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The H2-uptake positive Rhizobium japonicum strain SR was

compared in difference spectral analyses with the revertible H2-uptake

negative mutant strains PJ17 and PJ18. No qualitative differences

were observed in the cytochrome components of these strains. A

comparative examination of difference spectra of strain SR cultured

under conditions which do and do not allow expression of the

hydrogenase system was also carried out. Again, no qualitative

difference was determined in the cytochrome components of cells cultured

under these two conditions. The cytochrome a-a3 content of strain SR

cells cultured chemolithotrophically was less than that of cells

cultured heterotrophically. This difference is attributed to the

decreased 02 concentration necessary for chemolithotrophic culture

of these cells.

The most significant aspect of this investigation is the

discovery that a cytochrome b in chemolithotrophically cultured cells

of strain SR is reduced upon the additon of H2 to a suspension of

cells. The reduced absorbance bands of this cytochrome disappear

when cells are oxygenated and reappear when H2 is added again.



The addition of succinate to suspensions of chemolithotrophically

cultured cells of strain SR also causes the redaction of a b cytochrome.

The reduction of cytochrome b by H did not take place in bacteroid

suspensions of H2- uptake negative mutant strains P317 and JP18 .

Involvement of a cytochrome b in H 2
oxidation was also demonstrated

for bacteroid preparations of the H 2-uptake positive strain SR . This

research has identified for the first time one of the respiratory

components that participates in the oxhydrogen reaction of

H
2
-uptake positive Rhizobium japonicum.
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ELECTRON TRANSPORT PATHWAYS IN REVERTIBLE HYDROGEN-UPTAKE

NEGATIVE MUTANTS AND PARENT STRAIN OF RHIZOBIUM JAPONICUM

INTRODUCTION

Absorbance characteristics of organic compounds result from

constituent chemcial bonds. Molecular groups responsible for these

absorbances are termed "chromophores". Chromophores absorb light at

one or more specific wavelengths such that associated compounds can be

detected in a whole cell bacterial preparation. In subcellular fractions

or cell extracts, absorbing species may be localized and therefore

absorb more distinctly.

Most noted for their characteristic absorption spectra are the

cytochromes, described by Keilin in 1925. All of these electron-,

transferring proteins contain iron porphyrin prosthetic groups which

undergo reversible Fell FeIII valence changes. In the reduced form,

cytochromes exhibit visible spectra characterized by the appearance of

distinct a, S , and , or Soret absorbance bands. Absorbance bands

occur in the a region between 550 and 565 nm and in the 13 region

between 520 and 535 nm. The more intense Soret bands occur between

400 and 420 nm. Cytochromes may be designated as types "a", "b" or

c according to the position of their absorbance maxima within these

regions. Type "a" cytochromes absorb at the longest wavelengths and

type "c", at the shortest.

The characteristic absorption spectra of cytochromes led to the

association of these compounds with cellular electron transport. The

reduction and reoxidation of cytochromes in whole cells or subcellular
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preparations may be observed spectroscopically. Cytochromes and

associated respiratory components may be isolated and recombined

to effect active electron transport. Respiratory inhibitors block

electron transport at specific points. Through difference

spectrophotometry, this allows the detection of cytochromes preceding

the block.

The H2 oxidation system in certain Rhizobium japonicum strains

appears to involve cytochromes; therefore, a review of literature

dealing with electron transport in R. japonicum is presented.
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LITERATURE REVIEW

The uptake hydrogenase system in Rhizobium japonicum. Hoch et al.

(1957), using mass spectrometric analyses, showed that H2 is evolved

from soybean nodules. Both H2 evolution and nitrogenase activity

appeared to be associated with the nitrogenase system. These

activities were destroyed when nodules were ground or heated in a

boiling water bath for 10 min., and disappeared as the nodule senesced.

Hoch et al. (1960) later presented further evidence indicating that

H
2

evolution from the nodule is common in N 2- fixing symbionts

(Wilson et al., 1942; Schubert and Evans, 1976). In Rhizobium spp.,

the evolution of H2 results in the loss of approximately 30% of the

electron flow through the nitrogenase complex (Evans et al., 1980).

Hydrogen is not evolved from the nodule in the presence of an active

uptake hydrogenase system. a Through respiratory electron transport,

electrons from H2 are recycled for ATP production. Hydrogenase

activity was demonstrated in pea root nodules by Phelps and Wilson

(1941) and was rediscovered by Dixon (1967). Dixon (1972) postulated

that the hydrogenase system increases the efficiency of N2 fixation on

the basis of the following: (a) H2 oxidation provides anaerobic

protection for the nitrogenase system, (b) H2 oxidation prevents

the inhibition of nitrogenase by H and ( c) ATP synthesis associated

a The term "hydrogenase system" refers to the complex which catalyzes
the activation and oxidation of H2 in the oxyhydrogen reaction. The
enxyme required for H2 activation will be referred to as "hydrogenase".
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with H2 oxidation conserves part of the energy required for nitrogenase

dependent H2 evolution.

Carter et al. (1978) examined 32 strains of Rhizobium japonicum

and found that nodules produced by seven of them exhibited

hydrogenase activity. Soybeans inoculated with four of these

hydrogenase positive strains produced greater plant dry weights and

total nitrogen contents than plants inoculated with hydrogenase negative

strains (Albrecht et al., 1979).

Dixon (1967, 1968, 1972) observed hydrogenase activity in

bacteroids isolated from peas that were inoculated with R. leguminosarum

strain ONA 311. No activity was observed when the organism was

cultured in a defined medium. From these results, hydrogenase

activity could not be exclusively associated with the bacterial symbiont.

This problem was clarified when Maier et al. (1978) showed that

hydrogenase activity is expressed in cultures of hydrogenase positive

R. japonicum provided with limited organic arbon and limited 02 in a

H2 enriched atmosphere. Conditions under which H2 uptake positive

(Hup4-)a strains of R. japonicum may be cultured chemolithotrophically

were described by Hanus et al. (1979) and Lepo et al. (1980a). Under

these conditions, ammonium serves as a nitrogen source, CO2 as a source

of carbon, and H
2

oxidation provides energy for growth. Ribulose

biphosphate carboxylase has been identified as the enzyme responsible

for the major portion of CO2 fixation in chemolithotrophically cultured

cells (Lepo et al., 1980a).

a + indicatesHup ndicates an H2 uptake positive, and Hup , an H2 uptake
negative phenotype.
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The hydrogenase system in R. japonicum bacteroids is associated

with the cell membrane (Ruiz-Argueso et al., 1979). Oxygen which

dissociates from oxyleghemoglobin may function as an acceptor for this

system (Emerich et al., 1980). Reduced activity was observed with

artificicil electron acceptors of positive oxidation-reduction potential.

The hydrogenase reaction is not inhibited by C2H2 or CO, although

it is sensitive to cyanide (Ruiz-Argueso et al., 1979). Hydrogenase

formation in the free-living organism is repressed by usable carbon

sources and by excessive 0 2
(Maier et al., 1978).

Up to two moles of ATP are produced per mole of H2 recycled

from the nitrogenase complex (Dixon 1972). This allows an increase

of about 7.1% in the efficiency of N2 fixation (Evans et al., 1980).

In field experiments comparing soybeans inoculated with Hup} vs.

Hup strains of R. japonicum, an 8.4% increase in crude protein was

found in soybeans produced by using a series of Hup} strains, as

opposed to grain produced from plants inoculated with a group of

Hup strains (Hanus et al., 1980). This potential increase in protein

production warrants the study of the hydrogenase system in

agronomically important symbiotic associations.

Electron transport systems in Rhizobium japonicum. Early studies by

Appleby and Bergerson (1958) demonstrated the presence of cytochromes

of types "a", "b" and ''c" in free-living Rhizobium japonicum In

a On the basis of these studies and studies by Appleby (1969a, b) it is
not to define the type(s) of b cytochrome present.
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In bacteroids of the same strains, cytochrome a-a3 was not detected;

however, cytochromes b and c were present at comparatively high levels.

Appleby (1969 a, b) examined the respiratory pigments in bacteroid and

free-living forms of R. japonicum. The results of this study are given

in Table 1. The absence of cytochromes of the "a" type in bacteroids

was confirmed in these studies. In addition, cytochrome o, a type

"b" cytochrome (Castor and Chance, 1959) found in free-living cells, is

absent. Cytochromes P-450a, P-420, P-502, and an autcoddizable

cytochrome c-552 are present in bacteroids, but are not found in

free-living cells.b

The 02 tension within the nodule is very low, on the order of

0.01 mm Hg (Wittenberg et al., 1972). Bacteroids of some R. japonicum

strains express uptake hydrogenase activity in this 02-limited environ-

ment (Carter et al., 1978). Oxygen-limiting conditions are required

in order to demonstrate hydrogenase activity in vitro (Maier et al.,

1978) . If reduced 02 tension is directly related to the expression of

those cytochromes specific for the bacteroid, a pattern of difference

spectra similar to that which occurs in bacteroids might be expected

in free-living cells expressing hydrogenase activity. Avissar and Nadler

a Cytochrome P-450 is a cytochrome of the b class, first identified by
the maxium absorption at 450 nm of the CO complex of the reduced
form of the pigment.

b there is some evidence for the occurrence of a species of cytochrome
P-450 in free-living cells, the CO complex of which absorbs at 452 nm.
This species is present in very small amounts and is demonstrated
following Sephadex G-75 chromotography of free-living soluble components.
The CO comple% of cytochrome P-450 in symbiotically grown cells absorbs
between 447 nm and 448 nm.



Table 1. Electron transport components of R. japonicum (Appleby, 1969a,b).

Difference
spectral
analysis

Bacteroids

Cytochrome

Absorbance
characteristics
(nm) a

Free-living cells

Cytochrome

Absorbance
characteristics
(nm)a

Oxidized vs.
reduced

Reduced vs.
reduced+CO

c-550 (soluble)
c-552 (particulate)
b

P -450 CO (soluble)
autoxiclizable c -552

(soluble)

P-428 (soluble)
P-420 (particulate)

Succinate+CNvs. P-502
succinate

551
551
559

450

413.5,538,
trough at

shoulder at
shoulder at

502

c-550 (soluble)
c-552 (particulate)
b-556 -196° (part)b
b-559 -196° (part)

551
551
559
559

a-a
3

(particulate) 603

a3-00 (particulate) shoulders at 425-

566,
430 and 590,
trough at 445,

551 inflection at 605
425 o (particulate) 415, 539, 574,
425 trough at 556

Rhizobium haemoglobin 415, trough at 554
(soluble)

a Absorbance maxima observed with whole cell preparations unless otherwise indicated.
b Spectra determined at the temperature of liquid nitrogen.
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(1978) cultured R. japonicum to stationary phase in yeast

extract-mannitol medium and incubated the cells under restricted

aeration for several days. These cells lacked cytochrome a-a3 and

contained the CO-binding cytochrome c-552 characteristic of bacteroids.

Daniel and Appleby (1972) cultured R. japonicum cells anaerobically in

the presence of nitrate and observed a cytochrome pattern similar to

that which is present in bacteroids.

Appleby (1969a, b) proposed a branched electron transport pathway

in R. japonicum. In symbiotically grown cells, only one branch of this

pathway is CO insensitive: cytochrome cytochrome c(550)
[p-502] ---> 02 (Appleby, 1969a). Cytochrome P-502, which

is sensitive to cyanide but insensitive to CO, is characteristic of the

succinate oxidase system in R. japonicum bacteroids (Appleby, 1969a) .

The hydrogenase system in R. japonicum bacteroids shows similar

sensitivities to cyanide and CO (Ruiz-Argueso et al. , 1979) . The

addition of either H2 or succinate to Hup+ bacteroids results in an

increase in the rate of C
2
H2 reduction (Emerich et al. , 1979) . In

experiments where H2 or succinate is added to bacteroids, maximum

C2 H2 reduction occurs at higher partial pressures of 02 than is

observed in experiments where H2 or succinate are absent. These

results suggest the participation of cytochrome P-502 and associated

electron transport proteins in the transfer of electrons from H2 to 02.
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STATEMENT OF PROBLEM

Revertible Hup mutants of Rhizobium japonicum strain SR have

been produced by nitrous acid mutagenesis (Lepo et al., 1980b). These

mutants were developed to determine whether the operation of a H2

recycling system in Rhizobium bacteroids benefits the N 2-fixing process .

These Hup mutants lacked not only the capacity to oxidize H2 by

02 but also the ability to catalyze the transfer of electrons from

H2 to non-physiological electron acceptors. This indicates a deficiency

in the hydrogenase system Per se, rather than a defect in the electron

transport proteins associated with the H2 oxidation pathway. Bacteroids

and extracts of the hydrogenase negative mutants PJ17 and PJ18 and

their Hup+ parent were examined in this study by use of difference

spectral analysis. Because hydrogenase activity is relatively high

in bacteroids, a comparative analysis of mutant and parent strain

bacteroid preparations may provide some insight into those electron

transport components associated with the hydrogenase system in

R. japonicum. Further investigation of these electron transport

components was carried out by examining the cytochrome pattern$ of

strain SR cultured aerobically and chemolithotrophically (under reduced

oxygen tension). Hydrogenase activity is expressed under

chemolithotrophic conditions, but not under aerobic conditions (Maier

et al., 1978; Hanus et al., 1979; Lepo et al., 1980a). On the basis

of studies conducted by Avissar and Nadler (1978) and Daniel and

Appleby (1972), a bacteroid-like complement of cytochromes might

be expected to develop in cells cultured under 02-limiting conditions.
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Cytochromes that participate in the transfer of electrons from H2 to

02 might be detected by comparing cytochrome patterns in strain

SR cultured under conditions which do and do not allow expression

of the hydrogenase system. Since no definitive information is

abailable on the cytochrome components involved in H2 oxidation in

Rhizobium sp., one of the purposes of this study was to determine

whether or not cytochromes participate in the H2 oxidation pathway

in R. japonicum strain SR.
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MATERIALS AND METHODS

Bacterial strains. Rhizobium japonicum strains PJ17 and PJ18 are Hup

revertible mutants of the Hup} strain SR (Lepo et al., 1980b; Maier

et al., 1978). The identity of these strains was confirmed by growth

in the presence of 250 pg per ml streptomycin and 100 pg per ml

kanamycin. Chemicals. Reagent grade chemicals were obtained from

Baker and Adamson Allied Chemical and J.T. Baker Chemical Co.,

Morristown, N.J.; Sigma Chemical Corp. and Mallinckrodt Chemical

Corp., St. Louis, Mo.; and Nutritional Biochemicals Corp., Cleveland,

Ohio. Sodium dithionite was provided by Dr. J. Chatt, ARC Unit

of Nitrogen Fixation, The Univeristy of Sussex. Yeast extract, Noble

agar and Bacto-agar were purchased from Difco Laboratories, Detroit,

Mich. Gases were purchased from Airco Industrial Gases Division,

Vancouver, Wash.

Media and culture conditions. Strains SR, PJ17 and PJ18 were

cultured at 28°C on H2-uptake medium (Maier et al., 1978) prepared

with 1.5% Noble agar. Stock cultures of these strains on agar slants

of H 2-uptake medium were placed under 20% glycerol and maintained

at -20°C.

Heterothrophic cultures of strain SR were grown with shaking for

three days in one-ji volumes of H 2-uptake medium at 28°C. Cells

were harvested by centrifugation at 10,000 x g for 20 min.

Extracellular slime was removed by washing three times in 0.1 M

potassium phosphate buffer (ph 6.8; Appleby, 1969b).
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Cells were resuspended in a minimal volume of 0.1 M potassium

phosphate buffer (ph 6.8) .

Chemolithotrophically grown SR was cultured in a modified

Repask's medium at 28°C to an 0.D.550 of 1.0-1.5 (Repask, 1976a, b).

Magnesium chloride was excluded from and MnC12'4H20, added to the

modified medium to obtain a concentration of 2 x 10-6 M. Vitamins

were added to concentrations used in the medium of Madigan and Gest

(1979). The atmosphere above the culture was initially maintained

at 85% H2, 10% CO2' less than 1% 02 and the balance, N2. The 02

in the gas mixture was gradually increased to about 4% seven days

after the culture was inoculated. Cells were harvested by continuous

flow centrigugation at 35,000 x g, washed once with 0.01 M

N-2-hydroxyethylpiperazine-N I-2-ethanesulfonic acid ( HEPES ) buffer

(PH 7.4), and resuspended in a minimal volume of 0.1 M potassium

phosphate buffer (ph 6.8).

Amperometric assay for uptake hydrogenase activity. Cells to be

assayed for hydrogenase activity were suspended in 0.1 M potassium

phosphate buffer (ph 6.8) . Assays were carried out by the

amperometric method (Wang et al., 1971; Hanus et al., 1980). Hydrogen

and 02 electrodes were calibrated in a reaction mixture of 0.1 M

potassium phosphate buffer (pH 6.8). Hydrogen was added as

100 pl of 0.03 M potassium phosphate buffer containing 25 mM

MgC1I6H20 (pH 7.0) and saturated at 23°C with H2. The final

concentration of H2 in the cuvette was 18.2 p M. The 02 electrode

was calibrated in the same manner. Oxygen was added as 100 pl

of 02-saturated buffer to a final concentration of 3C 11M 02.
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Cellular hydrogenase assays were carried out in the presence of

18.2 uM H2. Oxygen, when depleted in the electrode chamber, was

added in 10 111 aliquots of the 02-saturated buffer. Hydrogenase
.specfic activity was calculated as nmoles H2.min 1 mg protein -1.

The volume of the electrode chamber was 4.0 ml. Hydrogenase

assays in the presence of non-physiological electron acceptors were

carried out under anaerobic conditions after a 30 min anaerobic

preincubation period. The final concentrations (mM) of acceptors were

as follows : triphenyltetrazolium chloride, 100.0; potassium ferricyanide ,

100.0; dichlorophenolindophenol, 12.5; phenazine methosulfate , 12.5;

and methylene blue, 1.0 (Ruiz-Argueso et al., 1979).

Bacteroid preparations. Nodules collected from greenhouse and field

trials were washed thoroughly with distilled water, and stored frozen

at -80°C or used immediately for bacteroid preparations. Bacteroids

were prepared according to the method of Evans et al., (1972), except

that centrifugation in sealed tubes and washing procedures were

carried out under aerobic conditions. Bacteroids were washed and

resuspended in 0.1 M potassium phosphate buffer (pH 6.8) . Dithionite

was not added to bacteroid preparations.

Eighteen field plots of soybeans were inoculated (Hasus et al.,

1980) with strains SR, PJ17 and PJ18 (six replicate plots each).

Nodules were collected from the plots 11 weeks after planting.

Soybeans were grown in the greenhouse in clay pots under

bacteriologically controlled conditions (Vincent, 1970). Soybean seed

(Glycine max (L.) Merr. cultivar Vilkini) was prepared for germination

by rinsing in 95% ethanol, soaking in 2% sodium hypochlorite for three
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min. and rinsing several times in sterile distilled water. Seeds were

germinated at 28°C on 0.8% agar plates of the nutrient medium of

Russell and Evans (1966) with the following alterations: CaC12' 2H20,

0.005 M; Co as CoC12. 4H20, 0.03 ppm; and Fe as ferric ethylenediamine

di-o-hydroxyphenyl acetate (FeEDDHA), 4.0 ppm. Seeds were

inoculated by submerging in a hydrogen uptake medium broth culture

of the desired organism. Plant cultures were held under greenhouse

conditions at 27°C and a light intensity of 500 pE'm-?sec-1 for 16

hr. per day. The night temperature was 21°C. Plants were harvested

4-5 weeks after planting.

Bacteroid subcellular fractions were prepared according to the

method of Appleby (1969a), except that crystalline deoxyribonuclease

and MgC12 were not added to bacteroids. Bacteroid suspensions

were held on ice for 30 min following cell rupture.

Difference spectrophotometric analyses. A Cary model 118 recording

spectrophotometer was used for difference spectrophotometric analyses

in the automatic slit mode with a period of five sec, a visible

(tungsten-halogen) light source, and 10 mm matched silica cuvettes.

Scans were run from 650 to 400 nm, except in the presence of

potassium ferricyanide, were interference precluded scanning below

500 nm. Bacteroids preparations did not exhibit interfering absorbance

by leghemoglobin. Interfernece would produce a broad peak at 558 nm

and sharp troughs at 536 and 575 nm in oxidized minus reduced

spectra (Appleby, 1969a). In CO different spectra the presense of
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leghemoglobin would produce a broad peak at 533 nm. These features

were not observed in the bacteroids preparations examined (see

Figures 2-5).

Samples for difference spectrophotometry were either analyzed

immediately after preparation or were frozen in liquid nitrogen and

held at -80°C until analyzed. No differences were observed between

the spectra of freshly prepared cells and cells that previously were

frozen. Samples were brought to room temperature immediately

before spectra were recorded. When necessary, samples of cell

suspensions were diluted in 0.1 M potassium phosphate buffer

(pH 6.8) and/or homogenized with a Ten Broeck tissue homogenizer.

Reagents were added to cuvettes to the following final concentrations:

sodium dithionite, 0.5 mg per ml; L-arabinose, 20 mM; sodium

succinate, 20 mM; KCN, 3 mM; and K3Fe(CN)6, about 100 uM

(added as a single crystal) (Appleby, 1969a, Lenhoff and Kaplan, 1955).

Gases were added to cell suspensions by bubbling for one min at

a flow rate of about 10 ml per min. The protein content of cells in

the cuvettes is indicated in figure legends. Spectrophotometric analyses

were performed using 2 or 3 individually prepared samples. Multiple

scans were run on each sample to insure the presentation of

representative spectra.

Protein determinations. Protein determinations were made on cell

suspensions according to the microbiuret procedure of Goa with

modifications by Stick land (Goa, 1953; Stick land, 1951). This procedure
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was altered by the addition of 0.1 ml of 1% sodium deoxycholate

immediately before the additon of NaOH to aid dissolution of cellular

proteins (Te Mai Ching, personal communication).
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RESULTS

Hydrogenase activites. The studies reported herein were designed to

examine cytochrome constituents of R. japonicum Hup+ strain SR and

the Hup mutant strains PJ17 and PJ18, derived from strain SR. In

order to confirm that the mutant strains lack hydrogenase activity,

bacteroid preparations of each were assayed amperometrically. The

results of these assays are presented in Figure 1. Oxygen

terminal electron acceptor. Oxygen-dependent hydrogenase

is evident in the bacteroids of the Hup+ parent strain SR.

is the

activity

Increased

02 consumption due to the oxidation of H2 is demonstrated by an

increase in the slope of the 02 plot during H2 uptake. The hydrogenase

specific activity observed for strain SR bacteroids was 0.11 1.1 moles
. -1 -1

H
2

rmn mg protein-1. Hydrogenase activity was not observed with

PJ17 or PJ18 bacteroids, although cellular respiration is shown by

an increase in 02 uptake with time. Strain PJ17 and PJ18 bacteroids

have a slightly lower respiration rate than strain SR bacteroids. In

other assays (not presented), no hydrogenase activity was observed

in mutant bacteroid preparations at protein concentrations 30-fold

greater than that utilized in the experiments described in Figure 1.

Lepo et al. (1980b) showed that hydrogenase activity could not

be restored to the Hup- mutants PJ17 or PJ18 by the addition of

phenazine methosulfate or methylene blue to suspensions of free-living

cells cultured under derepressing conditions. These results are

confirmed here in bacteroids of these mutants. Neither P317 nor PJ18

bacteroids showed hydrogenase activity in the presence of
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Figure 1. Amperometric recordings of H2 uptake by strain SR bacteroids and respiration by SR, PJ17 and
PJ18 bacteroids. The reaction chamber contained 4.0 ml of bacteroid suspension (in 0.1 M potassium
phosphate buffer, pH 6.8). Hydrogen and 0 were added to the chamber as H.) and 02 saturated buffer
solutions. Protein concentrations (mg per ml)2 were: SR, 0.004; PJ17, 0.062; "PJ18, 0.073. Bacteroid
preparation, amperometric assays and protein assays were carried out as in Materials and Methods.

Co
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triphenyltetrazolium chloride, potassium ferricyanide,

dichlorophenolindophenol, phenazine methosulfate or methylene blue.

Strain SR bacteroids showed activity in the presence of these acceptors

(Table 2 and Ruiz-Argueso et al. , 1979) . Specific activities for strain

SR bacteroids provided with a variety of different acceptors are given

in Table 2. Specific activities given are relative to that observed

with 02 as the terminal electron acceptor. Acceptor concentrations

used were found to be optimal by Ruiz-Argueso et al. , (1979) .

Difference spectral analyses of bacteroid preparations. Difference

spectra were used as a means of examining cytochrome constituents of

strain SR, PJ17 and PJ18 bacteroids. Reduced minus oxidized difference

Table 2. The effectiveness of non-physiological electron acceptors for
the hydrogenase system in bacteroid suspensions of R. japonicum strain
SR.a

Relative
Acceptor hydrogenase

Acceptor concentration (mM) activity

Oxygen 0.015 100
Triphenyltetrazolium

chloride 100.0 10
Potassium ferricyanide 100.0 82
DCPIP 12.5 3
PMS 3.5 30
Methylene blue 1.0 13

a Bacteroids were preincubated in the presence of the acceptor for 30
min while bubbling with N2. Bacteroid preparation and amperometric
assays were carried out as described in materials and methods. Initial
H., concentration in solution was 18.2 pM. Protein concentration was

.044 mg per ml. Relative hydrogena.se activates are given as the
percentage of H2 uptake actiyiity seen with 0.015 mM 0, as the electron
acceptor (0.11 p moles H2' min. mg protein-1) . The following
abbreviatons are used: DCPIP (dichlorophenolindophenol) ; PMS
(phenazine methosulfate) .
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spectra of whole bacteroids are presented in Figure 2. Cytochrome c

a peaks (demonstrating both cytochrome c-550 (soluble) and c-552

(particulate) are present at 548-550 nm (Appleby, 1969a). The a

peaks of cytochrome b are present as shoulders at 557-562 nm. The

S peaks of cytochromes b and c overlap and occur at 518-519 nm.

Slight differences in the positions of absorbance maxima may result

form error associated with light scattering in the turbid suspensions.

Soret peaks are not recorded due to the interfering absorbance by

potassium ferricyanide.

Several of the cytochromes in nodule bacteroids form CO

derivatives that exhibit characteristic spectra (Appleby, 1969a).

Difference spectra showing CO complexes of cytochromes in whole

bacteroids of the mutants and parent strain are presented in Figure 3.

Peaks at 412-413 nm, 536-538 nm, 560-566 nm and a trough at 548 nm

are characteristic of the CO complex of a soluble autoxidizable

cytochrome c-552 (Appleby, 1969a). Cytochrome P-450 is evident in

all bacteroid preparations as a broad peak between 449 nm and 451 nm.

Cytochromes P-420 and P-428 produce a single distinct shoulder at

426 nm in SR bacteroids and a slight shoulder in PJ17 and PJ18

bacteroids. This shoulder is more pronounced in PJ17 and PJ18

bacteroids prior to complete development of the 413 nm peak (see

dashed traces and legend, Figure 3). The prominence of the

P-420 - P-428 shoulder in SR bacteroids may be the result of a

slightly higher protein concentration in the suspension of SR bacteroids

than in suspensions of PJ17 and PJ18 bacteroids (see legend, Figure 3).

An examination of the CO complexes of strain SR bacteroids at reduced
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Figure 2. Dithionite-reduced minus KlFe(CN)A-oxidized difference
spectra of strain SR, PJ17 and PJ18 Whole bac'eroids. Protein
concentrations (mg per ml) were: SR, 2.84; PJ17, 2.11; Pj18,
1.33.
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Figure 3. Carbon monoxide difference spectra of strain SR, PJ17 and
PJ18 shole bacteroids. All traces are of dithionite + CO minus dithio-
nite difference spectra., Spectra were run at 10 min intervals to com-
plete development (60-80 min) . Dashed traces show P-420-P428 shoulder
after 10 min development. Dotted trace shows complete development of
P-420-P428 shoulder at a protein concentration of 1.20 mg per ml. Other
protein concentrations (mg per ml) were: SR, 2.45; PJ17, 2.11; PJ18,
1.92.
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protein concentrations showed this to be the case (Figure 3, upper

panel, dotted trace). After complete development of the reactions

(60 min) , the shoulder due to P-420 and P-428 appears to be less

distinct at lower protein levels. It is concluded that small differences

in prominence of the shoulder near 425 nm are due to differences

in concentrations of proteins in suspensions of mutants (PJ17 and PJ18)

and strain SR and not due to the presence or absence of a particular

cytochrome.

Cytochrome content of suspensions may be clarified further by

examining difference spectra of soluble and particulate bacteroid

fractions. Dithionite reduced vs K
3
Fe(CN)

6
oxidized difference

spectra of soluble bacteroid fractions are presented in Figure 4. The

a peak of cytochrome c-550 is distinct and occurs at 549 nm. The

cytochrome b a peak is evident as a shoulder in the region 558-560 nm.

The a peak at 518-519 nm is due to a combination of the 8 peaks

corresponding to cytochromes b and c (Appleby, 1969a). These

spectra indicate no difference in the soluble cytochrome b and c

components of bacteroids of strain SR and the mutant strains PJ17 and

PJ18.

Difference spectra for the CO derivatives of the soluble bacteroid

cytochromes of SR, PJ17 and PJ18 are presented in Figure 5.

Cytochrome c-552 (soluble) is characterized by peaks at 415-416 nm,

537 nm, 563-568 nm and a trough at 550-551 nm (Appleby, 1969a).

Cytochrome P-450 is evident in all preparations at 450-451 nm. A

shoulder at 428 nm characteristic of cytochrome P-428 was observed

by Appleby in soluble bacteroid fractions, but was not observed in any
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Figure 4. Dithionite-reduced minus K3Fe(CN) 6- oxidized difference
spectra of strain SR, PJ17 andPJ18 bacteroid soluble fractions. Protein
concentrations (mg per ml) were: SR, 0.70; PJ17, 0.82; PJ18, 0.97.
Soluble fractions were prepared as in Materials and Methods.
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Figure 5. Carbon monoxide difference spectra of strain SR, PJ17 and
PJ18 bacteroid soluble fractions. All traces are of dithionite f CO
minus dithionite difference spectra. Spectra were run at 10 min
intervals to complete development (60 min) . Protein concentrations
(mg per ml) were SR, 2.37; P317, 2.94; P318, 2.44. Soluble
fractions were prepared as in Materials and Methods.
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of the soluble preparations used in these experiments. This may reflect

a comparatively lower protein concentration used in the experiments

which are presented here (Figure 5 and Appleby, 1969a).

Despite repeated attempts to perform difference spectra on

particulate fractions, continued differential settling of particulate

material prevented the establishment of a stable baseline. The spectral

scans that were recorded showed no consistent differences between

PJ17, PJ18 and SR particulate fractions. These spectra are not

presented.

Cytochrome components in heterotrophically and chemolithotrophically

cultured strain SR. Cytochromes which participate in the transfer of

electrons from H2 to 02 might be detected by comparing

heterotrophically and chemolithotrophically grown strain SR.

Hydrogenase activity is expressed in chemolithotrophically grown cells,

but not in heterotrophically grown cells. Reduced minus oxidized

difference spectra of cell suspensions from chemolithotrophic and

heterotrophic cultures of strain SR are presented in Figure 6. The

a peak of cytochrome c occurs at 550 nm in both cell suspensions

(Appleby, 1969a). The shoulder at approximately 560 nm corresponds

to the a peak of cytochrome b. The combined 13 peaks of cytochromes

b and c appear as a small peak at 520 nm. The small broad peak at

600-602 nm corresponds to cytochrome a-a3. The ratio of cytochrome

oxidase absorbance to that of cytochromes b and c is lower in

chemolithotrophically grown cells than in heterotrophically cultured cells.

This is not unexpected because the reduced 02 tension required for

chemolithotrophic growth has been associated with an absence of
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Figure 6. Endogenous substrate-reduced minus K 1Fe(CN) coxidized
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cultured cells of strain SR.. Protein concentrations ( mg per ml)
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cytochrome a-a3 (Daniel and Appleby, 1972; Avissar and Nadler, 1978).

The protein levels examined are comparable and not likely responsible

for the observed difference in cytochrome oxidase maxima (see legend,

Figure 6).

The CO-difference spectrum of chemolithotrophic cells (Figure 7,

lower panel) shows a sharp trough at 549 nm and pronounced peaks

at 533 and 563 nm. These features are suggestive of cytochrome

c-552 (soluble) present in bacteroids (Figure 3, upper panel and

Appleby, 1969a); however, the peak at 417 nm is broader than that

associated with c-552, This type of peak is suggestive of

cytochrome o, present in heterotrophically grown cells. Cytochrome

o is characterized by peaks at 413, 537 and 568 nm and a broad

trough at 553 nm (Figure 7, upper panel and Appleby, 1969a). In

heterotrophically grown cells (Figure 7), the shoulder at 423 nm and

trough at 442 nm are characteristic of the CO complex of cytochrome

a3 (Appleby, 1969a). In chemolithotrophic cells, a shoulder at 425 nm

is evident prior to complete development of the peak at 417 nm (dashed

trace, Figure 7, lower panel). The failure to observe this shoulder

after completion of the reactions involved in formation of the CO

complexes may result from a decreased level of cytochrome a3. This

may also account for a shift in the positions of the absorption maxiumu

at 417 nm and minimum at 439 nm. These observations are consistent

with results obtained from dithionite reduced vs oxidized scans of

these cells, which were presented in Figure 6. Although there are

quantitative differences reflecting different concentrations of

cytochromes in heterotrophically and chemolithotrophically cultured cells,
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no significant qualitative differences in cytochrome patterns in these

types of cells has been observed.

the activation of H
2 by the hydrogenase enzyme present in

chemolithotrophically grown cells may allow H2 to act as a specific

reductant for those cytochromes involved in the transfer of electrons

to 02. For this reason, difference spectra of chemolithotrophically

grown cells were compared after adding H2 as a reductant to the

experimental cuvette containing the cell suspension. A baseline was

extablished with identical suspensions of chemolithotrophic cells.

Hydrogen was then added to the sample cuvette, and as is shown in

Figure 8, (lower panel, trace 1) reduction of cytochrome b is clearly

apparent. The apeak of cytochrome b is apparent at 560-561 nm

(Appleby 1969a, b). The corresponding Soret peak appears at

428-432 nm. A peak would be expected at 530 nm, but is not evident

at the protein levels examined. Reoxidation of cytochrome b was

effected by bubbling the sample cuvette with 02, which eliminated

peaks at 560-561 nm and 428-432 nm (trace 2). Bubbling the reference

cuvette again with H2 reduced cytochrome b and reproduced a and a

peaks at 561 nm and 432 nm. The reduction of cytochrome b by

H2 also was demonstrated in bacteroid preparations of strain SR

(Figure 8, upper panel). Cytochrome b was not reduced by H2 in

heterotrophically cultured cells of strain SR or in bacteroids of Hup

strains PJ17 or PJ18 (Figure 9). These experiments provide conclusive

evidence that cytochrome b participates in the sequence of electron

transfer from H2 to 02 in the Hup} strain SR of R. japonicum. Since
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Figure 8. Hydrogen-reduced difference spectra of strain SR bacteroids
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the a peaks of cytochrome b and c overlap, the possibility that

cytochrome c also participates in electron transfer of the oxhydrogen

reaction has not been ruled out.

Evidence has been presented by Dixon and others indicating that

electron transport species involved in the oxidation of succinate are

also involved in the oxidation of H2 (Dixon, 1968; Emerich et al. ,

1980) . In view of these studies, an experiment was conducted to

determine whether the specific reduction of cytochrome b observed

in chemolithotrophic cells provided with H2 could also be demonstrated

with succinate as a reductant. Identical samples of chemolithotrophically

cultured cells were used to establish a baseline and succinate was

added to the sample cuvette to a final concentration of 20 mM. The

results of the experiment are presented in Figure 10. The a peak of

cytochrome b is evident at 558 nm, and the Soret peak is shown at

425 nm. This is a slight shift in the positions of these maxima to

somewhat lower wave lengths than were observed in the presence of

H2 (Figure 8, lower panel) . This may be attributed to the concurrent

reduction of cytochrome c, the or peak of which appears as a shoulder

at 550 nm. The Soret peak corresponding to cytochrome c normally

occurs at 415-420 nm. In this instance, the concurrent reduction of

cytochromes b and c may cause a slight shift in the Soret peak of

cytochrome b toward the lower wavelength associated with the a peak

of cytochrome c. Clarification of the cytochrome c specie(s) involved

in the oxidation of H2 and succinate would require further study.
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DISCUSSION

Emerich et al., (1979) and Ruiz-Argueso et al. , (1979) have

presented indirect evidence for the involvement of cytochromes in the

uptake hydrogenase system of R. japonicum. The studies presented

herein were initiated as a comparative examination of the cytochrome

composition of the Hup mutant strains PJ17 and P318 and the Hup+

parent strain SR. Preliminary studies by Lepo et al., (1980b) indicate

a defect in the mutant ty,ydrogenase enzyme, rather than associated

electron transport proteins. These results are confirmed here in

PJ17 and PJ18 bacteroid preparations. Hydrogenase activity could not

be restored to mutant bacteroid preparations through non-physiological

electron acceptors , although these acceptors do permit H oxidation

in bacteroid preparations of the parent strain SR. Further evidence

of functional electron transport systems in P317 and PJ18 is presented in

difference spectral analyses of the mutant and parent strains. These

results are in agreement with the results of Appleby (1969a) and

demonstrate no significant differences in cytochrome content in the

parent and mutant strains. Cytochrome b and c components were

demonstrated in reduced minus oxidized spectra of whole cells and

soluble bacteroid preparations (see Figures 2 and 4). Cytochrome c

absorption maxima observed in whole cell bacteroid preparations are

attributed to combined maxima of c-550 (soluble) and c-552 (particulate)

species (Appleby, 1969a) . In none of the strains examined could

differences in these individual species be detected, either in soluble

bacteroid preparations, or in attempted scans of particulate preparations.

Further clarification of the individual cytochrome c species involved
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might be achieved by determining difference spectra at the temperature

of liquid nitrogen.

The CO complex of cytochrome c-552 (soluble) was readily

demonstrated in whole cell and soluble bacteroid preparations of strains

SR, PJ17 and PJ18 (Figures 3 and 5). The absorbance characteristics

observed correspond to those demonstrated by Appleby (1969a) and

show no differences between the mutant and parent strains.

In agreement with the work of Appleby (1969a) the CO complexes

of cytochromes P-420 and P-428 were demonstrated as a single shoulder

in all bacteroid preparations examined (Figure 3). Appleby (1969a)

has demonstrated the CO complex of cytochrome P-428 as a shoulder

at 428 nm in soluble bacteroid preparations examined here, possibly

as a result of insufficiently high levels of protein (Figure 5 and

legend). It is significant that absorbance characteristics attributed to

the combined CO complexes of cytochromes P-420 and P-428 show no

significant differences in whole bacteroids in the mutants PJ17 and JP18

and the parent strain SR. In the same whole cell preparations and in

soluble bacteroid preparations of SR, PJ17 and PJ18, the CO complex

of cytochrome P-450 was clearly demonstrated as a maximum at 450 nm.

This maximum is comparable in all strains and the results are in

agreement with the work of Appleby (1969a).

The results discussed above demonstrate no differences in the

cytochrome constituents of the Hup strains PJ17 and PJ18 and the

Hup} parent strain SR. However, no information can be derived from

these studies concerning those cytochromes which may be involved in

H2 oxidation. Studies by Dixon (1968) and Emerich (1979, 1980)
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demonstrated that H2 oxidation in Rhizobium spp. is decreased in the

presence of added succinate. The reverse inhibition of succinate

oxidation by H2 was also observed in R. japonicum (Emerich et al.,

1979). These results suggest that H2 and succinate compete for

entrance into a common electron transport pathway. Appleby (1969a)

demonstrated that cytochrome P-502 in R. japonicum bacteroids is

characteristic of the succinate oxidase system in these cells, being

sensitive to cyanide, but insensitive to CO. These are also

characteristics of the H2 oxidation system in R. japonicum

(Ruiz-Argueso et al., 1979), further implicating an elctron transport

pathway common to both H2 and succinate. On the basis of these

studies, P-502 and the associated cytochromes b and c-550 (Appleby,

1969a) would be expected to function in the transfer of electrons

from H2 to 02. In an effort to demonstrate these pigments, or others

which may function in H2 oxidation, difference spectra of strain SR

were determined with cells grown chemolithotrophically, when hydrogenase

is expressed, and also when cultured heterotrophically, when

hydrogenase activity is not expressed. No qualitative differences in

cytochrome content were observed (Figures 6 and 7). Quantitatively,

levels of cytochrome a-a3 were found to be decreased in

chemolithotrophic cells (Figure 7). This difference may be attributed

to the low 02 tension under which chemolithotrophic cells are cultured

(Daniel and Appleby, 1972; Avissar and Nadler, 1978; Hanus et al.,

1979; Lepo et al., 1980a). Cytochrome P-450, characteristic of

bacteroids, could not be demonstrated in suspensions of

chemolithotrophically grown cells of strain SR, although this cytochrome
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was readily demonstrated in SR, PJ17 and PJ18 bacteroids. These

results suggest that cytochrome P-450 is specific for electron transport

processes in the bacteroids and is not required for chemolithotrophic

or heterotrophic growth.

Evidence presented by Emerich et al., (1980) indicates that the

activation of H2 by the hydrogenase enzyme in Hup+ cells of R.

japonicum is the initial step in the transfer of electrons from H2 to

02 via electron transport proteins. In a further effort to demonstrate

the cytochromes involved in this transfer, H2 was used as a reductant

in difference spectral analyses of chemolithotrophically cultured cells

of the Hup+ strain SR. When suspensions of cells that were respiring

endogenous substrates were compared with cells provided with H2,

absorbance bands of the reduced form of cytochrome b were clearly

evident (Figure 8). This reduction could be reversed in the presence

of 02* The reduction of cytochrome b by H2 could also be demonstrated

in bacteroids of the Hup mutants PJ17 or PJ18 or in heterotrophically

cultured cells of strain SR where hydrogenase activity is not expressed

(Figure 9).

In bacteroid preparations of R. japonicum, Appleby (1969a) has

associated cytochromes c-550 and P-502 with cytochrome b in an

electron transport pathway. It was not possible to conclusively

demonstrate cytochrome c-550 or P-502 in conjunction with the reduction

of cytochrome b by H2 in chemolithotrophically grown cells. Due to

the close proximity of peaks of cytochromes b and c, the reduction

of cytochrome c by H2 may take place but not be evident in difference

spectra that were obtained in these experiments.
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Similarities in the succinate oxidation and H2 oxidation systems

of R. japonicum have been presented. If these two systems share

common electron transport proteins, one would expect succinate to

also act as a reductant for cytochrome b in chemolithotrophically

cultured cells. This proved to be the case. The reduction of

cytochromes b and c are evident upon addition of succinate to

suspensions of chemolithotrophically cultured cells (Figure 10). Further

study is required to determine if the observed reduction of cytochrome

c is specfic for succinate oxidation, or the result of some aspect of

endogenous respiration. If cytochrome c is reduced by succinate

or H2 in chemolithotrophic cells, low temperature spectra of soluble

and particulate fractions may help clarify this question.

To date, no conclusive direct evidence has been provided in the

literature that would indicate which cytochromes participate in the

transfer of electrons from H2 to 02 in Hup+ cells of R. japonicum.

The results presented herein unquestionably demonstrate the reduction

of cytochrome b by H2 in these cells. These results support previous

studies indicating that the oxidation of H
2

and succinate may involve

a common portion of an electron transport pathway in R. japonicum

(Appleby, 1969a; Emerich, 1979, 1980). The results presented here

are insufficient to identify other species of cytochromes that may

be involved in H2 oxidation. More detailed spectrophotometric studies

of subcellular fractions, as well as low temperature difference spectra,

may facilitate the resolution of additional respiratory pigments that

participate in H2 oxidation in R. japonicum cells.
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