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SUMMARY

1. Cells of the hydrogen bacterium Alcaligenes eutrophus are broken by gentle
lysis using lysozyme treatment in hypertonic sucrose followed by osmotic shock. By
this method, 93 9/ of the in vivo activity of the H, oxidase is recovered and the ATPase
remains particle bound. In contrast, cell disruption in a French pressure cell dimini-
shes the in vivo activity of the H, oxidase by 50 %, and solubilizes the bulk of the
ATPase.

2. The bacterium contains a periplasmic cytochrome ¢ with bands at 418, 521
and 550 nm (difference spectrum). In addition to cytochrome aa;, b-560, ¢-553 and o,
low temperature difference spectra of membranes show the presence of two further
cytochromes (shoulders at 551 and 553 nm).

3. The unsupplemented membrane fraction catalyses the oxidation of hydro-
gen, NADH, NADPH, succinate, formate and endogenous substrate (NAD linked) at
rates 2-3-fold higher than membranes obtained from cells disrupted in a French
pressure cell. With the exception of the H, oxidase all oxidase activities in lysozyme
membranes are sensitive to carbonylcyanide m-chlorophenylhydrazone (20-100 %
stimulation of oxygen uptake).

4. The cytoplasmic fraction contains a B-type cytochrome with absorption
maxima at 436 and 560 nm, capable of combining with CO; it contains non-covalently
bound protohaem. In alkaline solutions a spectral transition to the haemochrome
type with bands at 423, 526 and 556 nm occurs. The addition of NADH to an aerobic
suspension of this cytochrome elicits new absorption maxima at 418, 545 and 577 nm
(difference spectrum), which are believed to represent an oxygenated form of the
reduced cytochrome.

INTRODUCTION

Hydrogen bacteria are characterized by their ability to grow chemoautotrophi-
cally using hydrogen as electron donor for their respiratory chain and CO, as carbon

Abbreviations: HEPES: N-2-hydroxyethylpiperazine-N’-2-ethanesulphonic acid; CCCP:
carbonylcyanide m-chlorophenylhydrazone.
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source. The physiological group comprises a multitude of bacteria bzlonging to differ-
ent taxomonic groups. The majority of investigations on the respiratory chain and
energy-generating system of these bacteria have been done with gram-negative
bacteria which belong to the genera Pseudomonas [1] and Alcaligenes [2-4]. The
enzyme system involved in the oxyhydrogen reaction is bound to the cytoplasmic
membrane. Flavoproteins, cytochromes b, ¢, aa; and o have been found [1-4], and
ATP production by oxidative phosphorylation has been demonstrated with intact
cells [5, 6] or crude extracts (I, 3, 7].

Unfortunately, studies concerning the respiratory chain in hydrogen bacteria
have bzen carried out using rough mechanical methods of cell breakage. Inherent in
such methods are a numbzr of disadvantages, including (1) the difficulty in discerning
the distribution of respiratory components within the cell structure (e.g. periplasmic
space, cytoplasma ,membranes), (2) the possible damage to the membrane structure,
which makes valid interpretation of the results difficult. Therefore, the work to be
described was aimed to obtain cytoplasmic membranes, the biological activity of
which was well preserved. Intact cells and osmotically disrupted spheroplasts as well
as periplasmic space, membranes and cytoplasmic extracts were used to study the
spatial distribution of various components of the respiratory chain and of oxidase
activities within the cell. Evidence is presented for a soluble haemoprotein in Alcali-
genes eutrophus which has not been described bzfore.

METHODS

Growth of organism

A. eutrophus H 16 (= Hydrogenomonas eutropha H 16, ATCC 17699, German
Collection of Microorganisms (DSM) 428) was grown in a mineral medium [8]
supplemented with 0.05 %, NaHCOj; at 30 °C in a 10-l fermenter (Biostat, Braun,
Germany) at 600 rev./min. At the beginning of growth, the gas atmosphere consisted
of 80% H,, 10%, CO, and 109, O,; the gas flux was 500 ml/min. The cells grew
exponentially without a lag phase (u = 0.28 h™'). When an absorbance (436 nm) of
2-4 was reached, the oxygen concentration in the atmosphere was increased to 15 %
on account of the hydrogen concentration. During the exponential growth phase, the
respiratory activity of the cells (manometric determination of the hydrogen oxidase
activity) remained constant; it increased at the beginning of the stationary phase. The
culture was harvested at mid-log phase (4 = 7), centrifuged and washed in 50 mM
Tris - HCI buffer (pH 7.4). Cells grown and prepared as described had reproducible
respiratory activities and cytochrome contents.

Preparation of cell fractions

(a) Lysozyme method. The procedure for cell disruption, as outlined in Fig. 1,
was effective only with freshly harvested cells. Cells were suspended in 10 mM Tris -
HCI (pH 7.8) containing 0.5 M sucrose and 5 mM EDTA (1 g cells (wet weight)/10 ml
buffer). The suspension was stirred for 10 min at 30 °C bzfore addition of lysozyme
(20 mg/g wet weight). The formation of spheroplasts was followed by diluting samples
of the czll suspension in 100 vols. distilled water and by measuring the absorbance of
this osmotically shocked lysate. After 30 min of incubation, 99 % of the cells were
transformed to spheroplasts, as determined microscopically. The spheroplast suspen-
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Fig. 1. Cell fractionation of A. eutrophus by the;lysozyme method. Details are given:in the text.

sion was centrifuged at 40 000 x g for 20 min. The supernatant fraction obtained will
hereafter be referred to as periplasmic supernatant. The spheroplast pellet was homo-
genized in 10 mM HEPES/KOH buffer (pH 7.2), at 10 ml/g cells (wet wt.), and
10 mM MgCl, and DNAase (10 pg/g cells wet wt.) were added. After stirring at
20 °C for 20 min, the osmotically shocked lysate (referred to as OSL) was fractionated
into particulate and supernatant fractions by centrifugation at 100 000 x g for 40 min.
The particulate pellet consisted of two layers, an upper reddish one (lysozyme mem-
branes) and a hard whitish bottom layer which was discarded. The lysozyme mem-
brane fraction was carefully removed with a glas rod, washed twice in 50 mM HEPES/
KOH (pH 7.2) and stored in small portions (I ml, 15 mg protein/ml) under liquid
nitrogen. The supernatant (SF) was recentrifuged to remove small particles.

(b) Cell disruption by the french pressure cell. Harvested cells were suspended in
50 mM HEPES/KOH (pH 7.2), DNAase (50 ug/g cells wet wt.) was added, and the
mixture was passed once through a French pressure cell (Aminco, U.S.A.) at 1500
kP/cm?. The disrupted cell suspension was fractionated into particulate and super-
natant fractions by centrifugation at 120 000 x g for 90 min. The upper red membrane
layer was removed and treated in the manner describzsd above.

Electron microscopy

Thin sections were made from glutaraldehyde- and OsO,-prefixed samples
embedded in a mixture of plastic material [9]. The sections floating on thymol-con-
taining water were picked up with carbon-coated Formvar grids and stained with
uranyl acetate (2 % in water, pH 5) for 10 min and lead citrate (10 % in water, pH 12)
for 5 min [10]. Electron microscopy was carried out with a Philips electron micro-
scope EM 301 at primary magnifications of 7160 x or 71000 x.

Enzyme assays

Oxidase activities were measured at 25 °C using a Clark type oxygen electrode
(Rank, Bottisham, England). In order to exclude the lag phase of the H, oxidase
activity, the membrane suspension was bubbled with H; for 10 min at 25 °C bzfore
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injection into the reaction vessel. The electrode was calibrated with air-saturated
distilled water assumed to contain 253 nmol oxygen/ml at 25 °C. The membrane-
bound hydrogenase (hydrogen: methylene blue oxidoreductase) activity was measured
manometrically at 30 °C in 50 mM potassium phosphate buffer (pH 7.0) with methy-
lene blue as electron acceptor. The vessels were gassed for 15 min with CO,- and O,-
free H, and the reaction started by tipping the methylene blue from the side arm into
the main compartment (final concentration: 4.5 mM).

The soluble hydrogenase (EC 1.12.1.2) activity was determined photometrically
at 25 °Cin 1-cm cuvettes containing 50 mM Tris - HCI (pH 7.0, H,-saturated), | mM
NAD and the enzyme sample in a final volume of 3 ml. The reduction of NAD was
followed.

The malate dehydrogenase (EC 1.1.1.37) activity was measured photometri-
cally at 25 °C. The reaction mixture contained S0 mM Tris - HCI (pH 7.4), 5 mM
oxaloacetate, ] mM NADH and the enzyme sample in a final volume of 3 ml. The
oxidation of NADH was followed.

The assay for the ATPase (EC 3.6.1.4) activity contained 50 mM Tris - HCI
(pH 7.5), 5 mM NaATP, 4 mM sodium phosphoenolpyruvate, 5 mM MgCl,, 30 ug
pyruvate kinase and 0.4 mg membrane protein in a final volume of 1 ml. The reaction
was started by the addition of ATP and stopped after a 10-min incubation at 30 °C by
adding 1 ml of 10 % trichloroacetic acid. The precipitated protein was removed by
centrifugation. 1 ml of the supernatant was used for the determination of inorganic
phosphate by the method of Taussky and Shorr [i1]. The control was incubated
without substrate; ATP was added immediately after the addition of trichloroacetic
acid.

Peroxidase (EC 1.11.1.7) activity was assayed according to Piittner [12].

Spectrophotometric techniques and cytochrome identification

Cytochrome spectra at room temperature were recorded on a Zeiss DMR 21
split-beam spectrophotometer using cuvettes of l-cm light path. Dilutions of the
samples were made in 50 mM potassium phosphate (pH 7.0) and the reduced minus
oxidized difference spectra were obtained by reducing one cuvette with a few grains of
dithionite. The reference cuvette was oxidized by addition of ferricyanide (periplasmic
fraction) or by vigorous aeration (cytoplasmic fraction, membranes). CO difference
spectra were obtained by reducing the samples as described above and bubbling CO
for 60 s through one cuvette. The spectra were recorded after 5 min of incubation
with CO in the dark. To record difference spectra at — 196 °C, a split-beam spectro-
photometer with low temperature equipment of the Max Planck Institut fiir Erndh-
rungsphysiologie, Dortmund, was used. Samples were measured in cuvettes of 2-mm
light path using the single freeze technique of Bonner [13] in the presence of 50 %,
glycerol.

Cytochromes were identified from a-peaks in their difference spectra [14]. The
concentrations were estimated from dithionite-reduced minus oxidized difference
spectra using &, = 24 for cytochrome aas [15], &, = 20 for b-type cytochrome [16]
and £,m = 19 for c-type cytochrome [16]. Cytochrome o was estimated from the
dithionite-reduced plus CO minus dithionite-reduced difference spectra using &,m =
170 (peak-trough) according to Daniel [17].

The acid acetone extraction of protohaem and the formation of pyridine
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haemochromes were carried out as described by Weston and Knowles [18]. The

haems present in the extract and residue were identified by their difference spectra
[14].

Quinone determination

The extraction procedure, identification and quantitative determination of
quinones were performed using the method and extinction coefficients described by
Kroger et al. [19]. Separation of the extracted ubiquinone and menaquinone (120 mg
membrane protein extracted) was achieved by thin-layer chromatography on silica gel
plates (Merck, Germany; 0.25 mm). The solvent system consisted of light petroleum/
ethylether (16 : 4, by vol.), the chromatogram was developed for 30 min [4]. The
quinones, identified by comparison to the references Q,, and vitamin K-l were
scraped off the plate, dissolved in acetone and separated from silica gel by repeated
centrifugation.

DEAF column chromatography

20 ml (400 mg protein) of the soluble fraction, obtained from a cell disruption
by means of the French pressure cell, were applied to a DEAE-Sephadex A-50 column
(2.5x35 ¢cm), which had been equilibrated with 20 mM potassium phosphate (pH
7.0). The column was washed with 100 ml of the above buffer and the protein eluted
with a linear gradient of 0.0-0.5 M KCl in 600 ml equilibrium buffer. 200 fractions of
approx. 3 ml each were collected at an average flow rate of 25 mi/h. The B-type cyto-
chrome was identified by its difference spectrum. The fractions 125-145 were pooled,
concentrated by ultrafiltration to a volume of 15 ml and dialyzed over-night against
20 mM potassium phosphate (pH 7.0).

Protein was determined by the biuret method [20].

Chemicals

All enzymes and biochemical substrates were purchased from Boehringer,
Mannheim, Germany. HEPES buffer and lysozyme were obtained from Serva,
Heidelberg, Germany, and CCCP from Calbiochem. Inc., Los Angeles, U.S.A. All
other chemicals were purchased from Merck, Darmstadt, Germany.

RESULTS

Gentle cell lysis was achieved by lysozyme treatment in hypertonic sucrose
followed by osmotic shock of the spheroplasts, as illustrated in Fig. 1 [21].

Although A. eutrophus is a Gram-negative bacterium, lysozyme treatment was
effective; spheroplasting occurred even in the absence of EDTA, though with some
delay. Since the presence of EDTA during the spheroplast formation had no effect on
the respiratory activities of the membranes, the lysozyme treatment was carried out in
sucrose media containing 5 mM EDTA.

Distribution of cell components among the cell fractions

The distribution of particulate and soluble components among the cell frac-
tions is shown in Table I. The H, oxidase activity was a very sensitive indicator for
membrane damage; in the osmotically shocked lysate the enzyme retained 93 % of its
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TABLE 1

DISTRIBUTION OF ENZYMES, PROTEIN AND ¢-TYPE CYTOCHROME IN CELL FRAC-
TIONS OF A. EUTROPHUS

Fractions were prepared from intact cells by the lysis procedure illustrated in Fig. 1. The determi-
nation of enzyme activities and cytochrome content were as described under Methods. The values
given represent the average of two different preparations.

Fraction Percent of total activity Percent of total content

H, oxidase @ ATPase Hydrogenase Malate Cytochrome  Protein
(soluble) dehydrogenase c¢?®

Cells 100 100 2 1002 100 100

P <1 2 <1 =1 19 n.d.©

OSL 93 100 98 96 82 86

SF B | 7 93 91 S 33

LM+BL 90 S I <17 73

LM 76 23

BL 18 34

a Fractions were sonicated (15 s/ml) to allow the determination of enzyme activity.
® Na,S,0, reduced.
¢ Accurate value could not be obtained due to the presence of large amounts of lysozyme.

in vivo activity; 76 % of the original activity was recovered in the lysozyme membrane
fraction, and the remainder of the activity (18 %) was discarded with the bottom
layer. For comparison, cell disruption in the French pressure cell diminished the in
vivo activity by 50 %, and ultrasonic treatment of the cells resulted in an activity loss
of 70 %.

The procedure used for cell breakage strongly effected the distribution of
ATPase activity. Whereas the bulk of the enzyme was solubilized by the use of the
French pressure cell for cell disruption (specific activity of the membranes: 4 nmo!
P;/min per mg protein), the enzyme remained in the particulate fractions obtained by
the lysozyme method (Table I). 90 % of the measurable ATPase activity in the osmoti-
cally shocked lysate was recovered in the membraneous fractions (the ATPase is
accessible only in inside-out vesicles); the specific activity in the lysozyme membrane
fraction varied between 70 and 100 nmol P;/min per mg protein in different prepara-
tions.

Spectrophotometric studies of the periplasmic fraction, the separation of
which is only possible by non-mechanical cell disruption, revealed the presence of a
cytochrome with peaks at 418, 521 and 550 nm in the difference spectrum (Fig. 2,
curve A). Acid acetone extraction of the lyophilized periplasmic fraction, and forma-
tion of the pyridine haemochromes showed the haem to be of the C-type (414, 520,
549 nm). Low temperature difference spectra showed a single a-peak at 547 nm. The
cytochrome was able to react with CO (413, 536 and 562 nm, troughs at 423 and 551
nm, Fig. 2, curve C), but the reaction was sluggish, and because of the low absorbance
of the CO complex, the ability to bind CO is not believed to be of physiological
significance. The periplasmic nature of this cytochrome was substantiated by com-
parison to the distribution of cytoplasmic enzymes among the cell fractions (Table I).
No soluble NAD-specific hydrogenase and malate dehydrogenase activities were
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Fig. 2. Difference spectrum of the periplasmic supernatant (P). A, dithionite-reduced minus air-
oxidized; B, dithionite-reduced minus ferricyanide-oxidized; C, CO difference spectrum. Protein:
1.8 mg/ml (A, B); 2.4 mg/ml (C).

Fig. 3. Electron micrograph of a thin section of lysozyme membranes stained with uranyl acetate
and lead citrate. The bars represent 1 and 0.1 ym (inset).
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detected in the periplasmic supernatant; however, 19 % of the total cell cytochrome ¢
was located in this fraction. The cytochrome remained soluble even after a centrifuga-
tion at 250 000 x g for 3 h, thus excluding contamination of the periplasmic superna-
tant with particulate material. The soluble fraction, containing the cytoplasmic
components, retained 5 % of the total cytochrome ¢ (as ¢-550), and 73 9 of the total
cytochrome ¢ was membrane bound (¢-553).

Morphology of the membrane fraction

Electron micrographs of thin sections of lysozyme membranes (Fig. 3) showed
closed vesicles of greatly varying size (100-600 nm diameter). Large forms having the
dimensions of a cell (1-1.5 um diameter) were surrounded by two membranes, and
are probably “‘ghosts” that had not been disrupted into small vesicles by the osmotic
shock; the membrane facing the outside might be considered outer membrane and the
interior one cytoplasmic membrane, respectively. Particles with about 9-10nm
diameter were attached to the membrane of some of the vesicles (Fig. 3, inset). They
are similar to those found on the inner membrane of mitochondria [22,23]; no
attempt was made to determine whether the particles on the A. eutrophus membranes
had ATPase activity. Micrographs of French press membranes showed a more
homogeneous picture. The vesicles varied little in size (80-180 nm diameter, no
figure), thus demonstrating the effect of harsh disruption methods.

Cytochrome and quinone content of the membranes

A. eutrophus contains membrane-bound cytochrome aa;, b-560, ¢-553 and
cytochrome o as evidenced by room-temperature difference spectroscopy [3, 4].
Difference spectra at —196 °C, however, not only separated the o-band of the
cytochrome b from that of cytochrome ¢ but distinct shoulders of the a-peak at 551
and 553 nm (Fig. 4) also suggested the presence of at least two further cytochromes.
At low temperature, the absorption maxima of cytochrome 5-560 and ¢-553 were
shifted 3 nm towards the blue. The exact number of cytochromes in A. eutrophus has
yet to be evaluated by potentiometric measurements and fourth order finite difference
analysis [24].

The quantities of electron transport carriers are presented in Table II. Mem-
brane fractions prepared from cells disrupted in the French pressure cell contained
109, less carriers than lysozyme membrane fractions; this difference was considered to
be due to a different sedimentation behaviour during cell fractionation procedures.
Membranes from cells cultured and harvested as described exhibited a higher content
of cytochromes b and ¢ than those described by Jones et al. [6]. In stationary phase
cells, which actively stored poly-B-hydroxybutyrate (harvested at 4 = 24), a cyto-
chrome a, = d was found in addition to cytochrome aa; (no figure). The difference
spectrum of these membranes showed an additional a-band at 625 nm (622 nm at
—196 °C) and the pyridine haemochrome of haem a, had an a-band at 630 nm.

Both ubiquinone and menaquinone were extracted from lysozyme membranes
[4]. Menaquinones could not bs determined spectrophotometrically in the extract
prepared as describzd by Kréger et al. [19] because of abundant quantities of ubiqui-
none. The determination of menaquinone was possible only after separation of both
quinones by thin-layer chromatography.
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Fig. 4. Low temperature difference spectrum of lysozyme membranes. Dithionite-reduced minus
oxidized spectrum. The membranes were suspended in 50 mM potassium phosphate (pH 7.0, 50 %
glycerol); protein: 0.57 mg/ml.

TABLE II

CONTENT OF ELECTRON TRANSPORT COMPONENTS IN MEMBRANES PREPARED
BY THE LYSOZYME METHOD

Chemical reduction was used to determine the total content of cytochromes (Na,S,0,4) and quinones
(KBH,). Values given represent the average of two separate preparations.

Component Concentration
(umol/g protein)

Cytochrome aa; 0.19
Cytochrome b* 0.75
Cytochrome o 0.10
Cytochrome ¢ 1.25
Ubiquinone 2.60
Menaquinone 0.04

* Total cytochrome b content, not corrected for cytochrome o.
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Membrane-bound respiratory activities

The membrane-bound respiratory activities were greatly influenced by the kind
of method used for membrane preparation (Table IIT). All oxidase activities examined
were higher in lysozyme membranes than in French press membranes; the hydrogen
oxidase and the particulate hydrogenase activities were the most dramatically affected.
Succinate oxidase reached maximum activity 24 h after membranes had becen pre-
pared; however, within another 24 h, the activity decreased to a stable basal value.
Similarly, the NADH oxidase activity decreased to a stable value shortly after
preparing the membranes. In addition to the known membrane-bound respiratory
activities of A. eutrophus [4, 6], membrane-bound formate dehydrogenase (dichloro-
phenolindophenol as electron accepter) and formate oxidase activities were found. In
the absence of substrate no oxygen uptake occurred, but oxygen consumption did
take place if | mM NAD was present (the NAD solution contained no NADH as
checked enzymatically by fluorimetric techniques). This kind of oxygen uptake might
be interpreted as NAD-linked endogenous respiration. None of the oxidase activities
examined were enhanced by the addition of soluble fraction or periplasmic superna-
tant to the lysozyme membranes.

To determine whether the respiratory chain activities are sensitive to an
uncoupling agent, CCCP (carbonylcyanide m-chlorophenylhydrazone) was used to
stimulate oxidase activities (Table IV). All activities examined, with the exception of
the H, oxidase, were stimulated by CCCP to varying degrees. Stimulation of oxygen
uptake was at its highest with NADPH, formate- and NAD-linked endogenous
substrate (80-100 9; activity increase). The NADH and succinate oxidase activities

TABLE 111

EFFECT OF PREPARATION METHOD ON MEMBRANE-BOUND RESPIRATORY ACTIV-
ITIES

Freshly harvested cells were disrupted either by lysozyme treatment or passage through a French
pressure cell. Oxidase activities of the membranes were assayed polarographically (50 mM mor-
pholinopropanesulphonic acid (pH 7.2) 10 mM MgCl,, 25 °C). The substrates had the following
final concentrations: succinate and formate, 10 mM; NAD, NADH and NADPH, 1 mM. H,-
oxidase activity was determined using a buffer equilibrated with a mixture of hydrogen and oxygen
(85 : 15, v/v). Particulate hydrogenase activity was measured manometrically at 30 °C, as described
under Methods. Values given represent the average of three different preparations.

Preparation  Specific activity

method -
Oxidase (nmol O,/min per mg protein) Endogenous Hydro-
- respiration genase
H,; NADH NADPH  Succinate Formate (NAD) (particulate)
(nmol H,/
min per mg)
Lysozyme 330 270> 42 140» 50 16 1900
50° 60°
French
pressure
cell 105 2208 15 1102 23 5 660

2 Maximal activity.
® Stable basal activity.
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TABLE 1V

STIMULATION OF MEMBRANE-BOUND OXIDASE ACTIVITIES BY THE UNCOUPLER
cccp
Test conditions are the same as given in Table I1I. CCCP in dimethylsulfoxide was added in ul

amounts. Dimethylsulfoxide had no effect on the respiration rates. The two values of each activity
reflect two different preparations.

Oxidase Activity (nmol O,/min) Stimulation (%)

—CCCpP +CCCP (M)

NADH* 22.1 27.0 (200) 23.1
30.7 39.4 (280) 28.4
NADPH 19.4 43.3 (120) 112.3
56.7 98.5 (160) 74.0
Succinate* 51.0 57.0 ( 40) 12.0
26.4 31.4 (240) 19.0
Formate 65.2 119.0 (120) 82.4
56.7 96.5 (120) 62.3
Endogenous respiration  22.6 45.8 (120) 95.0
(NAD) 81.0 146.0 (120) 80.3

* The oxidase possessed its stable basal activity.

could only be enhanced up to 30 and 20 9, respectively, when the oxidases possessed
their lower basal activities. Although the H, oxidase activity is stimulated by CCCP in
intact cells [25], this effect could not be observed with membranes; on the contrary,
CCCP (> 10 pM) inhibited the activity. The stimulatory effect of CCCP was poor
with membranes prepared from cells broken in the French pressure cell. Only the
NAD-linked endogenous respiration and the formate oxidase activity were enhanced
by CCCP (200 M) up to 45 and 20 %, respectively.

Characterization of the cytoplasmic haemoprotein

When the soluble fraction was examined spectrophotometrically, the presence
of a haemoprotein was discovered, which was different from the periplasmic cyto-
chrome ¢-550, traces of which were found in this fraction. Further identification of the
new component necessitated the elimination of this contaminating ¢-550; separation
was achieved by column chromatography on DEAE-Sephadex as described in
Methods. Cytochrome ¢-550 was washed from the column by 20 mM potassium
phosphate (pH 7.0, no KCl), indicating either a neutral or alkaline isoelectric point of
this pigment. The absolute spectra of the DEAE-column eluate containing the cyto-
plasmic haemoprotein are shown in Fig. 5. The oxidized cytochrome possessed a
broad absorption maximum at 395 nm, the addition of ferricyanide or (NH,),S,04
produced no spectral changes (curve A). The dithionite-reduced cytochrome had a
Soret band at 436 nm and a broad o-band at 560 nm (curve B). The reduced haemo-
protein formed a CO complex with bands at 423.5, 539 and 568 nm (curve C). Thus,
this haemoprotein is the major contributor to the Soret band at 420 nm in CO differ-
ence spectra of intact cells (Fig. 5, curve D). This indicates that the haemoprotein is
not a P-450 which has bzen converted to a P-420 analogue by the cell fractionation.
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Fig. 5. Absolute spectra of the soluble haemoprotein. DEAE-column eluate: 1.6 mg protein/ml 20
mM potassium phosphate (pH 7.0). A, untreated solution; B, dithionite-reduced; C, solution of

curve B bubbled 1 min with CO; D, CO difference spectrum of intact cells (2 mg protein/ml, the bar
represents 0.01 absorbance units for this curve).

Reduced minus oxidized difference spectra of the haemoprotein had absorption bands
at 437 and 564 nm (Fig. 6, curve A). The nature of the haem group was identified by
acid acetone extraction of lyophilized DEAE column eluate (25 mg protein) and by
formation of pyridine haemochromes. The haem could be separated from the protein
by this procedure; the pyridine haemochrome difference spectrum of the extract
showed the characteristic absorption maxima of protohaem (418, 525 and 556 nm,
not shown).

As with the cytochromes ¢’ [26, 27], the spectral properties of the haemo-
protein were found to be dependent on pH (Fig. 6). In an alkaline solution, the
absorption maxima of the dithionite-reduced haemoprotein changed to the haemo-
chrome type with peaks at 423, 526 and 556 nm (same in absolute as well as in differ-
ence spectra), accompanied by intensification of the a-band. The transition began at
alkalinities higher than pH 9 with a decrease in absorption (Fig. 6, curve B). AtpH 11,
the difference spectrum exhibited an intermediate form with spectral characteristics of
both types (curve C); the transition was complete in 1 M NaOH (curve E). On
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Fig. 6. Effect of pH on the difference spectrum of the haemoprotein. DEAE column eluate: 0.25 mg
protein/ml 50 mM triethanolamine. Dithionite-reduced minus oxidized difference spectra: A, pH 9:
B,pH 10; C, pH 11; D, 0.1 M NaOH; E, 1 M NaOH.

neutralization of the alkaline solutions, the haemoprotein regained its original differ-
ence spectrum; however, on neutralizing the 1 M NaOH, the pigment was
partially denatured. The addition of NADH to aerobic solutions of the haemo-
protein elicited the spectral changes observed in Fig. 7. New absorption maxima
appeared at 418, 545 and 577 nm in the NADH-reduced minus untreated
difference spectrum, and they increased in intensity with time. When NADH
was added to the haemoprotein fraction directly after the purification proce-
dure, the observed absorption maxima attained maximum intensity immediately,
i.e. less than 1 min after the addition of NADH. After 3 weeks of storage at
—20 °C, the rate of intensity increase was considerably less, as shown in Fig. 7; this
suggests that one or several enzymic activities are responsible for the reduction of the
haemoprotein by NADH. About 3 h after the addition of NADH, the NADH-
elicited absorption maxima was replaced within 15 min by the maxima characteristic
of the dithionite-reduced form of the haemoprotein (Fig. 7, curve E). The reintroduc-
tion of oxygen by inverting the cuvette several times restored the NADH-elicited
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Fig. 7. Spectral changes observed as function of time after addition of NADH to the haemoprotein.
DEAE-column eluate: 0.61 mg protein/ml 50 mM potassium phosphate (pH 7.0); 2 mM NADH
was added. Curves A, B, C, and D, 2, 15, 25, and 180 min, respectively, after addition of NADH to

the cuvette; curve E, 15 min after recording of spectrum D; curve F, cuvette inverted 20 times to
admit air.

difference spectrum (curve F); addition of dithionite immediately restored the original
spectrum (Soret band at 437 nm). Therefore, the form of the haemoprotein with the
Soret band at 418 nm seems to require NADH and oxygen, which suggests that it is
the oxygenated form of the reduced pigment. The dithionite-induced difference
spectrum (Soret band at 437 nm) apparently represents the reduced non-oxygenated
form. Therefore, oxygen uptake by the DEAE-column eluate with NADH as electron
donor was examined polarographically to see whether the haemoprotein catalyses a
reduction of oxygen. The rate of NADH-induced oxygen consumption was low,
1.47 nmol oxygen/min per mg protein (100 mM potassium phosphate (pH 7.0),
4 mM NADH, 30 °C), but comparable with the values reported by Webster and Liu
[28] for the NADH-cytochrome o reductase from Vitreoscilla. Based upon the observ-
ed characteristics, the Alcaligenes-soluble haemoprotein bears a striking resemblance
to the cytochrome o from Vitreoscilla [28, 29]. Neither guaiacol nor NAD* peroxidase
activity was associated with the haemoprotein.
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DISCUSSION

This investigation presents results on ccll fractions of 4. eutrophus H 16
obtained by applying lysozyme treatment and osmotic shock. Three distinct fractions
are obtained: periplasma, membranes and cytoplasma. The advantage of a gentle
procedure for the lysis of Alcaligenes cells over mechanic cell disruption methods, is
clearly indicated by the following three results: (a) lysozyme-prepared membranes
exhibit considerably higher respiratory activities than membranes prepared from
czlls broken in the French pressure cell, (b) membrane-bound oxidase activities are
greatly stimulated by the uncoupler CCCP; this might be interpreted as a respiratory
control effect which indicates the functional integrity of the membrane structure, (c)
the ATPase is not solubilized but remains membrane bound.

In addition to the well-known respiratory activities in A. eutrophus (H,, NAD
(P)H, succinate oxidase activities; refs. 4 and 6) a membrane-bound formate oxidase
activity was demonstrated. Experiments to grow the bacterium on formate failed,
although CO, production from formate by intact cells is shown manometrically.
However, in the presence of hydrogen growth on formate occurs, thus indicating that
formate is able to replace CO, in autotrophic growth (Andreesen, M., personal
communications). In this respect A. eutrophus is different from another hydrogen
bacterium, Hydrogenomonas Z-1. This strain possesses an NAD-specific formate
dehydrogenase which enables it to grow on formate as sole carbon and energy source
[30].

Spectrophotometric investigation of the cell fractions indicated the presence of
haemoproteins that had not been described before. A c-type cytochrome(s), ¢-550,
was found in the periplasmic supernatant. It is probably leached from the outer side of
the cytoplasmic membrane during the removal of the cell wall to form spheroplasts.
Pyridine haemochrome spectra of the acid acetone extract show this fraction to be
essentially free from b-type cytochromes. The weak absorption of the ¢-550 - CO
complex might result from a structural alteration of the protein conformation caused
by the solubilization of the pigment from the cytoplasmic membrane. This effect has

zen demonstrated with Chromatium c-type cytochromes which combine with CO
only when solubilized [31]. CO difference spectra of intact cells gave no evidence of a
cytochrome ¢« CO complex. However, an identification might have been obscured by
the Soret band of the soluble haemoprotein. Recently, several cytochromes ¢ could be
localized in the periplasmic space [32, 33], as has been done with Escherichia coli
cytochrome ¢-552 [34]. However, with the exception of the latter [35], no function
could be assigned to these cytochromes.

The quantitative cytochrome content of the lysozyme membranes agrees well
with the values reported previously [4], though the high value for menaquinone
(0.59 pmol/g protein) found by Pfitzner [4], was not confirmed. Only trace amounts
of menaquinone were found (0.04 umol/g protein); this questions the physiological
significance of menaquinone in cells which were cultured and harvested under the
conditions described above. Spectra of the cytoplasmic fraction of Alcaligenes indicate
the presence of a haemoprotein with rather broad absorption bands at 436 and
560 nm. The spectra are different from those exhibited by low spin cytochromes, but
strongly resemble the spectra of peroxidases and of the cytochromes ¢’ of photo-
synthetic bacteria. As with the cytochromes ¢’, the spectrum is dependent on pH.
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Alkaline solutions transform the peroxidase-like spectrum into the typical three-
banded low spin cytochrome spectrum with bands indicative of photohaem (423,
526, 556 nm). Acid acetone extraction show the haem to be non-covalently bound to
the protein. The pigment is easily autoxidizable and readily combines with CO (423.5,
539, 568 nm). These characteristics suggest the protein may be a b-type analogue of
cytochrome ¢’, as proposed by Kamen and Horio [14] for cytochrome 5-558 from
Acetobacter suboxydans [36} and P-450 from Rhizobium japonicum bacteroids [37].
The pigment would also fit into the flexible class of the cytochromes o and is similar to
the cytochrome o purified from Vitreoscilla by Webster and Liu [28, 29]. This cyto-
chrome forms an oxygenated complex when reduced with NADH in the presence of
oxygen, the oxygenated complex elicits new absorption maxima at 420, 544 and
577 nm in the NADH-reduced minus untreated difference spectrum. The results
presented here strongly favour an oxygenated complex of the NADH-reduced b-type
cytochrome which elicits new bands at 418, 545, 577 nm (difference spectrum).
Oxygenated complexes of reduced haemoproteins have been found in a terminal
oxidase {cytochrome aaj; [38,39]) as well as in a hydroxylase (P-450,, [40]).
Obviously a great deal of work is required before the function and physiological role
of the soluble b-type cytochrome can bz fully evaluated.
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