inactive

hydrogenase, reduced benzyl viologen, or oxidized benzyl viologen) with

a Hamilton syringe into the reaction chamber through a rubber stopper,

while the reaction chamber was flushed with hydrogen.

Conventional uptake measurements were performed in an anaerobic

quartz cell sealed with a Suba Seal rubber stopper. The reaction mixture

contained benzyl viologen (final concentration 400 mM) and hydrogenase in

20 mM phosphate buffer (pH 7). The atmosphere was changed by flushing

the cell with nitrogen and then with hydrogen gas, for 10 min each. The

absorption change at 600 nm at 40�C was followed by means of a Unicam

ultraviolet/visible UV2 spectrophotometer (Unicam, Cambridge, UK) and

the Vision 3.41 program.

To activate the hydrogenase, it was incubated in sealed glass vessels at

room temperature for 2 days. After the change of the atmosphere to nitrogen

and subsequently to hydrogen, the vessels were transferred into an anaerobic

chamber (Bactron IV, Cornelius, OR) so as to avoid oxygen leakage into the

vessels. The atmosphere in the chamber was 5% hydrogen1 95% nitrogen.

After 2 days of incubation, samples were placed into normal cells and

conventional uptake activities were measured.

RESULTS AND DISCUSSION

Spatial distribution of
hydrogenase-uptake reaction

A special pattern of hydrogenase catalysis kinetics was

observed both in the anaerobic cell and in the anaerobic thin-

layer reaction mixture (Fig. 1). In the reactions in the cell, the

reaction starts at a specific point, from where it spreads

throughout the cell. The reaction can start in the bulk of the

solution (Fig. 1 A, bottom) or at the surface (Fig. 1 A, top).
Accordingly, it is concluded that the starting point has

nothing to do with the liquid-gas interface or with uneven

diffusion of the hydrogen gas into the reaction mixture. This

behavior was earlier observed for the D. gigas hydrogenase-
catalyzed hydrogen-uptake reaction (10), but no conclusion

was drawn from this fact.

The autocatalytic wavefront can be seen much more easily

by using a thin-layer reaction chamber. In the thin-layer

reactions (Fig. 1 B), numerous starting points develop in

time. The fronts start spontaneously and at random times at

different points in the reaction chamber; blue spheres of

reduced benzyl viologen are seen expanding at constant

speed and amplitude (Fig. 2, A and B). The number of

starting points in the reaction chamber depends on the hy-

drogenase concentration. The higher the concentration, the

more spheres start to grow. The spheres collide, interfere, and

overlap, and at the end of the reaction the whole of the

initially completely colorless reaction mixture is blue.

The front can be initiated by injecting a small amount of

either a completed reaction mixture or activated hydroge-

nase. This means that a product(s) of the reaction accelerates

the reaction, acting as a catalyst. However, the reaction can-

not be initiated by injecting anaerobic buffer, a low con-

centration of reduced benzyl viologen or nonactivated (but

anaerobic) hydrogenase.

FIGURE 1 Spatial distribution of hydrogenase-

catalyzed hydrogen-uptake reaction. (A) Uptake

reaction in cells. Photos on two sets of activity

measurements taken at arbitrary intervals. (B) Thin-
layer spatial distribution of hydrogenase-catalyzed

hydrogen-uptake activity. The yellow line repre-

sents the line of calculations for Fig. 2. (The full

reaction movie is available as Supplementary

Material in mpeg format.)
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A reaction type that can produce fronts of soluble reactants

moving at constant speed and amplitude, and that can be

seeded by reaction products, is a nonlinear reaction (21–26).

Such characteristics are typical signs of an autocatalytic step

in the hydrogenase-catalyzed reaction. The only question

that arises, therefore, is the nature of the autocatalytic part-

ners in the autocatalytic reaction. The two possibilities for

interacting partners are any two enzyme forms, or an enzyme

form and a product of the reaction (in our case reduced

benzyl viologen or the proton). Because protons are common

and are present in high concentration in any buffer solution,

and because the long incubation of hydrogenase under a

nitrogen atmosphere did not alter the reaction pattern, we

can rule out the proton as an interacting autocatalytic partner.

When the thin-layer reaction mixture was exposed to an

excimer laser, which led to a partial reduction of oxidized

benzyl viologen at the laser spot in the solution (17,27), no

new starting point developed at the point of the laser flash,

even if the diameter of the laser flash was varied in the

millimeter range, which is much more than the thickness of

the reaction layer. In this case, too, the spontaneous and

random starting points appeared later, though at different

points of the reaction chamber. This confirms the fact that

low-concentration seeding with a product (reduced benzyl

viologen) does not initiate a starting point in the thin-layer

hydrogenase-catalyzed hydrogen-uptake reaction, which is

an indication that reduced benzyl viologen (a product) is not

an autocatalytic partner in the autocatalytic reaction. Seeding

with activated hydrogenase at a much lower (one-tenth)

concentration than that in the reaction chamber, however,

resulted in the immediate seeding of a starting point in the

reaction mixture.

To summarize the thin-layer reaction results, we can

conclude that, according to the International Union of Pure

and Applied Chemistry Compendium of Chemical Termi-

nology (http://www.iupac.org/publications/compendium/)

definition of an autocatalytic reaction, the hydrogenase

cycle, or the hydrogenase activation phase includes an

autocatalytic step. Because no other possibilities appear to

remain, this autocatalytic step almost certainly occurs be-

tween two different enzyme forms. It should be noted that, in

order for the autocatalytic reaction to start, not merely an-

aerobic conditions, but also a hydrogen atmosphere must be

maintained. Storage of the hydrogenase under a nitrogen

atmosphere and change of the atmosphere to hydrogen after

a considerable time did not alter the pattern of behavior of the

FIGURE 2 Profile of the wavefronts at different times and time-space plot

of a thin-layer reaction of hydrogenase-catalyzed hydrogen uptake. (A) The

darkness of individual pixels (which is proportional to the reduced benzyl

viologen concentration) of time frames along the yellow line in Fig. 1 has

been calculated and plotted. There were three different starting points at

different times, the reaction of which crossed the line of calculation.

Accordingly, three fronts developed in time at ;7, 14, and 20 mm from the

left end of the line of calculations (see also Fig. 1). The spots also slowly

increase in the vertical dimension. The darkness is not at its maximum from

the very beginning of the appearance of the spot, indicating that the layer

thickness does not interfere with the reaction. The darkness values level off

at their maximum value at the end of the reaction, and the whole reaction

chamber becomes blue. (B) Front positions at different times. The values

were calculated from the time-versus-space plot in panel A, using the

maximum values of the first derivative of the time-versus-space plot. The

front position-versus-time curve is linear for every front; deviation from

linearity occurs only when two fronts collide. The slopes of the front

position-versus-time curve vary slightly due to the uneven layer thickness in

the petri dish and because the line of calculation does not cross the midpoint

of every spot. (Insert) Initial front velocities calculated from the first few

points of the front position-versus-time curve. For an ideal thin-layer auto-

catalytic reaction and if the front positions are calculated from the midpoint

of the reaction spot, the velocities should be equal.
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reaction. This means that hydrogen is also necessary for the

autocatalytic reaction, which suggests that one of the two

interacting enzyme forms is located after the hydrogen-

binding reaction in the enzyme cycle. It is still an open

question as to whether the other enzyme form also par-

ticipates in the enzyme cycle, or in the phase of the hydrog-

enase activation.

The lag phase of the hydrogenase reaction

Hydrogenase-catalyzed hydrogen uptake almost always

starts with a considerable lag period (6–8,13,28,29). Typical

hydrogen-uptake reaction curves for hydrogenase are

presented in Fig. 3. The main characteristics of the hydrog-

enase-uptake reaction are:

1. The lag period for hydrogenase catalysis can be several

hours long, and in extreme cases several days. There is

no observable reaction during this time. After the lag

phase, the velocity of the reaction increases very rapidly

(Fig. 3 A); the overall reaction curve is not exponential.

A lag period can occur when there is a slow activation

process (k1) in the catalytic cycle, followed by a faster

enzyme reaction. In this case, the reaction velocity ini-

tially has a small value that depends on the activated

portion, p, of the enzyme at t ¼ 0, and the velocity in-

creases exponentially until it attains a constant value

(which is proportional to k2). The lag phase is defined as

the length of time necessary for this constant velocity to

be reached. This conventional lag phase is further char-

acterized by its dependence on the kinetic constant of the

activation process (k1) and on the distribution of the en-

zyme forms (p), but it does not depend on the overall

enzyme concentration (the length of the lag period is

(1 � p)/k1).
The characteristics of the lag phase of the hydroge-

nase-uptake reaction observed here are completely dif-

ferent from this picture. We can conclude (as we will

discuss later) that the observed lag phase is the sum of

a conventional lag phase and an autocatalytic lag phase.

2. The total reaction time from the end of the lag period up

to equilibrium is usually only several minutes, which is

considerably shorter than the lag time of the reaction.

There is a possibility that, during hydrogenase ca-

talysis, the reduced electron acceptor (benzyl viologen)

that is produced interacts with dissolved oxygen gas that

was not removed sufficiently from the reaction mixture

and the oxygen gas oxidizes the reduced electron accep-

tor, falsifying the results of the uptake experiment. If the

overall reaction time after the lag period is compared

with the length of the lag period itself, however, it is

apparent that the amount of residual oxygen in the re-

action mixture should be several orders of magnitude

higher than the amount of the electron acceptor to explain

the ratio of several hours (days) versus several minutes

for the lag period and the full reaction up to equilibrium.

Such a high oxygen concentration in these experiments

is impossible. This confirms that there is no appreciable

side reaction, i.e., the lag phase is an inherent property of

the hydrogenase-uptake reaction itself.

3. The second derivative of the detected product concen-

tration versus time curve has a maximum at the end of the

lag period (Fig. 3 A, trace delta).
This behavior is also characteristic of an autocatalytic

reaction and cannot be found in a simple enzyme reaction

cycle (30). We have used this maximum in the second

derivative to determine the length of the lag phase.

4. The length of the lag period depends on the enzyme

concentration (Fig. 3 B).

The lag phase is the sum of the autocatalytic and con-

ventional lag phases. Unlike conventional lag phases, the

FIGURE 3 Experimental hydrogenase-catalyzed hydrogen-uptake kinet-

ics. (A) A typical kinetic curve displaying a long lag period of hydrogenase

uptake (OD) and the second derivative of the measured kinetics at around the

end of the lag phase (delta). In this experiment, only 100 mM benzyl

viologen was used. (B) Hydrogenase uptake experiments at different enzyme

concentrations. The enzyme was incubated under hydrogen for 2 days, so the

lag period lengths are much shorter than in panel A.
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length of the hydrogenase catalysis lag period depends on

the enzyme concentration. For hydrogenase catalysis, the

lag phase exhibits a hyperbolic dependence on the enzyme

concentration (Fig. 4). The higher the concentration, the

shorter the lag period. If the lag phase is decreased, by in-

crease of the enzyme concentration, a point can be reached

where the autocatalytic reaction step becomes negligible and

there is no observable autocatalytic lag phase at all. At this

high enzyme concentration, the reaction behaves as a non-

autocatalytic reaction.

This situation is very similar to that of the well-known

Landolt autocatalytic reaction (31), which is commonly used

to determine catalyst concentrations (usually those of metal

ions) in inorganic analytical chemistry. Similarly, the en-

zyme concentration versus lag phase dependence can be used

to calibrate the enzyme concentration if the conventional lag

phase can be diminished. This is usually achieved by acti-

vating the enzyme fully (10). The lag phase persists for this

fully activated enzyme, as demonstrated in Fig. 3 B, but its
observation is more difficult because the concentration of

the active enzyme form is increasing and the lag period is

considerably shortened. Careful examination of the reaction,

however, reveals that, if the activated enzyme in a condition

where no lag period is observed is diluted, the lag period will

reappear.

To summarize the results, we have found experimental

evidence of an autocatalytic reaction step in the reaction of

hydrogenase-catalyzed hydrogen uptake. The autocatalytic

step most probably involves an interaction between two

hydrogenase forms.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting

BJ Online at http://www.biophysj.org.
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flavocytochrome c photoreduction by methyl viologen. Photochem.
Photobiol. 50:697–700.

28. Berlier, Y. M., G. Fauque, P. A. Lespinat, and J. LeGall. 1982.
Activation, reduction and proton-deuterium exchange reaction of the
periplasmic hydrogenase from Desulfovibrio gigas in relation with the
role of cytochrome c3. FEBS Lett. 140:185–188.

29. Higuchi, Y., H. Ogata, K. Miki, N. Yasuoka, and T. Yagi. 1999.
Removal of the bridging ligand atom at the Ni-Fe active site of [NiFe]
hydrogenase upon reduction with H2, as revealed by X-ray structure
analysis at 1.4 A resolution. Struct. Fold. Des. 7:549–555.
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