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EPR and Maossbauer spectroscopic studies on the tetrameric,
NAD-linked hydrogenase of Nocardia opaca 1b and its two dimers:
1. The fdé-dimer—a prototype of a simple hydrogenase
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The cytoplasmic, tetrameric NAD-linked hydrogenase from Nocardia opaca Ib can be separated in two dimeric
substructures, an ay-dimer with NADH:electron acceptor oxidoreductase (diaphorase) activity and a fo-dimer
which displays hydrogenase activity with artificial electron carriers. These two dimers were preparatively
isolated by a FPLC Mono Q procedure in the absence of nickel and at alkaline pH values. The
hydrogenase-active fé-dimer contained, as analyzed by inductively coupled plasma mass spectrometry
(ICP-MS), 3.5-3.9 iron atoms and 1.3-1.7 nickel atoms per dimer molecule, EPR and Missbauer spectra
indicated the presence of a [4Fe-4S] cluster. This center turned out to be extremely labile towards oxidants.
Oxidation led to irreversible convertion into a [3Fe-4S5] form, thus representing an artifact and not a regulatory
state of the cluster. The midpoint redox potential of the [4Fe-45] cluster was determined to be —385 mV. Very
weak EPR Ni signals of the fdé-dimer were detectable in the oxidized as well as in the reduced state. The
diaphorase-active ay-dimer was free of nickel and the iron content corresponded to 11.2-12.8 Fe atoms per
dimer molecule. From EPR and Mdissbauer measurements it was concluded that this dimer contained two
[4Fe-4S] clusters, one [2Fe-25] and one [3Fe-45] cluster. In accordance with the results obtained for the dimer
proteins, for the whole enzyme an iron content of 15.8-16.2 atoms per enzyme molecule have been determined.
EPR spectra and spectrum simulations of the native hydrogenase corroborate the cluster assignments of the two
dimers: in total the enzyme contains one [2Fe-25] cluster, one [3Fe-45] cluster and three [4Fe-4S] clusters.

Keywords: hydrogenase (or H::NAD™ oxidoreductase. EC 1.12.1.2), Nocardia opaca. diaphorase-dimer,
hydrogenase-dimer, EPR and Massbauer spectroscopy.

Introduction

On the basis of the content of metal companents hyvdroge-
nases can be divided into three main classes:

1 [Fe] hydrogenases containing only iron-sulfur clusters
such as that isclated from Desulfovibrio vulgaris
(Huynh et al. 1984), Clostridium pasteurianum (Adams
& Mortenson 1984), Megasphaera elsdenii (Grande et
al. 1983);
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2 [NiFe] hydrogenases containing nickel and Fe-S clusters
as the enzymes from diverse sulfate-reducing (D. gigas),
photosynthetic (Rhodobacter capsulatus), methano-
genic (Methanobacterium thermoautotrophicum) and
hydrogen-oxidizing (Alcaligenes ewtrophus) bacteria
{Cammack ef al. 1988);

3 [NiFeSe] hydrogenases containing Fe-S clusters and
equimolar amounts of nickel and selenium as found in
D. baculatus (Teixeira et al. 1987).

Two distinct types of [NiFe| hydrogenases exist in aerobic
H,-oxidizing bacteria, a cytoplasmic NAD-linked hydro-
genase and a membrane-bound, respiraiory chain-coupled
cnzyme. The best-investigated NAD-linked hyvdrogenases
are the enzymes of Alcafigenes eutrophus H16 (Schneider
& Schiegel 1976, Schneider et al. 1979, Schneider &
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Piechulla 1986) and Nocardia opaca 1b (Aggag & Schlegel
1974, Schneider er al. 1984a,b, Zaborosch et al. 1989).
These two enzymes are tetramers consisting of four
non-identical, serologically unrelated subunits (N. opaca
M.: & subunit 64 000, £ subunit 56000, ¥ subunit 31 000, &
subunit 27 000). A. eutrophus H16 contains in addition a
membrane-bound hydrogenase which is composed of only
two different subunits. This type of hydrogenase is present
in the majority of aerobic hydrogen-activating bacteria and
nitrogen-fixing bacteria (Lorenz et al. 1989).

It has been reported that the hydrogenase of N. opaca
1b, if prepared in the absencc of Ni ions, can be cleaved
into two dimeric proteins with different cofactor composi-
tion and different enzymatic activity (Schneider et al.
1984a,b). The nickel-containing Adé-dimer shows H;:
acceptor oxidoreductase activity with sevcral electron
acceptors but not with NAD. This dimer must, therefore,
contain the hydrogen activating center. The second,
FMN-containing dimer consists of the & and y subunit and
is hydrogenase inactive. This protein shows diaphorase
(NADH : acceptor oxidoreductase) activity.

In this work we developed a procedure for the separa-
tion and stabilization of the two dimers allowing spectro-
scopic studies {EPR, Mossbauer) of the individual pro-
teins. The characterization of the redox components in the
fo-dimer was of special interest, because il corresponds 1o
a simple model of a hydrogenase.

Materials and methods

Materials

Diethylaminoethyl (DEAE)-Sephacel, phenyl-Sepharose,
the FPLC apparatus and Mono Q HR 5/5 column were
purchased from Pharmacia, Freiburg, Germany; acryla-
mide, sodium dodecylsulfate, urea, Serva Blue R, 2-hy-
droxy-1,4-naphthoquinone and anthraguinonc-2-sulfonate
from Serva Feinbiochemica, Heidelberg, Germany; me-
thyl viologen, benzyl viologen, FAD and phenazine
methosulfate from Sigma GmbH, Taufkirchen, Germany;
indigotrisulfonate, indigocarmin, resorufin and safranin T
from Aldrich, Steinheim, Germany and *’Fe from Hem-
pel, Disseldorf, Germany. The sources of all other
chemicals were as previously reported (Schneider &
Schlegel 1976).

Organism and growth

N opaca 1b now classified as Rhodococcus sp. (DSM 427)
was grown in a mineral medium (Schlegel et al. 1961} in
the presence of 0.1% fructose under an atmosphere of
80% M, 10% O, and 10% CO; (Zaborosch ef al. 1989).
The harvested cells were washed as described previously
(Schneider ez al. 1984a) and stored at —20 °C,

Enzyme purification and enzyme assays

Hydrogenase was purified under aerobic conditions as
described by Zaborosch er al. (1989). The enzyme activity
of the native enzyme was measured at 30 °C by monitoring
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the reduction of NAD spectrophotometrically (Schneider
er al. 1984a). H, uptake activity of the Ad-dimer was
assayed by measuring the reduction of methylene blue
photometrically at 546 nm. The assav medium contained
50 mm Hj-saturated Tris-HCI buffer (pH 8.2) and 0.2 mm
methylene blue. Before the reaction was started with the
electron acceptor, the dimer was reductively activated by
the addition of 50 um dithionite. Diaphorase activity of the
ay-dimer was measured with methylene blue as electron
acceptor under analogous conditions providing NADH
(0.6 mm) instead of H; as electron donor. The addition of
dithionite was not required. The reaction rates were
determined anaerobically under N,. The protein concen-
tration was estimated according to Beisenherz et al
(1953).

Isolation of dimers

The two dimers of the cytoplasmic hydrogenase from N.
opaca 1b were separated and isolated by using a Mono Q
ion-exchange column (HR 5/5) and a Pharmacia FPLC
system. The column was equilibrated with 25 mu Tris-HCI
buffer {(pH 9.0). Native hydrogenase samples (2 mg
purified protein in 0.2 m! per run) were applied to the
column, The dimers were eluted with a discontinuous KCI1
gradient (56 ml, 0—1 M KCI) at a flow rate of 2 ml/min.
Fractions of 1 ml were collected and tested for activity.
The purity of the isolated dimers was confirmed by
analytical SDS/polyacrylamide gel electrophoresis
(PAGE) (Schneider & Piechulla 1986). Hydrogenasc-
active and diaphorase-active fractions were combined
and concentrated separately.

Metal determination by inductively coupled plasma mass
spectroscopy (ICP-MS)

The iron and nickel contents of six different native cnzyme
and dimer preparations were analyzed by ICP-MS with a
VG Plasma Quad instrument (VG Elemental, Winsford,
UK). For quantitative determinations HNOj; (final con-
centration 0.65% ) was added to each sample. Calibrations
were performed with the isotopes, *Fe and ®INi in the
range of 10-1000 p.p.b. As blank solution double-distilled
water containing 0.65% HNO; was used. The experi-
mental set up for the measurements was as described by
Vanhoe et al. (1989).

Redox titration

Redox potential titrations with the fé-dimer were carried
out in an apparatus similar to that described by Durtton
{1978}, with sodium dithionite as reductant under a Hlow of
purificd argon and in the presence of the following dye
mediators: phenazine methosulfate, methylene blue, indo-
gotrisulfate, indigocarmin, resorufin, safranin T, anthra-
quinone-2-sulfonate, 2-hydroxy-1,4-naphthoquinone, ben-
zyl viologen and methyl viclogen, all at a final concentra-
tion of 50 um. The buffer used was 0.5 v MOPS, pH 7.0.
The redox potential was measured with a combined
platin/calomel electrode and a pH meter. The system was



calibrated against a quinhydrone standard. After equili-
bration for 1 min at 25 °C, EPR samples of ~ 180 4 were
taken from the assay and frozen in Jiquid nitrogen. All
potentials are quoted relative to the standard hydrogen
electrode.

EPR spectroscopy

EPR spectra were recorded on an X-band spectrometer
(Bruker ER 200D-SRC) which was equipped with
standard rectangular cavity TE102, a helium flow crvostat
(Oxford Instruments ESR 910) and a data acquisition
system based on IBM PC (developed by us in Liibeck).
The temperatures were measured with an Au(Fe)/
Chromel thermocouple which is located just below the
sample region. The sample temperaturc was calibrated by
comparing the temperature dependence of a ferric low-
spin signal (S = 1/2) with a Curie law-behaviour (Slappen-
del er al. 1980). Air-oxidized EPR samples were prepared
by freezing ~ 180 ul of stock solution in a quartz tube (8Q
707. Spintec, Remshalden, Germany) in liquid nitrogen
and stored for EPR measurements. Additional oxidations
were performed by addition of 3 mm ferricvanide. Re-
duccd samples were obtained under H, atmosphere by
addition of 3 mmm dithionite. Alter an equilibration time of
2 min under argon in the quartz tubes, the samples werc
frozen in liguid nitrogen for EPR measurements. In order
to determine the ratio of the different cluster types, double
integrations of the EPR signals which correspond to
oxidized and reduced samples were carried out. The
intcgrals were corrected for EPR-tube diameter and g
value anisolropy {Aasa & Vinngérd 1975). The g values of
complex and overlapping spectra wcre obtained by com-
puter simulation. The computer programme {Twilfer et al.
1981) calculates the absorption-derivative pattern for
powder samples with effective spin S — 1/2, using micro-
wave freguency, effective g values and line widths (T') as
parameters. The linc shapes of spin packets chosen were
Gaussian. From the simulations g values could be deter-
mined with an overall accuracy of = 0.003. Relative
intensities are given throughout for non-saturating condi-
tions.

Méssbauer spectroscopy

The Méssbauer spectrometer was of the constant-accelera-
tion tvpe, equipped with a source of 0.5-1.1 GBq ¥Co in
rhodium matrix, a helium bath cryostat (MD> 306, Oxford
Instruments) and a superconducting magnet system
(Oxford Instruments). To the tail of the bath cryostat a
small field of 20 mT could be applied with the help of a
permanent magnet. For the preparation of Mossbauer
samples the enzyme had to be enriched in “Fe. Therefore
N. opaca 1b was grown autotrophically in 10-] fermentors
in the presence of 0.1% “Fe-citrate. Cells were harvested
al the late logarithmic phase and washed as previously
described (Schneider er al. 1984a). The native hydroge-
nasc was purificd (Zaborosch ef al. 1989). and both dimers
were isolated. The isolated dimer samples were concen-
trated fo about 120 mg protein/ml. The material was then
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transferred to combined M(’issbauer/EPR sample holders,
frozen to 77 K and kept at this tcmperature until required.
The sample holders were made of polyolefin tubes. The
sample was filled in a tube of 3.5 mm X 3.5 mm cross-
section and 15 mm length, i.c. a volume of ~ 180 pl. The
outer dimension of the holder allowed us to mount it in the
standard quartz dewar of the EPR 910 crvostat as well as in
a Mossbauer bath cryostat. The Mossbaver y-rays were
transmitted perpendicular through lateral faces of
3.5mm X 15 mm. Mdossbauer spectra without magnetic
splittings were analyzed by least-squares fits with Lorent-
zians. Spectra of diamagnetic compounds in strong applicd
fields were simulated using the nuclear Hamiltonian with
mixed electric and magnetic interactions. spectra of
paramagnetic compeounds were simulated using the spin-
Hamiltonian formalism {(Trautwein er al. 1991). Isomer
shifts are given with respect to a-Fe at room temperature.

Results

Isolation and stabilization of the two dimers

In previous studies (Schneider et al. 1984a,b) the separa-
tion of the tetrameric hydrogenase from N. opaca 1b into
two distinct heterodimers (&y, 88} had been achieved by a
preparative PAGE procedure in the absence of nickel ions
in the buffer and at alkaline pH values. This method
appeared to have the following disadvantages: (i) the yield
of dimers was low (about 20%), (ii) the preparation time
was relatively long, and (jii) contaminations of the samples
by polyacrylamide components decreased the stability of
the proteins and disturbed subscquent analyses and
spectroscopic studies. These disadvantages were avoided
by FPLC on a Mono Q column. A complete separation of
both dimers was achieved when the column was equili-
brated with an alkaline buffer of low ionic strength; 25 mm
Tris-HCI, pH 9.0, turned out to be the optimal buffer. An
important prerequisite for complete separation was the
utilization of a discontinuous KCl gradient with concentra-
tions as indicated in Figure 1. Under these conditions the
ay-dimer (M;: o subunit 64000, y subunit 31000) was
eluted at 320 mm KCl in the equilibration buffer and the
Bo-dimer (M,: § subunit 56000, & subunit 27000) was
cluted between 380 and 400 mm KCl.

The ay-dimer preparation had a specific NADH:
methylene blue oxidoreductase activity of 205 units/mg
protein, while the fBé-dimer preparation had a specific
H, : methylene blue oxidoreductase activity of 59 units/mg
protein. Both separate dimers were inactive with NAD.
This physiological acccptor was only reduccd by the
tetramer, the original holoenzyme, and, at a similar rate,
also by the reconstituted protein. The yield of the isolated
dimeric polypeptides was about 95% per run. The effi-
clency of the separation method was controlled by
subsequent analytical SDS/PAGE (Figure 2) which
demonstrated that both dimer preparations were homo-
2eNeous.

Because for the native enzyme tetramer the neutral pH
region was optimal for stability, the previous dimer
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Figure 1. Separation of the two dimers of ﬁ

the hydrogenase from N. opaca b by

FPLC on Mono Q HR 5/5.2 mg native

hydrogenase was applied to the column

(0.5 em % 5 em), the dimers were eluted :

with a discontinuous KCl gradient as 0 L : 0

indicated at a flow rate of 2 ml/min and ¢
fractions of | mi were collected. (-—-)
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Figure 2. SDS/PAGE of the
native hydrogenase and the
two dimers from N. opaca
1b. The gel contained 7.5%
acrylamide, 0.2% SDS, and
§»mureaandwasrunfor2 h
at 80 mA and 200 V. Lane 1,
whole enzyme (30 ug): lane
2, ay-dimer (12 ug); lane 3,
pBé-dimer (10 pg).

preparations were kept routinely at pH 7.0 after isolation.
However, at this pH the fé-dimer turned out to be very
labile, losing more than 70% of the original activity
overnight (at 4 °C under air). The optimal pH was in fact
found to be 8.5 for the fé-dimer, under these conditions
no significant loss of activity was observed within several
days, regardless of whether the atmosphere was air or Hs.
The ay-dimer did not exhibit a pronounced pH-dependent
stability optimum, but a weakly alkaline pH (7.5-8.0)
proved to be more appropriate than neutral pH.

Metal content

The content of iron and nickel in preparations of native
hydrogenase and its dimers isolated from polyacrylamide
gels, had previously been analyzed by energy dispersive
X-ray fluorescence (Schneider ez al. 1984b). These deter-
minations yielded values of 12.4-14.7 iron atoms for the
whole enzyme, based on an M, of 178000, By inductively
coupled plasma mass spectrometry (ICP-MS) analyses,
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used in this work, we obtained a content of 15.8-16.2 iron
atoms per enzyme molecule, based on the same M,. The
nickel content of the enzyme could not be determined
definitely, because throughout the purification procedure
all buffers contained 0.5 mm NiCl; to stabilize the hy-
drogenase. In previous work, Schneider et al. (1984b)
determined 3.8 % 0.1 nickel atoms per enzyme molecule in
samples which were pre-treated with Chelex 100 to remove
non-physiological nickel; despite this treatment the pres-
ence of nuisance nickel could not be prevented.

Metal analyses of the two dimers isolated by FPLC were
performed by ICP-MS using six different preparations in
each case. These determinations revealed that the
ay-dimer (M; 95000) contained 11.2-12.8 iron atoms per
dimer molecule. This value is significantly higher than the
value of 9.6 atoms per dimer molecule determined previ-
ously by the X-ray fluorescence method (Schneider et al.
1984b). In the ay-dimer only trace concentrations of Ni of
less than 0.1 mol/mol protein were found. The [CP-MS
metal analyses indicated that, in accordance with X-ray
fluorescence data, the Bd-dimer (M, 83000) contained
3.5-3.9 iron atoms and 1.3-1.7 nickel atoms per dimer
molecule.

EPR spectra of the pé-dimer

The Aé-dimer isolated by FPLC exhibited, in the dithio-
nite-reduced state at 10K, an EPR spectrum in the
g = 1.8-2.1 region, representing a superposition of two
signals, which could be clearly distinguished from each
other by a differcnt power saturation behaviour. One
component (designated as H2) relaxed faster and domin-
aled under saturating conditions (80 mW; Figure 3,
spectrum a), whereas the other component (designated as
H1) dominated under non-saturating conditions (0.2 mW,
Figure 3, spectrum b). This low-power spectrum could be
simulated by the superimposition of two signals {Figure 3,
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g-values
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Figure 3. Experimental and simulated
EPR spectra of fid-dimer preparations.
po-dimer (11 mg/ml) reduced with 3 mM
dithionite recorded ar 10 K, modulation
amplitude I mT, (a) microwave power
80 mW: (b) microwave power 0.2 mW. 10K

frequency 9.417 GHz, (¢) H2: g = 2.050,

1.8‘;8, 1.§S4andr=3.(5.3.0,5‘0mT;(dj S LLJ
Hil: g =2.048, 1948, 1. 875 and T = 2.5, 300 320 340 360 380
2.8,2.5 mT: (e) 64:36 superposition of

simulated subspectra H1: H2. B [mT]

spectrum ¢), the signal of component H1 at g = 2.048,
1.948. 1,875 and the signal of component H2 at g = 2.0350,
1.898, 1.854 (Figure 3, simulated spectra ¢ and d). The
proportion of component H1 in this spectrum was 64%,
that of component H2 was 36%. Both signals are typical
for [4Fe-48]'* clusters. However, there are several lines of
evidence that the two signals described do not arise from
two different [4Fe-45]'+ clusters. but rather from one such
cluster in two different protein conformations. Firstly the
intensity ratio of the two signals varied from preparation to
preparation: the more the signal of H1 was predominant,
the higher was the activity. We therefore associated HI

with the intact, normally active enzyme, and H2 rather
with an inactive/less active enzyme form. Secondly, this
view is consistent with the fact that the signal of H1, but
not that of 2, could be detected in the native enzyme
tetramer. Finally, even the most active $é-dimer prepara-
tion did not contain more than four Fe atoms.

The midpoint redox potential of the [4Fe-45) cluster was
determined to be —385mV, and it was found to be
identical for both H1 and H2. Increase of the EPR signal
intensity corrclated well with the increasc of the enzyme
activity followed during the redox titration (data not
shown). Maximum activity was rcached at —420 mV.
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The fio-dimer in the air-oxidized ‘as prepared’ statc
showed only a weak signal at g = 2.02 characteristic of
[3Fe-45]! clusters (Figure 4a). The signal intensity cor-
responded to less than 4% compared with the EPR signals
of the [4Fec-4S[+! cluster (Figure 4¢). In addition, oxidized
samples always exhibited a signal at g = 4.3, characteristic
of monomeric (non-functional), high-spin ferric ions, Its
intensity was preparation-dependent and was, as shown in
Figure 4a, approximatcly 10 limes greater than that of the
[3Fc-48]°* signal (assuming equal thermal population of
the three Kramers® doublets of manomeric iron § = 3/2 at
10 K).

In order to elucidate the question concerning the nature
of the [3Fe-4S] cluster, we assessed the influence of an
oxidative treatment on the [4Fe-48] cluster. EPR samples
of the Aé-dimer were incubated with ferricyanide and the
comparison of the EPR spectra of untreated (Figure 4a)
and ferricyanide-treated samples (Figure 4b) showed that
the oxidation caused a strong increase of both the
[3Fe-45]'* signal and the signal at g = 4.3, Rereduction of
the enzyme with dithionite resulted in a spectrum (Figure
4d) which was found to be strongly attenuated compared
with that {Figure 4c) obtained after the first reduction of
the "as prepared’ sample. Similar but less drastic effects
were observed for (o-dimer samples after oxygen-
treatment. The results demonstratc that the [4Fe-45]
cluster can be converied to a [3Fe-4S] cluster by oxidants,
duc 1o the loss of an iron atom, and that the original
[4Fe-48] cluster cannot be restored by reduction.

Attempts to reconvert the [3Fe-48] to the [4Fc-48]
cluster by incubation of fé-dimer samples under reducing
conditions in the presence of Fe(IT} and dithiothreitol also
failed in contrast to cxperiments performed with aconitase
and ferredoxin II isolated from Desulfovibrio gigas
(Moura er al. 1982, 1984). Activity measurements of
ferricyanide-treated samples proved that the formation of
the [3Fe-48] cluster and the dimer inactivation are

Specrroscopy of N. opaca 1b hydrogenase

correlated. Both processes, [3Fe-45] formation and inacti-
vation, were dependent on the ferricyanide concentration
and on the incubation time and were shown not (0 be
reversible. Summarizing these results, we conclude that
the [3Fe-48] clustcr, present in fé-dimer preparations, is
not a natural constituent but an artifact resulting from an
oxidative damage of the [4Fe-4S] cluster.

Weak Ni signals were only detectable if very high
protein concentrations were uscd (not shown). This was
the case with both the f8-dimer and the native tetrameric
hydrogenase. The reason for the absence of a relevant Ni
signal in the oxidized protein might be that Ni in this type
of hydrogenase is, in spite of aerobic preparation, predo-
minantly present in the EPR-silent ‘24 oxidation state.
Dithionite-reduced dimer samples were, with regard to Ni,
already ‘over-reduced’. In the coursc of the redox titra-
tion, performed with the gdo-dimer, a transient Ni signal
appeared and disappeared in a region between —300 and
—380 mV. The protein solution used in this titration was
rather dilute, and thus the Ni signals were too weak for
quantitative evaluation.

Mossbauer spectra of the So-dimer

Maossbaucr measurements with the EPR sample of oxid-
ized Bé-dimer were performed at 4.2 K in fields of 20 mT
and 4.13 T. Two quadrupole doublets without magnetic
splitting appeared in the 20 mT spectrum which is shown in
Figure 5. Least-squares fits with Lorentzians revealed the
following parameters: subspectrum 1, isomer shift &=
0.42 mm/s, quadrupole splitting AEq = 1.27 mm/s, line
width T =0.33 mm/s, 67.7% of total absorption area;
subspectrum 2, 6=0.23 mm/s. AEg =0.58mm/s, I'=
0.45 mm/s, 32.3% of total absorption arca. Isomer shift
and quadrupole splitting of the major component, sub-
spectrum 1, are in agreement with those found for iron of
the formal valence '2.54" in oxidized [4Fc-4S]2* clusters
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Figure 5. Mbssbauer spectra of the oxid- B '
ized fo-dimer. recorded at 4.2 Kin a b O S S S O S S A O S
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the y-rays. The subspectra (- -—and —- -)
are fits with Lorentzian lines.
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(Middleton et al. 1980), while low isomer shift of subspec-
trum 2 indicates ferric ions in tetrahedral sulfur coordina-
tion (Orme-Johnson & Orme-Johnson 1982). An assign-
ment of component 2 to [3Fe-4S]'* clusters, which contain
only ferric high-spin iron (Emptage er al. 1980, Miinck
1982), corroborates the EPR finding of preparation-
dependent amounts of [3Fe-4S])'* clusters prescnt in
oxidized samples. Thus, the Mossbauer results obtained
from oxidized f34-dimers are in qualitative agreement with
the EPR results.

EPR spectra of the wy-dimer

The previously published EPR spectrum of the oxidized
diaphorase-active ay-dimer isolated by PAGE had shown
a relatively weak and broad signal at g = 2.008 (Schneider
et al. 1984b). In contrast, the ay-dimer samples now
prepared by FPLC showed a strong signal with narrow
lines in the oxidized state (Figure 6a). Simulation of this
spectrum gave g values of 2.018, 2.002, 1.985 which are
typical for [3Fe-4S]'* clusters but deviate significantly
from the g valucs of the [3Fe-4S]'* cluster artefact in the
oxidized fé-dimer.

In the dithionite-reduced state the ay-dimer yielded a
compiex EPR spectrum at 10 K as shown in Figure 6b.
Since the reduced three-iron cluster [3Fe-45]° has system
spin S =2 (Thomson ez al. 1981) and is thereforc EPR-
silent, the EPR spectrum reflects other iron clusters. By
simulations we were able to decompose the spectrum in
three components. i.e. D2, D4a and D4b. The superposi-
tion of these subspectra (salid line) revealed relative
integral intensities of 33.3% for each. The three compo-
nents exhibited very different temperature dependences.
At B0 K the components D4a and D4b were strongly
attenuated by relaxation broadening, and component D2
dominated the spectrum (Figure 6c). From a comparison
of g values and temperature dependences of the compo-
nents D2, D4a and D4b with published data (Rupp ez al.
1978), we correlate D4a and D4b with [4Fe-4S]!+ clusters
and D2 with a [2Fc-2S]'* cluster.

In summary, the ratio of the integral intensity of the
[3Fe-4S]1+ spectrum from oxidized ay-dimers (Figure 6a)
to the integral intensity of the components D2, D4a and
D4b in reduced ay-dimers (Figurc 6b) is 1:2.9. From our
relative assignments in conjunction with the absolute metal
content of 11.2-12.8 iron atoms per avy-dimer, we
conclude that each ay-dimer contains two [4Fe-4S] clust-
ers, one {3Fc-48] and onc [2Fe-48] cluster.

The postulate that the [3Fe-45] cluster is a physiological
constituent of the ay-dimer was supported by oxidation
experiments with ferricyanide. In  contrast to the
pd-dimer, the axidative treatment (with 3 mu ferricya-
nide) of the ay-dimer did ncither cause a significant
enhancement of the [3Fc-4S]'* signal, nor did it induce
any formation of ferric ions (with g = 4.3). In accordance
with this spectroscopic observation, the ferricyanide treat-
ment did not significantly affect the specific activity of the
ay-dimer.
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Mdéssbauer specira of the ay-dimer

A Madssbauer spectrum of the air-oxidized ay-dimer was
recorded at 4.2 K in a field of 20 mT applied perpendicular
to the v-rays (Figure 7a). The spectrum consists of two
quadrupole doublets without apparent magnetic splittings.
Isomer shifts and quadrupole splittings were determined
from least-squares fits with Lorentzians: subspectrum 1,
& =0.45mm/s, AEc = L.21 mm/s, T = 0.4 mm/s, 61% of
total absorption area; subspectrum 2, &=0.33 mm/s,
AEq = 0.61 mm/s, [ = 0.37 mm/s, 39% of total absorp-
tion area. The parameters of subspectrum 1 are character-
istic of {4Fe-d4S]?+ clusters (Middleton et al. 1980), as
mentioned abave for the 88-dimer, while those of subspec-
trum 2 are consistent with parameters ol [3Fe-4S]+
clusters (Minck 1982, Orme-Johnson & Orme-Johnson
1982} and [2Fe-2S)** clusters (Dunham et al. 1971). The
relative intensitics of subspeetra 1 and 2, 61% and 39% of
the total absorption area, are in agreement with the values
61.5% and 38.5%, expected for two [4Fe-4S] clusters,
accounting for subspectrum 1 as well as one [3Fe-4S] and
one [2Fe-2S] cluster accounting for subspectrum 2.

These assignments could be corroborated by the analysis
of a magnetically perturbed Mossbauer spectrum. The
experimental spectrum of an oxidized ay-dimer recorded
at 42K with an applied field of 4,13 T (Figurc 7b) is
dominated by the strong diamagnetic contributions of the
[4Fe-45]2+ clusters (subspectrum 1, 61.5%) and the
[2Fe-28]?+ clusters (subspectrum 2a, 15.4%). No indica-
tions are detectable for a subspectrum with wide magnetic
splitting originating from paramagnetic [3Fe-4S]'* clusters
with slow spin relaxation, as observed for hydrogenase
from Desulfovibrio gigas (Teixeira et al. 1989). However,
a simulation adopting fast spin relaxation with the typical
spin-Hamiltonian parameters for a [3Fe-4S]* cluster
(Teixeira et al. 1989; subspectrum 2b, 23.1%) is consistent
with the experimental data. Hence, also the high-field
Mossbauer data indicate, that the ay-dimer contains two
|4Fe-48] clusters, one [3Fe-4S] and one | 2Fe-25] cluster.

EPR spectra of the native hydrogenose

The purificd N. opaca hydrogenase tetramer in ifs
oxidized state. as prepared under aerobic conditions,
showed an EPR spectrum at 10 K (Figure 8a) with a
prominent resonance at g=2.02 which is typical for
[3Fe-4S]1* clusters, and a broad feature at g = 1.95, which
probably results from magnetic interactions of the [3Fe-4S]
cluster in the ay-dimer with a close paramagnetic site. A
possible candidate for such a site is Ni#t (§ =1, EPR-
silent; More ef al. 1986}, although the Ni center is located
in the other dimer. The suggestion that a spin coupling
exists between two redox components located in different
subunits is supported by the fact that the occurrence of the
1.95 resonancc was observed only with the native or
reconstituted tetramer {compare Schneider ef al. 1984b)
but with none of the separated dimers.

Reduction of the native hvdrogenase tetramer of N.
opacq with dithionite led to a complex EPR spectrum at



Figure 6. Experimental and simulated EPR spec-
tra of ay-dimer preparations. {a) Oxidizcd
av-dimer (21 mg/ml}, recorded at 10 K. modula-
tion amplitude 1 mT, microwave power 20 xW,
frequency 9.415 GHz. (b) Reduced with 3 mw
dithionite, recorded at 10 K, modulation am-
plitude [ mT, microwave power 20 uW, frequency
9.437 GHz. —, supcrposition of simulated sub-
spectra D2, D4a and D4b with relative intensities
as indicated. D2: g = 2.036. 1.947, 1.928 and
I'=2.3,2560mT; D4a: g = 2.073, 1.935, 1.854
andI'=3.1,2.5.5.8 mT: D4b: g = 2.001. 1.927.
1.921and" =9.3,3.2,9.8 mT. (¢) Reduced
sample recorded at 80 K, microwave power
200 mW, otherwise conditions are as in{b). ———
Simulation of D2 asn (b).
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Figure 7. Mossbauer spectra of the oxid- u 2w \ i‘
ized ay-dimer, recorded at4.2 Kina 2 1.000 -_. i
field of (a) 20 mT and (b) 4.13 T, applied -~
perpendicular to the y-ray. The subspec- -
tra in {(a) are fits with Lorentzians yield- :i:"
ing for subspectrum 1 6 = 0.45 mmy/s, 995 1+
AEg=+121mm/s, n=0,1=
0.40 mmy/s, and for subspectrum 2
4=10.35 mm/s. AEg = +0.61 mm/s,
7 =0,T"=0.37 mm/s. Subspectra 1 and 990 |
2a in (b) are simulations for diamagnetic
material using the parameters from (a);
additionally, subspectrum 2b represents
the spin-Hamiltonian simulation in fast- ‘
relaxation limit with & = 0.33 mm/s, and L9851 42K ! “
AEq = 0.70 mm/s for the three iron sites [ 413TLy ‘"‘
(S = 5/2) in a [3Fc-48]1* cluster. The B i
components of the magnetic hyperfine NN T I NS OV RO N G L SV S RO N s
tensors Ax,\/gnﬁn » Ayy/gnﬁn 1 Azz/grlﬁ[l are -4 = 2 O 2 4
(=34, —28, =32) T forsite 1, (10, 11, 11) 1
T for site 2 and (2.5, 2.5, 2.5) T for site 3. Velocity (mms "]

10 K (Figure 8b, dotted line). The solid line in Figure &b is
a 1:3 superposition of the corresponding experimental
EPR spectra of the gdé-dimer and the ay-dimer in the
reduced state, as depicted in Figures 3b and 6b, respect-
ively. (The 1: 3 superposition is due to the presence of one
EPR-visible [4Fe-4S]'* cluster in the Bé-dimer, two
EPR-visible [4Fe-45]* clusters, one EPR-silent [3Fe-45]"
cluster and one EPR-visible [2Fe-25]'* cluster in the
ay-dimer.) This superposition shows approximately the
same features as the experimental spectrum of the native
tetramer. In detail, however, there are deviations, for
instance at g = 1.95 and at g = 2.07, and particularly, it
appears that the spectrum of the native tetramer exhibits
less rhombic splitting than the two dimers. We therefore
tried to analyse the spectrum of the tetramer further on the
basis of the simulated subspectra D2, D4a, D4b and HI,
H2 of the individual dimers, and we used the saturation
behaviour (at 10 K with 20 4W and 20 mW, respectively)
and the temperature dependence (between 10 K and 80 K)
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for assignments of the overlapping subspectra. {In the
following, prime symbols (') refer to subspectra of the
native tetramer.] The trough at g=1.87 is part of a
component H1' (Figure 8¢) which corresponds to Hl of
the isolated Bé-dimer in Figure 3, representing [4Fe-4S]!
clusters. Saturation experiments revealed the complete
absence of the component H2', which corresponds to H2
and which was also assigned to {4Fe-4S]'* clusters in the
isolated Bé-dimer. A measurement, recorded at 80 K (not
shown), allowed an unambiguous identification of
[2F¢-28]"* clusters by subspectrum D2’ corresponding to
subspectrum D2 in Figure 6c for the isolated ay-dimer.
Fitting the identified components HI1' and D2" to the
experimental spectrum of the tetramer (25% for each
subspectrum) shows that the remaining part of the
spectrum can be simulated by a single subspectrum, D47,
accounting for 50% of the total intensity (Figure 8c). As
this component, which represents two [4Fe-48]1* clusters,
differs (especially in its line width) from the two compo-



Figure 8. EPR spectra of the native hydrogenase
tetramer. {(a) Oxidized enzyme (24 mg/ml},
recorded at 10 K, modulation amplitude 1 mT,
microwave power 20 uW, frequency 9.420 GHz.
(b) Same sample reduced with 3 mm dithionite,
recorded at 10 K, modulation amplitude I m'l,
microwave power 20 uW, frequency 9.414 GHz.
—, 1:3 superposition of experimental spectra
from reduced Bd-dimer (Figure 3b) and reduced
ay-dimer (Figure 6b). {¢) Same experimental
spectrum as (b). —, 1:1:2 superposition of
simulated subspectra H1":D2":1>4’ with FI1":
g=2.013.1.932, 1.858and "= 1.5,2.5,3.7mT:
D2 g =2.034,1.939,1.93¢ and I = 1.8, 1.5,

20mT:D4': g =2.039.1.952,1.942 and T = 1.0,
1.2,2.2mT.
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nents D4a and D4b of the isolated ay-dimer (compare
Figure 6b), we conclude that the [4Fe-4S}* clusters
undergo conformational changes in the protein moiety
when the tetramer is separated into dimers. Thus, the
absence of component H2' in the spectrum of the tetramer
and the strong intensity of component H1’, accounting for
one [4Fe-48]'* cluster in the Bd-dimer, corroborates our
interpretation fram abave that H1 and H2 represent two
variations of the single [4Fe-4S] cluster in different protein
conformations of the isolated 86-dimer.

Discussion

In the present work we have developed a new preparative
FPLC procedure to cleave and separate the tetrameric,
NAD-linked hydrogenase of N. opaca 1b into two distinet
heterodimers (ay, f6). The high activity yield and the
stability of the resulting preparations enabled us to
perform a more detailed spectroscopic study on these twa
protein dimers.

From our analyses of the iron content and of the EPR
and Mossbauer spectra, we draw the following conclu-
sions: the ay-dimer contains one [3Fe-4S] cluster, which is
a natural constituent, one [2Fe-28] cluster and two
[4Fe-4S] clusters, the fé-dimer contains, in addition to
nickel, only one [4Fe-45] center with a midpoint potential
of —385mV; the [3Fc-48] cluster, present in variable
amounts in Bd-preparations, was demonstrated to repre-
sent an oxidative damage product of the [4Fe-45] cluster.

These assignments were supported from data of the
isolated dimers as well as of the native, tetrameric enzyme.
Simulations of the EPR spectra enabled us to monitor
changes in cluster geometries during scparation of the
enzyme into dimers, resulting from alterations of protein
conformation. Nearly all clusters experienced such effects
on dimer separation. The [4Fe-45] cluster of the $é-dimer,
particularly, exhibited a unique spectrum in preparations
of the tetramer, while in isolated dimers two preparation-

Figure 9. Enzyme model for the struc-

tural and functional organization of the
cytoplasmic, NAD-reducing hvdrogenase

of N. opaca 1b. The arrangement and

shape of the four subunits are hased on

electron microscopy studies. Physio-

logical direction of enzyme reaction and

electron transport is indicated by arrows,

The NAD-linked hydrogenase appears to

contain two atoms of Ni. One represents

the catalvtically active Ni center, the H>
sccond one has been postulated to play a
role in the binding of subunits (Schneider
et al. 1984Db). This is indicated by placing
the second Ni atom at the ‘edge’ of the §
subunit close to the ¥ subunit. A definite
assignment of the [3Fe-48] cluster to one
cerlain diaphorase-dimer subunit is not
possible. This cluster may be ligated to
the « subunit, to the ¥ subunit, or to
both.

2H*
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Hydrogenase-Dimer

/NI_-D

dependent spceies were observed. The reason for this
behaviour might be that the protein conformation of the
Bé-dimer is less stable in its isolated form compared to the
case when it is embedded in the tetramer. It is tempting to
spceulate that the sensitivity of the [4Fe-48] cluster to
oxidative degradation into non-physiological [3Fe-dS]
clusters might be a further result of this protein instability,

All the current data, taken together with those of a
previous study (Schneider et al. 1984a.b) allow us to
propose the complemented enzyme model shown in Figure
9. The NAD-linked hydrogenase of N. opaca is composed
aof two completely different, individual enzymes: one
enzyme is represented by the FMN-containing ay-dimer
(diaphorase-dimer) and exhibits NADH oxidase activity;
the second enzyme is rcpresented by the Sé-dimer
{(hydrogenase-dimer), which behaves like an ordinary
hydrogenase catalyzing the H: evolution and H, uptake
with artificial electron carricrs. NAD reduction with H; is
only catalyzed by the whole tetrameric enzyme. This
model implies that an intramolecular and subunit-over-
lapping electron transport has to take place before NAD
can be reduced by hydrogen.

[3Fe-48] clusters have repeatedly been proposed, par-
ticularly in conncetion with aconitase (Beinert er af. 1983)
and hydrogenases (Cammack ef al. 1982, Schneider et al.
1984b), to have a regulatory function in enzymes. In
Ni-containing hydrogenases a [3Fe-4S] cluster may play a
role in the reductive activation/oxidative deactivation
process as described by Cammack e al. (1988). However,
we have to consider, firstly, that the [3Fe-48] cluster
detected in the N. opuca hydrogenase is not located in the
hydrogenase-dimer but in the diaphorase-dimer, and
secondly, that [3Fe-48] clusters generally are nat prescnt
in all Ni-containing hydrogenases. For cxample, the
hydrogenase of Desulfovibrio gigus definitely contains a
[3Fe-48] cluster (Huynh ez af. 1987), whereas the hydroge-
nase of Desulfovibrio baculatus does not {Teixeira et al.
1990). Thus, the existence of a [3Fe-45] cluster does not

Diaphorase-Dimer

NAD+
[2Fe 25]
FMN
NADH

[3Fe-45]




appear to be a prerequisite for a reductive activation of
hydrogenase or for an active hydrogenase in general. The
results and interpretations of the present work are in
conflict with the proposal of Tran-Betcke er af. (1990) that
a [3Fe-4S] cluster is located in the & subunit of the
NAD-reducing hydrogenase from A. cutrophus HI6,
However, no experimental evidence exists for such an
assignment: because the A. eutrophus hydrogenase does
not dissociate into intact heterodimers, it was not possible
1o study the metal centers of the two dimers separately and
ta localize a potentially existing [3Fe-48] cluster.

The most important result of the prescnt study is the
conclusive evidence that the hydrogenase(f3d)-dimer con-
tains the nickel center and only one [4Fe-48] cluster. These
constituents arc sufficicnt to confer the hydrogenase
function within the tetrameric enzyme sysicm, ic. Lo
activate hvdrogen and to transfer electrons from hydrogen
to the Fe-S clusters of the diaphorase(ay)-dimer. Horn-
hardt et af. (1986, 1990) succeeded in isolating a native
subunit of the hyvdrogenase from a mutant of A. eutro-
phus, which corresponds to the /3 subunit of the hydroge-
nase (p8)-dimer from N. opaca. This subunit containcd
nickel as well as one Fe-S cluster. The Fe-§ cluster was not
vet identified unambiguously, but, regarding our present
knowledge. it must be a low-potential [4Fc-48] cluster,
analogous to that cluster which we have detected in the
fo-dimer. From this it consequently follows, that both the
Ni-center and the [4Fe-48] cluster are located in the large
subunit (5) of the hydrogenase( d)-dimer.

Based on these results and interpretations, the model
for the spatial and functional organization of the NAD-
reducing hydrogenase as proposed by Tran-Betcke er al.
(1990% must be revised. Tran-Betcke and co-workers
assumme a linear arrangement of the subunits according to
the structural model proposed by Tsuprun ef al. (1986).
According to this ‘linear model’. direct binding of the two
dimers only occurs between the two small subunits:
thercfore, this model allows no other electron transport
than that from f (the subunit containing the site for H,
activation) to &, then to ¥ and finally to a (the subunit
containing the site for NAD reduction/NADH oxidation).
Our conclusion that the & subunit does not contain any
cofactor or metal center and. hence, is nol integrated in
the intramolecular electron-transfer system, contradicts
this linear model, but it is in conformity with the structural
model recently deduced by Johannssen er al. (1991} from
their electronmicroscopy studies. Johannssen and col-
leagues deseribed a compact subunit system composed of
L-shaped large subunits (@, fi) and spherical to square-
shaped smail subunits {y, &). There is a close attachment
between a and y and between £ and o, as well as between
& and & and between 8 and v, whereas the contact region
between the two small subunits appears to be comparat-
ively small in this mode!l. This ‘compact model” which was
confirmed for both, NAD-reducing hydrogenase of A.
eutrophuy H16 as well as of N opaca 1b (Johannssen ef al.
1991). implics an electron flow directly from § to y and
then to v, in accordance with our concept (Figure 9). The
presence of the two low-potential [4Fe-4S] clusters in the 1

Specrroscopy of N. opaca 1h hydrogenase

subunit has been indicated by a characteristic sequence of
eight cysteine residues (Tran-Betcke er al. 1990). The
location of the NAD(H) reaction site and, as we speculate,
also of FMN and the [2Fe-28] cluster in the o subunit was
decmonstrated by the capability of this subunit to have still
NADH-oxidizing activity after separation of the y subunit
(Hornhardt et al. 1990).

It should be finally noted that the diaphorase-dimer
which was shown to have NADH : acceptor oxidoreduc-
tase activity, exhibits pronocunced sequence homologies
with subunits of the mitochondrial NADH-ubiquinone
reductase complex I from cattle (Pilkington er al. 1991)
and Neurospora crassa (Preis eral. 1991).
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