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CHAPTER I 

INTRODUCTION 

1. General 

Growth and maintenance of living cells requires a continuous 

supply of energy, which is obtained from series of carefully 

regulated oxidation reactions. The energy can be conserved in 

the cell in so-called energy-rich compounds, generally adenosine 

triphosphate (ATP). Generation of ATP takes in two funda-

mentally different ways. 

In the first place, dissimilation pathways of fermentable 

substrates catalyze reactions with a large negative free energy 

change that can be coupled to the synthesis of ATP. Such energy

generating mechanisms, called substrate-level phosphorylation, 

play an important role in fermentation. 

The second and generally most important method of ATP synthe

sis is oxidative or photophosphorylation. In this case, ATP 

formation is coupled to membrane-bound electron transfer reac

tions that can be driven in turn by light (in phototrophic plant 

and bacterial cells) or by oxidation of both organic - (in organo

heterotrophs) and inorganic compounds (in chemolitotrophic 

bacteria) linked to the reduction of a numbe:r of terminal electron 

acceptors. Under aerobic conditions oxygen is always the terminal 

electron acceptor of the electron transport (respiratory) chain, 

but in bacteria several inorganic and organic compounds may 

perform this function under anaerobic conditions, in a process 

called anaerobic respiration. 

2. Mechanisms of oxidative (and photoJphosphoryZation 

In the course of electron flow through the respiratory (and 

photo-redox) chain, the free energy change in some steps is large 

enough as to allow for formation of ATP or to promote other 

energy-requiring reactions. The coupling of ATP synthesis to the 
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redox reactions thus takes place at specific sites in the chain; 

it involves an assembly of proteins, one of which has ATP syn

thase (or ATPase after its hydrolytic function) activity, which 

is collectively referred to as the coupling device. The mechanism 

underlying this coupling is still a topic for discussion (see 

for review ref. 1). Three major hypotheses and a number of 

variants have evolved in the past three decades. 

The chemical hypothesis, which was first proposed by Slater 

(2) in 1953, is based on well understood mechanisms of substrate

level phosphorylation wherein oxidation-reduction leads to ATP 

synthesis via the sequential formation of non-phosphorylated and 

phosphorylated intermediates. The failure of all attempts to 

detect or isolate the special chemical intermediates required 

in oxidative phosphorylation has made this chemical theory very 

unlikely. 

That energy transductions in coupling membranes can be 

achieved through energy-linked conformational changes of proteins 

was suggested by Boyer (3), The conformational view of energy 

coupling envisages energy transfer from respiration to ATP 

synthesis to occur via protein-protein conformational inter

actions (4). It has been put forward that the major energy input 

in ATP synthesis is required for the dissociation of ATP from 

the catalyc site by an energy-driven conformational change in 

the ATPase complex (4, 5, 6). 

Of the three major hypotheses, the chemiosmotic one proposed 

by Mitchell (7, 8), offers the most convincing explanation of 

energy conservation. It is from this theory that a unifying 

conceptual framework has emerged to link the various energy

dependent functions in bacteria, mitochondria and chloroplasts 

(9). The hypothesis rests upon the following basic postulates: 

(1) The membrane, in which the electron transfer chain and 

coupling device are localized, is essentially impermeable to 

most ions, including both OH- and H+. 

(2) The electron-transport chain is an alternating sequence of 

hydrogen and electron carriers, arranged across the membrane 

in loops, Oxidation of a substrate results in the trans

location of protons (two protons per pair of electrons per 



loop, i.e. energy-conserving site: the so-called H+/site 

ratio) from one side of the membrane to the other, leading 

to the generation of both a pH gradient ) and an 

electrical potential (~ ~) across the membrane. The sum of 

these two components is known as the proton motive force 

(6 fH+) which is expressed in electrical units (usually 

millivolts) according to the following relationship: 

6 fH+ 6 ~ - Z pH (Z equals 2.3 RT/F, in which R is the 

gas constant, T is the absolute temperature and F is the 

Faraday constant) • 

(3) The protonmotive force generated by oxidation of substrates 

by electron transfer chains drives ATP synthesis via the 

reversible proton-translocating ATPase. 

A general scheme of the chemiosmotic hypothesis is shown in 

Fig. 1. 

outside membrane inside 

ATP 

Fig. 1. Scheme of a proton-translocating 
redox loop and the proton-translocating 
ATPase complex. SH

2 
and A represent the 

electron donor and acceptor respectively. 
I, II and III are components of the elec
tron transfer system. 

It has been firmly established that electron transfer in 

isolated mitochondria, submitochondrial particles, chloroplasts, 

intact bacterial cells, and isolated bacterial membrane 

vesicles results in the generation of a proton motive force 

(1, 10). In addition, it has been shown that 6 fH+ (or its 

components) is reversibly linked to ATP synthesis, active trans-

7 



8 

port and several other e~ergy-dependent membrane functions in 

the cell (1, 9, 10). Although the chemiosmotic hypothesis offers 

a general mechanism for the transfer of energy between various 

membrane-associated energy transducing functions, the fundamen

tal problem of how energy is conserved and utilized by these 

functions at the molecular level remains to be elucidated. The 

proposed mechanisms by which a proton gradient is formed during 

electron transport and utilized for ATP synthesis (9, 11, lla) 

are currently a matter of intensive discussion (1). Especially 

the H+/site ratio of 2 required by the chemiosmotic theory has 

been increasingly subject to question. Results supporting this 

prediction have indeed been reported by several investigators 

(9). However, many recent experimental findings indicate that 

the stoichiometry of proton translocation may be higher than 

two. By avoiding underestimates of the H+/site ratio due to 

secondary transmembrane ion movements (particularly of phos

phate) and utilizing a number of methods on various mitochon

drial preparations, Lehninger and co-workers {12-17) measured 

values of 3-4, similar to the quotient obtained in our labora

tory for the bacterium Paracoccus denitrificans (this thesis). 

Moreover, evidence has been presented that the number of protons 

extruded per two electrons is not equal at different sites (18). 

The same uncertainty exists with respect to the stoichiometry of 

the proton-translocating ATPase (9, 19-29). 

The higher stoichiometries are not compatible with a redox 

chain arranged in "loops", as proposed by Mitchell (7, 8). 

Williams (30, 31) has developed a hypothesis in 1961 which may 

be used to explain variable ratios. In this theory protons are 

transferred via specific channels within the membrane to the 

ATPase. Protons will only appear outside the membrane under 

appropriate experimental conditions. 

Attention must also be given to possible conformationally 

driven proton pumps coupled to respiratory enzymes (1). Such 

proton pumps may work as described by Papa (21). In his model 

the redox reaction of an electron carrier causes a conformational 

change in its apoprotein, resulting in vectorial proton trans

location across the membrane via this apoprotein (vectorial-Bohr 



mechanism). Mitochondrial cytochrome c oxidase has been sugges

ted to function as a proton pump that is conformationally 

linked to the redox reaction (32-35). Analogous principles of 

energy transduction may be applicable to ATP synthase, which 

may utilize the electrochemical proton gradient in ATP syn

thesis via proton transport linked to conformationally changes 

of the enzyme (36). 

Above surrunarized mechanisms have in common with the chemios

motic hypothesis that energy transduction takes place via proton 

movements. Definitive proofs for any of these models in terms 

of molecular events are lacking as yet (1). 

3. BaoteriaZ respiration and oxidative phosphorylation 

In studying respiration and energy transduction bacterial 

systems have many advantages that are not found in general with 

plant and mammalian mitochondria or plant chloroplasts. Bacteria 

not only offer novel ways of electron transfer, but their 

respiratory systems, like those of yeasts, have the experimen

tally attractive property of being susceptible to either geno

typic or phenotypic manipulation. 

Current concepts of electron transport and energy trans

duction have been developed and refined largely by studies with 

mitochondria and chloroplasts. However, it is likely that the 

basic principles of electron transfer and coupled energy trans

duction will be more or less universal (37, 38, 39, 40). 

Bacterial respiratory systems contain the same basic type 

of redox components as those of higher organisms, i.e. flavo

proteins, iron-sulphur proteins, quinones, cytochromes and 

cytochrome oxidases. Closer inspection however reveals that 

most bacterial respiratory chains differ in a number of aspects 

from the respiratory chain in cells of higher organisms (see 

for reviews 39-47). The most important differences are: a number 

of respiratory pigments occur in bacterial respiratory chains 

that are not found in mitochondria, a large variety of combi

nations of respiratory components is possible, bacterial respi

ratory chains often seem to be branched and in bacteria a number 
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of compounds can function.as terminal electron acceptor. Further

more, the composition of the respiratory chain is highly depen

dent on the growth conditions. 

This explains many of the observed interspecies differences 

in bacterial respiratory properties, e.g. different sensitivi

ties to classical inhibitors of electron transfer (rotenone, 

antimycin A), different affinities for molecular oxygen, 

different extents of respiratory chain branching and differences 

in the efficiency of energy conservation (39, 47). 

Above mentioned flexibility in respiratory chain composition 

plays a role in regulating bacterial respiration, that is gene

rally controlled by repression and induction of redox carrier bio

synthesis, and the kinetic and thermodynamic properties of the 

respiratory chain (48). Several bacterial respiratory systems 

exhibit classical respiratory control, as evidenced by the 

ability of uncoupling agents or ADP (plus inorganic phosphate) 

to stimulate the respiration of appropriate whole cell or 

membrane vesicle preparations (40). 

Limited information is available concerning the spatial 

organization of the respiratory chain within the membrane (40). 

Evidence for an arrangement of redox carriers in oxidoreduction 

loopsor segments, as required by the chemiosmotic hypothesis 

(8), is even more fragmentary than with mitochondria (39). 

It is firmly established that three phosphorylation sites 

are present in the mitochondrial respiratory chain. However, 

determination of the efficiency of oxidative phosphorylation 

(expressed as P/O, or more generally P/2e-) in bacteria is a 

complicated matter, since whole cells will neither hydrolyse 

exogenous ATP nor utilise ADP as a phosphoryl acceptor for 

oxidative phosphorylation. This is due to the impermeability 

of the bacterial plasma membrane, lacking an adenine nucleotide 

translocase, to exogenous ATP andADP, and the location of ATP

ase at the cytoplasmic face of the coupling membrane (39). On 

the other hand, P/O ratios assayed on bacterial respiratory 

membranes with an 1~nside-ou~ 1 configuration are too low (37, 40, 

46, 47, 49, 50). More qualitative approaches have been adopted 

in detecting classical energy coupling s.i tes in membrane par-



ticles, based on measurements of other reactions which reflect 

membrane energization at the expense of either ATP hydrolysis 

or , e.g. reversed electron transfer, respiratory 

control, movement of synthetic ions or energy-dependent 

fluorescence changes of probe dyes (40, 47). Using these methods 

classic phosphorylation sites l and 2 have been detected in 

membrane vesicles from a wide range of heterotrophic 

bacteria (40). 

In the absence of simple, direct measurements of P/O ratios 

in intact cells, oxidative phosphorylation is by 

measuring either respiration-induced in the composition 

of adenine nucleotide pools (47), respiration-linked 

proton ection (40) or molar growth yields (50-52). Each method 

has its merits and its shortcomings, and one should not rely on 

only one method. 

Regulation of energy metabolism can be achieved in several 

ways (52): formation of storage compounds, excretion of products 

("overflow metabolism"), deletion of sites of oxidative phos

phorylation, branching of the respiratory chain and by energy

dissipating mechanisms. The ATPase, which shares many common 

molecular features with ATPase complexes from mitochondria and 

chloroplasts (39, 40), may be involved in some energy-dissipating 

mechanisms (52). 

The remainder of this introduction will be restricted to the 

gram-negative bacterium Paracoccus deni - the organism 

of investigation in this thesis - which is of fermen-

tation and thus depends entirely on respiration as a source of 

energy. Since and bioenergetics of P, denitrificans 

have been reviewed recently (39, 49), only new data will be 

treated in more detail. 

4. Respiration in Paracoccus denitrificans 

The cytoplasmic membrane of P. deni shows a remar-

kable similarity to the inner mitochondrial membrane, including 

composition and functional organization of the aerobic electron 

transport chain (49, 53, 54), Much interest in the has 
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currently arisen from the proposal of an ancestor resembling 

P. denitrificans as the source of the mitochondrial inner 

membrane ( 53) . 

The essential features that characterize the electron 

transport chain of aerobically grown P. denitrificans are 

summarized below and in Fig. 2. 

14mM KCN 
NADPH Cyt 0 -----8-----+ 02 

1 /' 
Pi•rioidinA ~ l Rote-none Cyr b250 Ant1r_nycin 0.4 mM KCN 

NAOH~Fp~(Fe·SJ1 _ 4 ~ a1o_____.,. Cyt b50 ~ Cyt CC1~Cytao3~D2 
/ crt •-so / "\. 

Fp i Cyr Ceo Cyt cd 

/ F•·S,Mo / ""' 
Succinate t Methanol N02 

NOj 

Fig. 2. The respiratory chain of Paracoccus denitrificans. The components 
of the cytochrome b "pool" are designated according their average mid-point 
potentials (65). The functional organization of the different b-type cyto
chromes is unknown. Nitrate reductase and nitrite reductase (cyt cd) are 
synthesized under anaerobic growth conditions (59). Cytochrome C is only 
present during growth on methanol (67). The concentrations of KCN°at which 
90% inhibition of respiration occurs are given. Abbreviations: Fp, Flavo
protein; Fe-S, iron-sulfur center; Q

10
, ubiquinone-10; cyt., cytochrome. 

The respiratory chain encompasses an energy-dependent nicotina

mide nucleotide transhydrogenase activity (55). The NADH dehy

drogenase shows energy-dependent reversal (56), sensitivity to 

rotenone (57, 58) and piericidin A (57, 59, 60) at low concen

trations and contains at least four iron-sulfur centers (this 

thesis). The signals of the iron-sulfur center(s), detectable 

in electron paramagnetic resonance spectroscopy at 77 K, are 

greatly diminished in intensity under conditions of iron-limi

ted growth (61). The cytochrome content is also affected, but 

the membrane particles show normal NADH oxidase activity (61). 

Growth in the chemostat under conditions of sulphate limitation 

or in the presence of rotenone results in a changed iron-sulfur 

pattern measured at 15 K, together with loss of rotenone sensiti

vity, decrease in NADH oxidase and NADH-ferricyanide oxidoreduc

tase activity, and changed kinetics of NADH dehydrogenase in the 

NADH-ferricyanide assay (this thesis). Ubiquinone-10 functions 

as the sole quinone in the respiratory chain (58, 62). Two b

type cytochromes are spectrally (58, 60) and kinetically (60, 



63) distinguishable whereas possibly three can be characterized 

from the fourth-order finite difference analysis of low tempera

ture spectra (64). Potentiometric measurements show that four 

distinct cytochromes can be identified with different 

mid-point redox potentials (65). The presence of one of these 

b-type cytochromes - a CO binding pigment (suggesting that this 

component corresponds to cytochrome o) with a mid-point poten

tial of about + 12 0 mV to + 13 5 mV - is dependent on the 

growth conditions (65). As in mitochondria a rapid antimycin

dependent oxygen-induced reduction of b-type cytochromes has 

been observed in P. denitrificans (63). The respiratory chain 

is sensitive to low concentrations of antimycin A (58), which 

interrupts electron transport between cytochromes band c (66). 

Two thermodynamically distinct c-type cytochromes can be identi

fied (65) in accordance with spectral data (58, 60, 64, 65), but 

at variance with the kinetic data (60). A CO binding c-type 

cytochrome is present in methanol-grown cells (67, 68). The 

terminal oxidase is cytochrome aa
3 

(58, 60, 62), that titrates 

as two components with mid--point potentials of about + 250 mV 

(a3 ) and + 350 mV (a) (65). The hemes of the oxidase are 

orientated in the same way relative to the plane of the mem

brane, as in the mitochondrial systems (69). The functioning of 

cytochrome o, detected in aerobically grown P. deni 

(58, 62, 66, 70), as a terminal oxidase has been questioned by 

Lawford et al. (60), who showed that there is no evidence from 

kinetic data to suggest that a cytochrome is acting as 

a terminal oxidase. More recent reports (65, 67) however 

size the role of cytochrome o as terminal oxidase and it has 

been claimed that synthesis of both cytochrome aa
3 

and cytochrome 

o is controlled by growth conditions. Electron transport via 

these redox c011ponents differs in sensitivity to cyanide and the 

branching point has been to be at the level of cyto-

chrome b ( 6 7) . 

P. denitrificans can grow anaerobically if nitrate, nitrite 

or nitrous oxide are available as terminal electron acceptors, 

the ultimate product being gas (denitrification) (71, 

72). The involvement of free obligate intermediates, like 
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nitrous oxide, in nitrate and nitrite respiration is a point 

of strong controversy (73, 74, this thesis). 

A number of alterations occur to the aerobic respiratory 

chain in cells adapting to anaerobic nitrate-dependent growth 

(Fig. 2). These cells contain higher concentrations of b- and 

c-type cytochromes than aerobically grown cells, whereas the 

concentration of the aa3 complex is lower (58, 59, 70). In 

addition, cytochrome o has been shown to be synthesized in 

increased amounts when P. denitrificans is grown anaerobically 

(70, 75). Furthermore, anaerobically grown cells possess 

membrane-bound nitrate reductase, which is shown to be a 

molybdenum-containing iron-sulfur protein, as well as a soluble 

two heme (c- and d-type) nitrite reductase (59, 76-80, this 

thesis). Although the anaerobic respiratory chain appears to 

be little more than a proliferation of the aerobic one, it is 

not absolute certain that the cytochromes present anaerobically 

are the same as their aerobic counterparts {63, 70). 

Electron transport to nitrate and nitrite involves b- and c

type cytochromes respectively {59, 81). The sites of nitrate and 

nitrite reduction have been reported to be located on the inner 

surface of the cytoplasmic membrane (82, 83, but see also this 

thesis). Anaerobically grown cells rapidly cease to reduce 

nitrate (nitrite) when oxygen is available, and equally rapidly 

start the reduction of nitrate (nitrite) when all the oxygen has 

been consumed (82). Little is known of the biochemical mechanisms 

by which reducing equivalents in whole cells are directed pre

ferentially to oxygen rather than to nitrate (nitrite). By 

contrast, membrane vesicles reduce oxygen and nitrate simul'"

taneously and at similar rates (82). 

Finally, phosphorylating particles prepared from the cyto

plasmic membrane of P. denitrificans show a mitochondrial type 

of respiratory control (84, 85). 

5. Respiratory chain-linked energy conservation in Paracoccus 

deni cans 

Four methods have been used for determining the efficiency 
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of oxidative phosphorylation in P. denitrificans: measurements 

of P/2e -ratios in phosphorylating (inside-out) membrane par

ticles, determination of oxidative phosphorylation in intact 

resting cells, yield studies with chemostat cultures and proton 

translocation experiments in whole cells. 

One of the advantages of working with P. denitrificans is 

the relative ease with which subcellular particles capable of 

efficient oxidative phosphorylation can be. isolated (62, 66, 81). 

P/O ratios associated with NADH and succinate oxidation in 

membrane particles from aerobically grown cells range from 

0.45-1.44 and 0.40-1.00 respectively, depending on the carbon 

source, growth limiting factor and isolation technique used 

(49, this thesis). Following respiration-induced changes in the 

levels of adenine nucleotides a P/O ratio of about 1 could be 

calculated for aerobic cells, independent of the carbon source 

utilized (86). The significance of this value remains however 

uncertain, since it is difficult to evaluate the rate at which 

ATP is utilized in ATP synthesis (49). 

Oxidation of reduced cytochrome c or TMPD (N, N, N', N'

tetramethyl-p-phenylenediamine) is not coupled to phosphorylation 

in particles from heterotrophically grown aerobic cells (62, 66, 

86), yet the presence of energy coupling in the terminal region 

of the respiratory chain of these membrane vesicles is indicated 

by TMPD-driven active transport of malate (86). 

A similar controversy exists with respect to yield data 

acquired with chemostat experiments. Aerobic yield studies per

formed in our laboratory (86, this thesis) point to absence of 

phosphorylation s~te III in heterotrophic cells. On the other 

hand, investigators from other laboratories (88, 89, 90) con

cluded that 3 phosphorylation sites are present in these cells, 

based on much higher growth yields obtained by them. 

It has been argued that c-type cytochromes are not involved 

in electron transport via cytochrome o (67) and that the pre

sence of a high potential, membrane-bound cytochrome c is an 

obligatory prerequisite for energy conservation at site 3 (89). 

Therefore, it is conceivable that these contradictory results 

are due to the fact that the type of terminal oxidase (aa3 or 
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o) present in heterotrophically and aerobically grown P. deni-

trificans is dependent on growth conditions (65, 67). 

Oxidation of reduced cytochrome c is coupled to phosphoryla-

tion in from autotrophically-grown aerobic cells (66). 

Similarly, data from chemostat cultures grown autotrophi-

cally on methanol show that site III phosphorylation occurs in 

these cells (91). However since during autotrophic growth on 

formate site III is not functional (91), whereas three phos

phorylation sites are present in cells heterotrophically grown 

on a mixture of methanol and mannitol (68), it has been sugges

ted (68, 91) that a CO-binding cytochrome c, only synthesized 

during growth on methanol (67lr is necessary for a functional 

third site. 

Within the chemiosmotic (8) electron flow through 

the respiratory chain is obligatorily coupled to the outward 

translocation of protons (written + ) across the membrane, 

though it has been that the proton gradients are of a 

more localized, membrane-associated nature in F. denitrificans 

(9la). Limiting+ of about 8 have been obtained 

with heterotrophically and grown cells oxidizing 

endogenous substrate (88-90, 92, this thesis). In view of the 

apparent confl evidence, as outlined above, concerning 

the number of sites in these cells, the results 

of proton translocation studies can be interpreted in different 

ways. Since it is implicit in the chemiosmotic theory (8) that 

two protons are extruded per two electrons per site (+ H+/site 

ratio is 2), the of 8 has been explained by an 

arrangement of the 

locating segments 

sis (thus three 

hydrogenase, which is 

under physiological conditions 

that NADPH is the effective 

chain in three proton-trans-

can be used to drive ATP synthe-

si tes), plus a fourth, the trans

unable to function in this way 

(88, 89, 92). It has been assumed 

reductant in these 

experiments (49). Loops 2 and 3 may be fused into a complex 

protonmotive cycle of the type for mitochondria (89, 

93) • 

A number of+ H+/O ratios for cells starved from 
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unspecified endogenous substrate and subsequently loaded with 

well-defined substrates, are in agreement with the view that 

the respiratory chain consists of four proton-translocating 

segments. With malate (NAD+-linked) the+ H+/O ratio amounts to 

roughly 6 (89), for succinate and lactate (flavin-linked) the 

value is about 4 (60, this thesis) and with ascorbate-TMPD 

(cytochrome c-linked) the ratio is not far from 2 (89). In 

disagreement with the above-described model are the+ H+/O 

ratios of about 8 and 6 associated with malate- and succinate 

oxidation respectively, observed by others (60, 67, 90). 

The endogenous+ H+/O ratio of about 8 has been explained 

in a different way by Stouthamer and co-workers. The presence 

of two phosphorylation sites in heterotrophically grown aerobic 

cells in their experiments under conditions of carbon source 

limitation (86, this thesis) and the loss of site I phosphory

lation during sulphate-limited growth (but see also ref. 90) 

or growth in the presence of rotenone, with a concomitant 

decrease of the endogenous+ H+/O ratio from about 8 to 4, led 

to the conclusion that the+ H+/site ratio is about 3-4 (this 

thesis), instead of 2 as postulated by the chemiosmotic hypo

thesis (8). Since electrons from methanol only pass the third 

site, a+ H+/O ratio of 3-4 associated with methanol oxidation 

in methanol grown cells also points to a+ H+/site ratio of 

about 4 (67, 91). In addition, Lawford (90) proposed a similar 
+ value, based upon a + H /0 ratio of about 6 for succinate 

oxidation and the presence of two sites of oxidative phosphory

lation in the cytochrome-dependent part of the respiratory chain 

under his experiree,ntal conditions. 

Support for·a + H+/site ratio higher than 2 comes also from 

a more thermodynamical approach. Comparison of the phosphate 

potential (6 G, energy stored in ATP) with the protonmotive 

force (6 fH+l in membrane vesicles indicates that more than 3 

protons need to be translocated via the ATPase for each molecule 

of ATP synthesized by a chemiosmotic mechanism (94). In experi

raents of similar design performed at cells and spheroplasts, 

even a+ H+/ATP ratio of 9-12 has been derived (95) ! 

In aerobic cells harvested in the early-exponential phase of 

17 



18 

batch growth, the oxidation of malate is associated with an 

+ H+/O ratio of about 8, which decreases to a value closer to 

4 in cells harvested in the stationary phase of growth; the 

sensitivity of malate oxidation to piericidin A inhibition is 

similar in cells harvested from all phases of growth (60). 

This suggests that proton translocation associated with the 

cytochrome-independent part of the respiratory chain can be 

modified under certain conditions. The data also indicate that 

sensitivity towards piericidin A and the occurrence of proton 

translocation associated with the NADH dehydrogenase are 

distinct and separate features (60). On the contrary aerobic 

growth of P. can.s in chemostat culture under sulphate-

limi ted conditions or in the presence of rotenone results in 

loss of proton translocation associated with the NADH dehydro

genase and rotenone sensitivity of NADH oxidase (this thesis). 

From the results so far mentioned in this section it is 

clear that P. deni can.s is capable of altering its efficiency 

of respiratory energy coupling in response to changing environ

mental conditions. 

A mathematical expression has been derived which correctly 

predicts the relationships among the intramitochondrial 

[NAD+];[NADH], the extramitochondrial [ATP]/(ADP] [Pi] and the 

mitochondrial respiratory rate (96). Studies on the free energy 

relationships between the redox reactions of the respiratory 

chain and ATP synthesis in cell suspensions of P. deni can.s, 

indicate that this model is equally successful in fitting the 

regulation of energy metabolism in . deni 

in mammalian cells (97). 

can.s as it is 

Phosphorylating membrane particles isolated from anaerobi

cally grown cells with nitrate show P/O ratios of about 1.5 and 

0.5, and P/N03 ratios of about 0.9 and 0.06 with NADH and 

succinate, respectively (81). These membrane preparations fail 

to synthesize ATP when ascorbate-TMPD is the electron donor (81), 

as in aerobic particles. Electron flow through the terminal 

oxidase is occasionally found to be linked to the generation of 

a proton motive force, suggesting that the presence of a third 

energy coupling site in anaerobically grown cells is variable 



and may be very sensitive to the exact environmental conditions 

and the phase of growth (94), in harmony with the already 

discussed variations under aerobic growth conditions. 

Estimations of P/2e- ratios based on yield data from 

anaerobic chemostat cultures with nitrate or nitrite as terminal 

electron acceptor, are lower than can be expected on theoretical 

grounds (this thesis). Proton translocation studies indicate 

that this result is caused by an uncoupling effect of nitrite, 

which renders the membrane more permeable to protons (this 

thesis). 

Oxidant experiments have been performed on log-phase 

cells grown anaerobically on nitrate to determine the stoichio

metry of respiration-dependent proton translocation during 
+ -denitrification (83, this thesis).+ H·/2e ratios observed 

upon reduction of nitrate, nitrite and nitrous oxide are about 

4 (83). It has been suggested (83) that nitrogen oxide respi

ration cannot utilize one or more of the proton translocation 

rrechanisms available to oxygen respiration, since+ H+/O ratios 

of 7-8 have been measured in anaerobically grown log-phase cells 

(83, this thesis). 

The ATPase complex of P. denitri resembles the mito-

chondrial enzyme in a number of aspects (see for review ref. 49). 

It has been found that the enzyme has tight binding sites for 

ATP and ADP (98). On energization of the membrane, the nucleo

tides become less tightly bound to the ATPase (98). This is 

consistent with a mechanism in which energy is not required for 

ADP-P. bond formation itself but for ATP release from the ATPase 
l 

by conformational changes in the enzyme complex. It has been 

claimed that the ATPase acts essentially irreversibly during 

oxidative phosphorylation (99, but see also ref. 97). This led 

to the conclusion that respiratory control operates through a 

kinetic rather than an equilibrium mechanism (99). 

6. Outline of investigation 

The many mitochondrial-like features of P. denitrifi~ans, 

together with its great nutritional adaptability (49), make it 
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a preferential candidate.for studies of respiration and coupled 

energy conservation. 

The aim of the investigations described in this thesis was 

to study the effects of environmental changes on respiration 

and efficiency of oxidative phosphorylation in P. deni cans, 

with special reference to the site I region (NADH dehydrogenase). 

The influence of sulphate- and iron-limited growth in chemo

stat culture on aerobic energy conservation is treated in Chapter 

II. The changes induced by these growth conditions in the iron

sulphur pattern of NADH dehydrogenase, rotenone-sensitivity and 

kinetics of respiratory chain-linked electron transport, are 

described in Chapter III. The effects on aerobic energy conser

vation and respiration brought about by the presence of rotenone 

in the growth medium are presented in Chapter IV. Chapter V 

describes our investigations on anaerobic energy conservation 

in the chemostat under conditions of carbon source, electron 

acceptor or sulphate limitation. Chapter VI gives account of 

the involvement of iron-sulfur centers in anaerobic electron 

transport during growth with several limiting factors and the 

uncoupling effect of nitrite. Finally, the studies on proton 

translocation during nitrite respiration and the location of 

the proton-consuming site in nitrite reduction, are given in 

Chapter VII. 

7. Account 

The results, presented in this thesis, have been 

published already elsewhere (see below). Full papers have 

been integrally inserted, with minor revisions and/or extensions. 

The thesis of H.W. van Verseveld (1979) includes also the 

publications 1 and 4, but emphasizes the physiological. aspects 

of growth yield studies, rather than the biochemical approach 

in the underlying study. 

1. Meijer, E.M., van Verseveld, H.W., van der Beek, E.G. and 

Stouthamer, A.H.: Energy conservation during aerobic 

growth in Paracoccus denitrificans. Arch. Microbial. 112, 



25-34 (1977) 

2. er, E.M., Wever, R. and Stouthamer, A.H.: A study of iron-

sulphur proteins in the respiratory chain of Paracoccus 

deni . Proc. Soc. Gen. Microbial. 5, 77 (1977) 

3. Meijer, E.M. I Wever, R. and Stouthamer, A.H.: The role of 

iron-sulfur center 2 in electron transport and energy 

conservation in the NADH-ubiquinone segment of the 

respiratory chain of Paracoccus tr-ificans. Eur. J. 

Biochem. 81, 267-275 (1977) 

4. van Verseveld, H.W., Meijer, E.M. and Stouthamer, A.H.: 

Energy conservation during nitrate respiration in Paracoccus 

denitri . Arch. Microbial. 112, 17-23 (1977) 

5. Meijer, E.M., Schuitenmaker, M.G., Boogerd, F.C., Wev2r, R. 

and Stouthamer, A.H.: Effects induced by rotenone during 

aerobic growth of Par'acoccus denitrificans in continuous 

culture. Changes in energy conservation and electron 

transport associated with NADH dehydrogenase. Arch. Micro

bial. 119, 119-127 (1978) 

6. er, E.M., van der Zwaan, J.W., Wever, R. and Stouthamer, 

A.H.: Anaerobic respiration and energy conservation in 

Paracoccus denitrificans. Functioning of iron-sulfur 

centers and the uncoupling effect of nitrite. Eur. J. 

Biochem. 96, 69-76 (1979) 

7. Meijer, E.M., van der Zwaan, J.W. and Stouthamer, A.H.: 

Location of the proton-consuming site in nitrite reduction 

and stoichiometries for proton pumping in anaerobically 

grown Paracoccus denitrificans. FEMS Microbial. Lett. 5, 

369-372 (1979). 
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CHAPTER II 

ENERGY CONSERVATION DURING AEROBIC GROWTH IN PARACOCCUS DENITRI

FICANS 

AbstPact. 1. Paracoccus denit'l'ificans is aerobically grown in chemostat 
culture with succinate or gluconate as carbon source. Due to the presence 
of two phosphorylation sites in the respiratory chain and the absence of 
branching, theoretical P/O ratios of 1.71 and 1.82 are calculated for cells 
growing respectively with succinate and gluconate as carbon source. Using 
these data, 95% confidence intervals for the P/O ratio are determined, via 
a mathematical model, at 0.91-1.15 and 1.00-1.37 for sulphate-limited 
cultures, with respectively succinate and gluconate as carbon source. 
2. These results and measurements of P/O ratios in membrane particles and 
of proton translocation in whole cells lead to the conclusion that site I 
phosphorylation is affected under sulphate-limited conditions. 
3. Under conditions of carbon source limitation the endogenous + H+/O ratio 
is about 7-8. Average values of 3.40 and 4.~8 are respectively found for 
sulphate-limited succinate- and gluconate grown cells. For starved cells, 
oxidizing succinate as exogenous substrate, the+ H+/O ratios are determined 
at about 3-4, independent of the growth limiting factor. It is concluded 
that the number of protons ejected per pair of electrons per energy-conser
ving site (+ H+/site ratio) is about 3-4, instead of 2 as postulated by the 
chemiosmotic hypothesis. 

INTRODUCTION 

Extensive studies have been performed on the effect of iron

(1, 2) and sulphate-limited growth (3, 4) on the efficiency of 

oxidative phosphorylation in the yeast Candida utitis. The 

results point to a reversible loss of energy conservation be

tween NADH and the cytochromes (site I phosphorylation). This 

was shown to be due to a lack of iron-sulfur centers involved 

in energy-coupling at site I. In contrast to the results with 

Candida utitis, oxidative phosphorylation in respiratory par

ticles from Paraaoaaus denitrifiaans is not affected by iron 

deficiency (5). However, Rainnie and Bragg (6) concluded that 

iron limitation in cultures of Escherichia eoti may result in 

the impairment of energy-coupling. They postulated that non

haem iron is involved in respiratory chain-linked energy pro

duction. Measurements of growth yields and of the extent of 

electron transport-dependent proton translocation in intact 
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cells and of the energy~dependent reduction of NAD+ in particles 

have led to the conclusion that growth of 

E. coli results in the loss of site I (7). The 

same conclusion was reached by Stouthamer and Bettenhaussen (8) 

for Aerobacter aerogenes. They calculated P/O ratios of about 

1.3 and 0.4 for glucose- and limited cultures respec-

tively, using YATP values from anaerobic imited cul-

tures at the same growth rate. ssel and Tempest (9) supposed 

that in carbon sufficient, for 

stat cultures of Aerobacter aerogenes, 

ted from growth to some extent, 

rates. They mentioned as one of 

the "slip" mechanism which may effect the 

, chemo

i s dissocia-

explaining 

between 

growth and respiration, that may modify their respi-

ratory chain phenotypically such as to delete sites of oxidative 

phosphorylation. 

The aim of this study is to the effects of iron-

and sulphate limitation on the of oxidative phosphory-

lation in Paracoccus deni cans grown in chemostat culture, 

as first step in the elucidation of the role of iron-sulfur 

proteins in respiratory chain-linked energy conservatio~ and 

electron transport. 

Three methods are used to the effect of above-mentioned 

growth limitations on the effic of oxidative phosphorylation: 

growth yield studies in chemostat cultures, measurement of oxi-

dative phosphorylation in membrane and determination 

of respiration-driven proton translocation in whole cells. 

MATERIALS AND METHODS 
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1. and ccmditions 

Paracoccus NCJB 8944 (formerly , 10) was the 
experimental organism, kindly supplied by Dr. W.A. Hamilton of the University 
of Aberdeen, Scotland. Bacteria were grown aerobically at 30°c or 37°c in 
the liquid medium described by Chang and Morris (11) with succinate or 
gluconate as carbon source and as nitrogen source. 



2. Chemostat 

Aerobic chemostat experiments were performed as described by Stouthamer 
and Bettenhaussen (8) in a 21 vessel (Biolaffite, France). The working 
volume was about 600 ml. About 600 ml of air per min were bubbled through 
the culture. The speed of agitation was about 700 rpm. The pH was automati
cally controlled at 6.9 ::'.:_ 0.1. In carbon source-limited chemostat experi
ments the succinate concentration was 50 mM and the gluconate concentration 
20 mM. In sulphate-limited chemostat cultures these concentrations were 
respectively 60 mM and 30 mM, while the sulphate concentration was lowered 
to 0.1 mM. The medium for iron-limited growth was prepared by extraction 
with tetrachloromethane containing 0.2% (w/v) 8-hydroxyquinoline as described 
by Imai et al. (5), while FeSo

4 
was omitted. 

Chemostat culture experimen~s used for of oxidative phos-
phorylation in membrane particles were done at , because the P/O rat~o 
for NADH as electron donor, in membrane particles from cells grown at 37 C 
with succinate as carbon source, is strongly lowered (12). 

3. products in cultures 

Gluconate was determined by the method described by Hestrin (13). Succi
nate was measured as methyl-derivate, prepared by the method of Holdeman 
and Moore (14), by Gas-Liquid-Chromatography using a Hewlett-Packard Gas
Chromatograph model 5750 G (Hewlett-Packard GmbH, Boblingen, Germany) as 
described by van Verseveld and Stouthamer (12). 

The dry weight per ml of culture was determined by filtration on membrane 
filters of constant weight (catalog no. 11307 Sartorius-Membranefilter 
GmbH, Gottingen, Germany) as described by de Vries and Stouthamer (15). 

4. membrane particles 

The method for the preparation of phosphorylating membrane particles, 
isolated by osmotic shock after treatment with lysozyme, was as described by 
John and Whatley (16). 

5. Measurement oxidative in membrane par•ticles 

The method used has been described by van Verseveld and Stouthamer (12) • 
Oxygen uptake was measured by a Warburg microrespirometer and Pi was deter
mined by the method of Seddon and Fynn (17). 

6. Measurement respi~ation-dY":ven proton in whole cells 

Treatment Bacterial CeZZs. Cells were harvested from continuous culture, 
subsequently washed twice with 150 mM KCl-3 mM glycylglycine buffer at pH 7.0 
and then resuspended in this medium at approximately 25 mg cell dry weight 
per ml (18). This cell suspension was used immediately for experimentation. 
In some cases cells were starved of endogenous substrates by aerobic 
incubation at in the growth-medium minus the carbon source, during 2 h 
(19). After starvation the bacteria were harvested and washed again. After 
washing the cells were resuspended in the medium described above, completed 
with succinate (final concentration 1.2 lilt~) as exogenous substrate and in 

, a specific inhibitor of 
electron transport and associated in the NADH-dehydrogenase 
region of the respiratory chain (20, 21). 
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Reaction Cell and Electrode System, Incubations of bacterial cells for 
the measurement of pH changes (i.e. proton translocation) were performed 
in a double-walled glass chamber which was kept at 25°c by circulating, 
thermostated water (Julabo, paratherm II circulating thermostate). A 
magnetic stirrer (Stiromatic, Amroh) rotated a small teflon-covered mag
netic follower-bar in the reaction cbamber. In the open upper end a combined 
glass microelectrode (type 7 GR 241, E value of zero at pH 7.0; Electrofact 
N.V., Amersfoort, The Netherlands) was0 fixed. At the left and at the right 
of this upper end a hole was drilled to permit insertion of a microsyringe 
needle (Hamilton microliter syringes; Hamilton Micromesure B.V., The Nether
lands). The combined glass electrode was connected to a Philips pH-meter 
(type PR 9403, Philips, The Netherlands) and the recorder output of the 
pH-meter was taken to a Kipp recorder (Micrograph BD-5 recorder, Kipp & 
Zonen, Delft, The Netherlands). The recorder sensitivity was 0-0.1 rnA for a 
full-scale response of 20.0 cm. A full-scale recorder deflection correspon
ded to 0.08 pH unit. The response time of the total system (i.e. the time 
taken for the recorder readings to change from 10-90% of any given total 
change - within the limits of experimental changes - after injection of 
acid into the reaction medium in the chamber) was about 3 s. The latter 
time includes the time for injection, mixing, electrode response, pH-meter 
response and recorder response. To prevent diffusion of oxygen from the air 
into the reaction medium a continuous flow of pure nitrogen containing less 
than 4 p.p.m. o

2 
(Hoek, Schiedam, The Netherlands) was directed at the 

liquid surface. 
Actual Measurement Procedure. The double-walled glass vessel was filled 

with 3.1 ml oxygen-free 100 mM KSCN-50 :mM KCl-3 mM glycylglycine buffer at 
pH 7.0 (18). This solution was then flushed again with pure nitrogen during 
2 min. The content of the vessel was stirred. After this period nitrogen 
was added as a continuous flow directed at the surface of the liquid. 150 }11 
bacterial suspension (i.e. about 4 mg dry weight bacteria) and a solution 
of valinomycin in ethanol were then injected (final concentration of valino
mycin was 5/g/ml). The cells were allowed to equilibrate for 90 min before 
measurement were started. Experiments were performed at a pH of the outer 
medium between 6.5 and 7.0. Known quantities of oxygen in air-saturated 150 
mM KC! at 25°c were introduced into the anaerobic suspension (mostly 10 pl 
containing 4.7 ngatom O,. 22). !~calibrate the deflection of the record~r 
a known amount of anaerobic 10 N HCl in 150 mM KCl was injected after each 
oxygen pulse. Control experiments made clear that, as required, addition of 
anaerobic 150 mM KCl did not give any deflection of the recorder pen. The 
respiration-driven acidification of the outer medium was compared with HCl
driven acidification to calculate the quantity of prot~ns translocated per 
atom oxygen reduced, i.e. the + H+/o quotient. The + H /o ratios were 
corrected, by making semi-logarithmic plots of the decay-phase and extra
polating them back to the moment of oxygen addition (23). 

RESULTS 

1. Aerobic growth in chemostat cultures 

The results of aerobic cheroostat cultures are shown in Fig. l 

and 2. The plots for succinate- and gluconate-limited growth 

have been published by van Verseveld and Stouthamer (12). In the 
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case of sulphate-limited growth the plots of the rates of car

bon source consumption (q ) and oxygen consumption (q ) against c 0 
the growth rate y.i) give again straight lines. Thus th~se rates 

are also linear functions of )1· 

qo2 • qsucc 

14 ( mmol~s/g dry w~ight hr) 

10 

01 02 0.3 

Fig. 1. Rates of succinate and oxygen consumption in succinate- and sulphate
limited aerobic chemostat cultures of Paracoccus denitrificans, expressed in 
mmoles/g dry weight · h. Both specific rates of succinate consumption 
(qsuccinate) under conditions of succinate limitation (e----e) and sulphate 
limitation (0----0), and specific rates of oxygen consumption (q02 ) under 
succinate-limited (&~~&) and sulphate-limited conditions (6~~6) are 
shown. The lines were drawn by estimating the first and second regression 
coefficients. 

The growth pararreters for the chemostat cultures are listed in 

Table 1. From the results in Table 1 it can be concluded that 

there is a clear difference between the rates of oxygen consump

tion for carbon source-limited and sulphate-limited cultures. 

The same applies to the rates of carbon source consumption for 

the two types of chemostat cultures. Furthermore it can be ob

served in Figures 1 and 2 that in sulphate-limited chemostat 

cultures the maximal specific growth rates (u ) are much lower 
/max 

than in carbon source-limited chemostat cultures. 

In contrast to the results with Aerobacter aerogenes (8, 9) 

the maintenance coefficients are still low for Paracoccus deni

trificans grown under conditions of sulphate limitation (Tables 

1 and 2). Lowering of the sulphate concentration from 0.1-0.05 
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14 
Q02 'q glucon 

( mmoles/ g dry weight_ hr) 

12 

• 

Fig. 2. Rates of gluconate and oxygen consumption and sulphate-
limited aerobic chemostat cultures of Paracoccus , expressed in 
mmoles/g dry weight · h. Both specific rates of gluconate consumption 
(q J t ) under conditions of gluconate limitation (e----el and sulphate 
uifi1tg~£gn e (0----0) and specific rates of oxygen consumption (q ) under 
gluconate-limited (&----...) and sulphate-limited conditions (a___::>la) are 

shown. The lines were drawn by estimating the first and second regression 
coefficients. 

Table 1. Growth parameters of Paracoccus 
the chemostat with succinate, gluconate or 
The equations are calculated by estimating 
coefficients 

Parameter 

Parameter 

Succinate limitation 

0.00048 + 

0.00152 + 

0.02527? 

0.02921? 

Gluconate limitation 

0.0001 

0.00067 

+ 0.01285? 

+ 0.02306? 

grown aerobically in 
sulphate as the limiting factor. 
the first and second regression 

Sulphate limitation 

0.00104 + 0.02667? 

0.00164 + 0.04760? 

Sulphate limitation 

0.00035 + 

0.00111 + 

0.01522? 

0.03199? 

q (specific rate of carbon source consumption) and q02 (specific rate of 
o~ygen consumption) are expressed in gmoles/g dry weight . h. 



d::Bs not give a further decrease of the molar growth yields as 

has been observed with Escherichia coli (7). In the case of 

iron-limited chemostat cultures molar growth yields are the 

same as in carbon source-limited chemostat cultures (results 

not shown). 

2. Calculation of 

The following equations are used for the calculation of growth 

parameters in the case of Paracoccus denitrificans: 

qATP qsuccinate (1 - 0. 0148 y . t ) + qo . 2P/O ( 12) Eq. ( 1 ) 
succina e 2 

qATP 3 qgluconate (l-0.0069Y 1 t)+ qo 2P/O (12) Eq. ( 2) 
g ucona e 2 

qATP ~+m (24) Eq. ( 3) 
e 

YATP ATP 

qc y/ax 
+ m (25) Eq. (4) 

c 
c 

qo Ylax 
+ m ( 2 6) Eq. ( 5) 

2 02 
02 

Table 2 shows the values of the maximum growth yields, cal

culated with Equations (4) and (5), and the maintenance coeffi

cients for carbon source and oxygen, with their 95% confidence 

intervals. It can be seen from these results that the confidence 

intervals are very large, which results in an overlap of these 

intervals for Ymax, m and m when looking at carbon source-
c c 0 

and sulphate-limited chemostat cultures. 

With the Equations (1), (2), and (3) it is not possible to 

achieve a determination of the P/O ratio, Y~;~ and me as out

lined previously by van Verseveld and Stouthamer (12). A mathe

matical model has been developed which allows the calculation 
. .max 

of XATP' me and YATP for different chosen values of the P/O 
max ratio (27). The results are given in Table 3 for me and YATP' 
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Table 2. Maximum 
weight · h) of 
in parentheses. 

Carbon source 

Succinate 

Succinate 

Gluconate 

Gluconate 

Limiting factor 

Succinate 

Sulphate 

Gluconate 

Sulphate 

in g/mole)and maintenance coefficients (expressed in mmoles/g dry 
grown in chemostat cultures. 95% confidence intervals have been given 

yield for carbon source used 

40.2 (36.2-43.6) 

37. 5 (34. 2-41.5) 

77.8 (73.8-82.3) 

65. 7 (58.0-75.8) 

0.48 (0.02-0.94) 

1.04 (0.68-1.40) 

0.11 (-0.05-0.27) 

0.35 (0.06-0.64) 

34.2 (30.6-38.8) 

21.0 (18.8-23.7) 

43.4 (39.6-47.9) 

31.3 (27 .6-36.1) 

1.52 (0.83-2.21) 

1.64 (0.89-2.39) 

0.67 (0.16-1.18) 

1.11 (0.50-1.72) 

I 



with their average values and 95% confidence intervals. 

Table 3. Average values and 95% confidence intervals of Ymax (expressed in 
g/mole) and m (expressed in mmoles/g dry weight . h) forAPEracoccus deni
trificans cal~ulated with a mathematical model (27) 

Carbon source: succinate 
P/O m Ymax 

e ATP 

Limiting factor: succinate 
1.6 5.3 (2.8-7.8) 9.6 (8.6-11.0) 
1. 7 5.7 (3.0-8.3) 9.1 (8.2-10.4) 
1.8 6.0 (3.2-8.7) 8.7 (7.7- 9.8) 

Limiting factor: sulphate 
0.9 4.0 (2.6-5.4) 10.3 (9.3-11.5) 
1. 0 4.3 (2.7-5.9) 9.3 (8.3-10.5) 
1.1 4.7 (2.9-6.4) 8.6 (7. 7- 9.6) 

Carbon source: gluconate 
P/O m ~ax 

e ATP 

Limiting factor: gluconate 
1. 7 2.6 (0.7-4.5) 10.4 (9.6-11.4) 
1.8 2.8 (0.7-4.8) 9.9 (9.1-10.9) 
1. 9 2.9 (0.7-5.0) 9.5 (8.7-10.4) 

Limiting factor: sulphate 
1.1 3.5 (2.0-4.9) 10.5 (9.5-11.8) 
1. 2 3.7 (2.1-5.3) 9.8 (8.9-11.0) 
1. 3 4.0 (2.3-5.6) 9.3 (8.4-10.4) 

In Table 4 the theoretical P/O ratios have been calculated, 

for the Krebs cycle intermediates succinate and malate, and the 

carbohydrate gluconate, when they are dissimilated completely. 

One nf the factors which could give rise to a difference between 

the theoretical,P/O ratio and the actual P/O ratio in the growing 

culture, would be the possibility that reducing equivalents 

(NADH) are used for biosynthesis of cell material. This amount 

can be determined with the aid of the mathematical model of de 

Kwaadsteniet et al. (27). The results show that the amount of 

NADH needed for the biosynthesis of cell material (expressed in 

moles per g) is very small. For instance, in the case of gluco

nate the average value is 0.0190. Using the average value of 

Ymax from Table 2 it is possible to calculate a correction 
gluconate 

for the amount of NADH (Table 4) of about 1.5, resulting in a 
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Table 4. Theoretical P/O values when succinate, gluconate and malate are dissimilated com*letely. The average 
values and 95% confidence intervals for m (expressed in mmoles/g dry weight · h) and yna (expressed in g/mole) 
have been calculated with a mathematical ~odel (27) using the results of aerobic chemost&l cultures, obtained 
by van Verseveld and Stouthamer (12) 

Formation 
of reduction 
equivalents 

Succinate 5 NADH 

2 FADH 

Gluconate 9 NADH 

2 FADH 

Mal ate 5 NADH 

FADH 

g moles 
ATP 
formed 

12 

20 

11 

g atoms 
oxygen 
used 

7 

11 

6 

P/O 

1. 71 

1.82 

1. 83 

m 
e 

5 • 8 ( 3 • 4- 8. 2 ) 

2 . 8 ( 0. 8- 4 . 7) 

8. 0 ( 2 • 8-1 3 • 3) 

9.1 (8.2-10.2) 

9.9 (9.1-10. 7) 

9. 1 ( 7. 6-11. 5) 



decrease of the theoretical P/O ratio of only 0.05. 

That the electrons from NADH and FADH pass respectively two 

sites and one site of oxidative phosphorylation (12, 20, 28) in 

an unbranched eJectron transport chain (23) is implied in the 

calculation of the theoretical P/O ratios. 

So it seems justified to take the theoretical values of the 

P/O ratio. The average values and 95% confidence intervals for 

me and Y~;; for the theoretical P/O ratios are included in 

Table 4. The ~;;values given in this table may be regarded as 

reliable values. This assumption is further supported by the 

fact that for the other Krebs cycle intermediate, malate, the 

same average value for Y~;; at the theoretical P/O ratio, has 

been found as for succinate (see Table 4). Besides, the average 

Y~;; values at the theoretical P/O ratios for succinate and 

malate are lower than for gluconate, in accordance w~th the fact 

that formation of cell material of a given composition from 

malate or succinate requires more ATP than from gluconate as 

calculated by Stouthamer (29). 

It is a reasonable assumption that ~;; is the same under 

carbon- and sulphate-limited conditions. From Table 3 the P/O 

ratios under conditions of sulphate limitation with succinate 

or gluconate as carbon source can be valued, with the above 

assumption, at respectively l.0-1.1 and 1.1-1.2, taking the 

average ~;;values at the theoretical P/O ratios from Table 4. 

In Table 5 average values and 95% confidence intervals of 

the P/O ratios have been calculated for some chosen values of 

~;;, including the average values of Table 4, using the method 

outlined by Boender and Stouthamer (30). Under sulphate-limited 

conditions in the chemostat culture with succinate or gluconate 

as carbon source, values of 1.03 and 1.19 respectively are found 

as average values for the P/O ratio at ~;; values of respective

ly 9.1 and 9.9. 

The average P/O-ratio of 1.03 for sulphate limitation with 

succinate as carbon source is very close to the theoretical 

value of 1.00 when site 1 phosphorylation is absent, for in that 

case NADH and FADH have the same energy yield. Absence of site 1 

phosphorylation under conditions of sulphate limitation has been 
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Table 5. Averages and 95% confidence intervals for the P/O ratio calculated 
for some chosen values of ynax, including the average values from Table 4 for 
complete succinate and gluc~~te dissimilation 

ynax 
ATP 

8.5 
9. 1 
9.6 

max 
YATP 

9.0 
9.9 

10.5 

Carbon source: succinate 

Limiting factor: succinate 
P/O 

1.85 (1.62-2.07) 
1.71 (1.49-1.91) 
1. 64 ( 1. 44-1. 84) 

Carbon source: gluconate 

Limiting factor: gluconate 
P/O 

2.03 (1.95-2.10) 
1.81 (1.72-1.88) 
1.68 (1.61-1.75) 

sulphate 
P/O 

1.12 (0.99-1.25) 
1.03 (0.91-1.15) 
o. 99 (0. 87-1.11) 

sulphate 
P/O 

1.35 (1.14-1.55) 
1.19 (1.00-1.37) 
1.10 (0.92-1.27) 

previously demonstrated for E. coli (7) and the yeast Candida 

utiZis (3). The average P/O ratio of 1.19 for sulphate-limited 

growth with gluconate as carbon source differs nearly 20% of the 

theoretically expected P/O ratioof 1.00, though the 95% confidence 

interval includes this value. A remarkable observation is that 

under sulphate-limited conditions with gluconate, the specific 

rate of sulphate consumption (q =) is much higher than under 
so 

the same conditions with succinat~ as carbon source. This means 

that with gluconate more sulphate is incorporated per gram bio

mass than with succinate as carbon source, maybe resulting in a 

cell population heterogeneously with respect to site I phosphory

lation or alternatively resulting in cells with some electron 

transport chains missing site I phosphorylation and others having 

this property. 

3. Oxidative sphoryZation in membrane cZes 

Membrane particles have been isolated from cells grown at 30°c 

in chemostat cultures with succinate as carbon source under 

succinate- or sulphate-limited conditions. The results of the 
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measurements of P/O ratios at these membrane particles, with 

NADH or succinate as electron donor, are shown in Table 6. 

Table 6. Averages and 95% confidence intervals for the P/O ratios measured 
in membrane particles of Paracoccus as described by van 
Verseveld and Stouthamer (12) 

Carbon Limiting Electron Average 95% 
source factor donor P/O confidence 

ratio interval 

Succinate Succinate NADH 1. 30 1.20-1.40 
Succinate 0.69 0.54-0.84 

Succinate Sulphate NADH 0.80 0.70-0.90 
Succinate 0.65 0.48-0.82 

With succinate as electron donor, the average P/O ratio is 

about the same under succinate- and sulphate-limited conditions, 

however, when NADH is the electron donor a significant difference 

is found between the average P/O ratios of the membrane particles 

of succinate- and sulphate-limited cells. Besides there is an 

overlap of the 95% confidence intervals for the P/O ratio with 

NADH and succinate as electron donor under sulphate-limited 

conditions. These results demonstrate that sulphate limitation 

does indeed affect site I phosphorylation. 

4. proton translocation in whole cells 

According to the chemiosmotic hypothesis (31) - for explana

tion of the mechanism of oxidative phosphorylation - oxidation 

of substrates must be accompanied by the extrusion (translocation) 

of protons. 

It is implied in this hypothesis that+ H+/O quotients (i.e. 

g equiv. H+ extruded per g atom 0) reflect the efficiency of 

oxidative phosphorylation (22). Evidence supporting this latter 

view has been reviewed by Stouthamer (32). 

In Table 7 the >- H+/O quotients are presented for whole cells 

of P. deni cans grown in chemostat cultures with succinate 

or gluconate as carbon source under carbon source- or sulphate-
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limited conditions. Cells oxidizing the flavin-linked substrate 

succinate were starved of endogenous substrates as described 

in "Materials and Methods". 

After addition of carbonylcyanide m-chlorophenylhydrazone 

(CCCP) - a known uncoupler of the respiratory chain, having a 

stimulating effect on the rate of proton diffusion over the 

membrane (18) - another pulse of oxygen results in a much 

lower initial peak of H+-extrusion and moreover, the decay of 

the proton pulse curve, normally very slow, is much faster. 

After an incubation period of cells with CCCP during about 30 

min an oxygen pulse does not result anymore in proton ection. 

The values found for the+ H+/o ratios under conditions of 

succinate and gluconate limitation are in good accordance 

with the value of about 8 determined previously for cells of 

P. denitri cans oxidizing endogenous substrates (18). 

Table 7. Observed+ H+/o ratios for whole cells of Paracoccus 
grown in chemostat culture with different carbon sources and under different 
limiting conditions. Values for+ H+/O ratios are presented as averages 
+ S.D. with the number of observations in parentheses 

Carbon 
source 

Succinate 
Succinate 
Gluconate 
Gluconate 

Limiting 
factor 

Succinate 
Sulphate 
Gluconate 
Sulphate 

+ H+/O 

(endogenous 
substrates) 

7.50 + 0.60 
3.40 + 0.45 
7.28 + 0.41 
4.78 + 0.20 

(20) 
(32) 
(32) 
(21) 

+ H+/O 

(starved 
cells + 1.2 
mM succinate) 

3.71 + 0.29 
3.95 + 0.40 
3.57 + 0.25 
3.51 + 0.16 

(9) 
(15) 

(10) 
(8) 

+ H+/O 

(starved cells + 
1.2 mM succinate 
+ 13 rotenon) 

3.03 + 0.38 
3.40 + 0.31 
3.27 + 0.17 
3.25 + 0.26 

( 10) 
(19) 

(9) 
( 10) 

Starvation of the same cells results, after incubation with 
+ succinate as exogenous substrate, in+ H /0 ratios of about 4, 

approximating the results of Lawford et al. (23) with glycerol

grown P. denitrificans cells. This value is somewhat lowered 

after addition of rotenone. 

It has been proved that two phosphorylation sites are present 

in the respiratory chain of P. deni cans under heterotrophic 

growth conditions (12, 20, 28), one in the NADH-dehydrogenase 

segment and the other somewhere in the region between cyt. b 



and cyt. cc1 (21). Thus above-mentioned results indicate that 

3-4 protons are extruded per site and per oxygen atom. For 

cells grown with succinate as carbon source under conditions 

of sulphate-limited growth an average+ H+/O ratio has been 

found of 3.40. Also for Candida utilis (4) and E. coli (7) a 

decrease of the+ H+/O ratio under conditions of sulphate 

limitation has been observed. The value of 3.40 is in the same 

range as the average+ H+/O quotients determined after star

vation, with succinate as exogenous substrate (with or without 

rotenone) for P. denitrificans cells grown in carbon source

limited and sulphate-limited chemostat cultures. These measure

ments further support the assumption made before, that under 

condjtions of sulphate-limited growth, with succinate as carbon 

source, site I phosphorylation is absent. With gluconate as 

carbon source under sulphate-limited conditions an average 

+ H+/O ratio of 4.78 has been ascertained. This value is sig

nificant higher, compared to the values obtained for starved 

cells, supporting, as described elsewhere in this paper, the 

average P/O ratio of 1.19 found with the mathematical model of 

de Kwaadsteniet et al. (27). 

DISCUSSION 

In iron-limited chemostat cultures of P. deni cans no 

effect on molar growth yields can be observed, indicating that 

the efficiency of oxidative phosphorylation is not influenced. 

This observation is confirmed by the+ H+/O ratio for the 

oxidation of endogenous substrates which equals the value found 

for succinate-grown whole cells (results not shown) . The same 

conclusion was drawn by Imai et al. (5) measuring P/O ratios 

with phosphorylating membrane particles obtained from cells 

grown under iron-deficient conditions. 

From estimations of the P/O ratio in growing cells using an 

extension of the mathematical model of de Kwaadsteniet et al. 

(27), measurements of oxidative phosphorylation in membrane 

particles and respiration-driven proton translocation in whole 

cells, it can be concluded that under sulphate-limited growth 
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conditions, at least with succinate-grown cells of P. denitri

fiaans, site I phosphorylation is completely absent. The results 

with sulphate-limited gluconate-grown cells are more difficult 

to interpret and have led to the supposition that part of the 

cells or part of the respiratory chains present in individual 

cells have lost site I phosphorylation. 

Excretion of acetate, pyruvate and a-ketoglutarate in sul-

phate-limited cultures of P. denitrifiaans, in a 

decreased efficiency of substrate utilization and concomitantly 

an increased maintenance rate of substrate consumption (m ) as c 
demonstrated for Aerobacter aerogenes (8, 33) is not observed. 

Though the average values of the maintenance rates of oxygen 

(m ) and carbon sources (m ) consumption are under con-
0 c 

dit~ons of sulphate limitation in P. denitri cans (Table 2), as 

is expected when the of oxidative phosphorylation 

decreases, they are still low and more over their 95% confidence 

intervals overlap those of carbon source-limited cultures. From 

Table 3 it is clear that 95% confidence intervals for the 

maintenance rate of ATP consumption (m ) for succinate- (P/O = e 
1.7) and sulphate-limited (P/O = 1.0) cultures almost 

completely. The same is valid for gluconate- (P/O 

sulphate-limited (P/O 1.2) cultures. 

1.8) and 

Furthermore the 95% confidence intervals in Tables 2 

and 3 indicate that values determined for maintenance coeffi-

cients are highly unreliable as was already stated de 

Kwaadsteniet et al. (27). Stouthamer and Bettenhaussen (8) 

found a large difference in m between anaerobic and 
e 

tryptophan-limited chemostat cultures of A. aerog~nes. The very 

high me during tryptophan-limited growth was explained by 

assuming uncoupling of growth and energy production, which may 

occur in a medium containing one or more components in sub

amounts (34, 35, 36). The same phenomenon could be one 

of the possible explanations for the very high maintenance rate 

of oxygen consumption found by Neijssel and Tempest (9) for 

carbon-sufficient chemostat cultures of Aerobacter aerogenes. 

Poole and Haddock (7) found for Escherichia coli, in contrast 

with our results for P. denitri aans, that lowering of the 



limiting sulphate concentration was accompanied by a decrease 

in the growth yields, which might also be caused by uncoupling 

of energy production and growth. 

Obviously this phenomenon does not exist in P. denitrifiaans, 

indicating a tighter coupling between growth and energy produc

tion in this organism than in A. aerogenes. 

According to the chemiosmotic hypothesis of oxidative phos

phorylation (37) the respiratory chain is organized into a 

series of redox loops (covering the energy-conservation sites) , 

each of which is able to translocate 2 protons outwards per pair 

of reducing equivalents transferred and so contributes to the 

total transmembrane protonmotive force, which drives ATP syn

thesis. 

For instance measurements of+ H+/O ratios for the yeast 

Candida utiZis(4), where isolated mitochondria have one, two 

or three phosphorylation sites, depending on the condition of 

growth, were in perfect agreement with the implications of the 
+ chemiosmotic hypothesis, because a + H /0 quotient of 2.0 per 

energy-conservation site was established. Measurement of+ H+/O 

quotients in bacteria has started to be used extensively only 

a short time ago (18, 19, 23, 26, 38-42). So far, in all studies 

complete correctness of the chemiosmotic theory has been 

assumed. Therefore, in these studies a+ H+/O quotient of 2 per 

site has been accepted and calculations of efficiencies of 

oxidative phosphorylation were fully based on this stoichiometry. 

Explaining the high endogenous+ H+/O ratios of approximately 

8 for whole cells of P. denitri cans Scholes and Mitchell (18) 

supposed proton translocation concomitant with NADPH + NAD+ 

transhydrogenase activity (~ H+/2e-= 2) (loop o) next to three 

other redox loops {coupling sites), depending on the presence 

of different respiratory chain components (19). Assuming a 

+ H+/ATP ratio of 2 (43) a+ H+/O ratio of 8 would lead to a 

P/O ratio of 4 (18). In this way the efficiency of oxidative 

phosphorylation is most probably overrated, because van 

Verseveld and Stouthamer (12) valued the P/O ratio in hetero-

trophically grown P. deni ns at 1.4-1.7, indicating, as 

already mentioned, that two energy-coupling sites are present 
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as was established previously by Imai et al. (28) and Knobloch 

et al. (20). From the above-mentioned results it can be conclu

ded that in P. denitrificans the H+/site ratio is about 4. 

Further support for this stoichiometry has been obtained in 

this paper from measurements of+ H+/O ratios for starved cells 

oxidizing succinate and cells of P. denitrificans grown under 

sulphate-limited conditions, where site I phosphorylation is 

affected (see Table 7). 
+ The observed + H /0 ratios have to be corrected for proton 

back flow. As outlined by Papa (44} the correction method used 

by Mitchell and Moyle (45} can easily lead to miscalculations 

in the case of a very fast initial decay phase. However, the 

plasma membrane of P. denitrificans is known to have a low 

proton conductance, resulting in a slow decay of the proton 

pulse (18), as has been also observed in our experiments. There

fore a very simple correction method is sufficient for P. deni

trificans (18). So we assume that the corrected+ H+/O ratios 

found for this organism are reasonable ones. 

Further evidence that the value of 2.0 postulated by the 

chemiosmotic hypothesis for the H+/site ratio, is possibly 

wrong, has recently been given by Brand et al. (46}. Under con

ditions in which transmembrane movements of endogenous phosphate 

were minimized or eliminated, they showed by three different 

methods that the H+/site ratio of mitochondrial electron trans

port is at least 3.0 and may be as high as 4.0. For instance 

with the oxygen pulse method the H+/site ratio is 3.0 when 

phosphate transport was eliminated for example by addition of 

N-ethylmaleimide, while in the absence of this inhibitor the 

H+/site ratio decreased to 2.0 as consequence of the occurrence 

of phosphate uptake by a phosphate-proton symport system. 

Apparently this latter phenomenon does not play a role in P. 

denitrificans. 

Another argument is given by a more thermodynamic approach, 

which shows that for a ratio of 3 H+ /ATP the required protonmotive 

force for ATP synthesis is strikingly similar to the measured 

one (44}. Recent observations on photosynthetic systems also 

indicate that the number of protons moved per energy-conserving 



site in chloroplasts definitely exceeds 2 and may be 3 or higher 

(4 7). 

All results mentioned above indicate that indeed the number 

of protons ejected per pair of electrons per energy-conserving 

site is higher than two as postulated by the chemiosmotic hy

pothesis. Though the exact relationship between+ H+/O ratio and 

P/O ratio is not yet known, our results with P. denitrificans 

show that the+ H+/O ratio is still a measure for the efficiency 

of oxidative phosphorylation. 
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CHAPTER III 

THE ROLE OF IRON-SULFUR CENTER 2 IN ELECTRON TRANSPORT AND 

ENERGY CONSERVATION IN THE NADH-UBIQUINONE SEGMENT OF THE 

RESPIRATORY CHAIN IN PARACOCCUS DENITRJFICANS 

Abs t.ract. 1. The electron paramagnetic resonance spectra at 15 K of reduced 
membrane particles of Paracocaus exhibit resonance signals 
with g values, line shapes and temperature profile which are similar to the 
signals of the iron-sulfur centers observed in the NADH-ubiquinone segment 
of mitochondrial respiratory chains. These iron-sulfur centers are reducible 
with NADH, NADPH as well as chemically with dithionite. 
2. Sulphate-limited growth of Paracoccus results in the loss 
of an electron paramagnetic resonance signal (g ~ 2. 05, g ::::: g ~ 1. 92) 
which has properties similar to those of iron-s~lfur cente¥ 2 of the NADH 
dehydrogenase of mitochondrial origin. The loss of this signal is accom
panied by a decrease in the NADH oxidase and NADH-ferricyanide oxidoreductase 
activities to respectively 30 and 40% of the values found for succinate
limited growth conditions. In addition respiration in membrane particles 
from sulphate-limited cells loses its sensitivity to rotenone. 
3. Since sulphate-limited growth of Paracocaus denitrifica:as induces loss of 
site I phosphorylation (Chapter II) these observations suggest a close 
correlation between site I phosphorylation, rotenone sensitivity and the 
presence of an electron paramagnetic resonance signal with g

2 
~ 2.05 and 

g ~ g ~ 1.92. 
y x 

INTRODUCTION 

The knowledge of iron-sulfur proteins functional in the 

bacterial respiratory chain is very limited. In mitochondria 

on the other hand a number of iron-sulfur centers are known to 

function in respiration. Till now seven iron-sulfur centers 

have been reported in the NADH dehydrogenase region (1). 

Recently, however, it has been stated (2) that the signals ob

served in low-temperature spectra of complex I can be explained 

without assuming more than five paramagnetic centers. Two of the 

NADH dehydrogenase components, centers la and 2, have energy

dependent midpoint potentials and are believed to be involved in 

energycoupling at site I (3). Two or three iron-sulfur centers 

have been identified and characterized in succinate dehydrogena

se and at least three more in the ubiquinone-cytochrome c 

reductase region (4-6). 
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To investigate the role of iron-sulfur proteins in respira

tory chain-linked energy conservation and electron transport in 

the aerobic bacterium Paracoccus we have employed 

the technique of sulphate-limited growth as introduced by Gar

land and co-workers (7) for Candida utilis. Sulphate-limited 

growth of this organism results in loss of site I energy 

conservation (7) and a diminution of EPR signals attributable 

to NADH-dehydrogenase-linked iron-sulfur centers (8). Similar 

results have been obtained with Escherichia coli (9). We have 

reported in Chapter II that also in Paracoccus deni cans 

site I phosphorylation is absent in cells grown aerobically 

under conditions of sulphate limitation. This was concluded 

from estimations of the P/O in growing cells using a 

mathematical model, measurements of oxidative phosphorylation 

in membrane particles and respiration-driven proton translo

cation in whole cells. In the present study we describe the 

effect of sulphate-limited growth of Paracoccus denitri 

on the iron-sulfur centers in the site I region of the respira

tory chain, the relation to NADH oxidase and NADH-ferricyanide 

oxidoreductase activities and the rotenone sensitivity of res

piration-linked electron transport. 

MATERIALS AND METHODS 

1. Organism and conditions 

Paracoccus NCJB 8944, the experimental organism, was 
kindly supplied by Dr. W.A. Hamilton the University of Aberdeen (Scotland). 
Bacteria were grown aerobically at in liquid medium described by Chang 
an~ Morris (10) with succinate as carbon source and as nitrogen source. 
Mn + was omitted, since the characteristic EPR of this metal in-
terfere with those of iron-sulfur proteins. 

2. Chemostat culture 

Aerobic chemostat experiments were performed as described in Chapter II. 
In sulphate-limited chemostat cultures the succinate concentration was 
increased from 50 mM to 60 mM, while the final concentration of added 
sulphate was lowered to 0.1 mM or as stated otherwise. The experiments were 
carried out at a dilution rate (D) of 0.14 + 0.01. Cell yield and molar 
growth yields were not influenced by deleti°Zn of added Mn2+ from the growth 
medium. 
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3. Preparation of membrane 

The chemostat effluent was collected overnight in an ice-cooled vessel 
and cells were harvested by centrifugation (23,000 x g, 15 min). Efficient 
conversion of cells to spheroplasts was obtained by the method described 
by Witholt et al. (11). Membrane particles were prepared from the sphero
plasts via an osmotic shock procedure (12). 

4. Measurements electron resonance 

EPR spectra were obtained with a Varian model E-9 EPR spectrometer 
equipped with a low-temperature device as described by Lundin and Aasa (13) 
and Albracht (14). Magnetic field and microwave frequency were measured as 
previously reported (15). 

5. Other assay techniques 

Measurements of respiration-driven proton translocation were made as 
described in Chapter II. 

The NADH oxidase, NADH-dichloroindophenol oxidoreductase and NADH-ferri-
cyanide oxidoreductase of membrane particles were measured 
spectrophotometrically at • The NADH oxidase assay was performed at 
340 nm in 50 mM Tris-HCl (pH 8.0) in the presence of 0.14 mM NADH. The molar 
absorption coefficient for NADH was taken as 6.3 mM-1 • cm-l (16). The 
oxidation of NADH linked to the reduction of dichloroindophenol was measured 
as described by Burnell et al. (17). The NADH-ferricyanide oxidoreductase 
assay was performed under conditions described by Cobley et al. (18) and 
activities were expressed for maximal velocity (V) with respect to ferri-
cyanide. Succinate oxidase was determined polarographically with 
a Clark oxygen electrode at in 50 mM Tris-HCl (pH 8.0) in the presence 
of 10 mM succinate. The orientation of membrane vesicles was determined via 
an enzymatic assay developed by Burnell et al. (17) using bee venom to 
increase the permeability of the plasma membrane to NADH and in addition 
a freeze-fracturing procedure. Small samples of the membrane suspension 
were rapidly frozen in Freon 12 held at -150°c. Freeze-fracturing was carried 
out in a Balzers freeze-etching device at -100°c according to the method of 
Moore and Muhlethaler (19). Platinum-carbon replicas were cleaned in 
commercial bleach and examined with a Philips EM300 operated at 80 kV. Non
heme iron was estimated by the method of Kurup and Brodie (20). Acid-labile 
sulfide was determined according to the method of Fogo and Popowsky (21) as 
adapted by King and Morris (22). Type of cytochromes present and total 
amount were determined ap described by Sapshead and Wimpenny (23). Protein 
was determined by the Falin method of Lowry et al. (24) with bovine serum 
albumin as a standard. Membrane particles were stored in liquid nitrogen 
before use. Storage at this temperature had no effect on the various activi
ties measured. 
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RESULTS 

1. EPR spectra copy on membrane les cells 

aerobical grown under succinate-limited condi ons 

The paramagnetic components detectable at 15 K in membrane 

particles from ccus denitrificans are illustrated in Fig. 

1. This figure shows the EPR spectra of membrane les in 

respectively the unreduced state, reduced with NADH alone, or 

NADH and dithionite together. 

2.02 

B 

2.02 

2.os I 
2.09 I A 

c ~A) \2.oo) 
~--.J ~I/ v 

3 :oo 3200 
ii (gauss) 

1.93 

ifT 

3600 

Fig. 1. EPR spectra of membrane particles 
from succinate-limited cells of P. denitr-i-

at 15 K. Membrane (protein 
concentration: 28 mg · 
by aeration (A), reduced 
1 min prior to freezing (B) or further 
reduced by the addition of sodium dithionite 
(C). Approximate g-factors for the major 
spectral components are given at the top of 
the spectrum. EPR conditions: frequency, 
9.305 GHz; time constant, 0.3 si modulation 
amplitude, 10.0 Gi microwave power, 5 mW; 
scanning rate, 200 G · min-1, the receiver 
gain in A was 4-fold lower than in B and c 

The relatively symmetric highly temperature-sensitive EPR 

signal in the oxidized spectrum . lA) has been detected 

in various mitochondrial-membrane preparations in the oxidized 

state (6). A similar signal has also been reported in oxidized 

Azotobacter vinelandii particles (25). Two iron-
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sulfur centers showing such a "HiPIP"-type EPR signal have been 

distinguished in mitochondrial respiration, one in the succinate

ubiquinone reductase segment and the other may be associated 

with the cytochrome b-cytochrome c region (6). In contrast with 

the situation in mitochondria (26) no EPR signal due to copper 

can be detected at 77 K in the oxidized sample, although aero

bically grown Paracoccus denitrificans contains cytochrome aa 3 
as terminal oxidase (27). 

Reduction of the respiratory chain with NADH results in the 

appearance of a number of overlapping lines attributable to 

iron-sulfur centers (Fig. lB). Further reduction of the par

ticles with dithionite (Fig. lC) gives a spectrum which is 

essentially the same as that obtained with NADH-reduced par

ticles, the only difference being the amplitude of the various 

signals. In addition NADPH is effective as a reductant, since 

the EPR spectrum observed (Fig. 2) is similar to the one ob

tained with NADH. Thus with these reducing agents it is not 

possible to reduce selectively the individual iron-sulfur 

centers in the respiratory chain of Paracoccus denitrificans. 

+ NADH 

+ NADPH 

3 100 3 200 3 300 3 400 3 500 3 600 
H (gauss) 

Fig. 2. EPR spectra of membrane particles 
from succinate-limited cells after incu
bation with either 10 mM NADH or 10 mM _

1 
NADPH. Protein concentration: 23 mg · ml 
Receiver amplification, 4.0 times. All 
other EPR parameters are given in Fig. 1. 
Temperature, 15 K. 
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The low-temperature EPR signals have a close resemblance 

to those observed previously in yeast (28), beef hez~t (29), 

pigeon heart (30) and more recently, fungus (31) submitochon

drial preparations. They arise primarily from iron-sulfur centers 

in the NADH-dehydrogenase segment of the respiratory chain with 

additional contributions from other components in succinate

ubiquinone reductase and the ubiquinone-cytochrome c reductase 

region (1, 32). Orme-Johnson et al. (29, 33) have resolved the 

EPR signals from NADH-ubiquinone reductase and assigned them to 

four different iron-sulfur centers which they designated as 

center 1 to 4. This resolution into 4 components is based on 

differences in midpoint potentials, temperature and microwave 

power saturation characteristics. The apparent g values reported 

by these authors are as follows: center 1 (2.022, 1.938, 1.923), 

center 2 (2.054, 1.922), center 3 (2.100, 1.886, 1.862) and 

center 4 (2.103, 1.864). More detailed investigations (1, 2) 

have revealed that center 1 in fact consists of two different 

iron-sulfur centers. 

Field position and line shape of prominent peaks in our 

spectra . 1) make it likely that the same iron-sulfur centers 

are present in the NADH-ubiquinone segment of the respiratory 

chain of Paracoacus deni as reported by Orme-Johnson 

et al. (29, 33). 

The presence of these centers is more clear illustrated in 

Fig. 3 where spectra are shown at various temperatures of the 

sample. Variation of observation temperature will allow one to 

resolve the signals from components with different electron spin 

relaxation rates or different strength of magnetic coupl 

In addition to the lines shown in Fig. 1, at a temperature of 

about 8 Ka broad resonance line at g ~ 1.86 appears originating 

from center 3 and 4. Probably at 15 K the peaks at g ::::: 2.09 and 

g::::::: 1.89, are predominantly due to the so-called "center 5" (30, 

31, 34). As judged from the spectra the signals arising from 

iron-sulfur center 2 (g ::::::; 2. 05 and g ::::::; gx ::::: 1. 92) are strongly z y 
temperature-dependent. The signal at g::::::: 2.05, characteristic 

for center 2, has disappeared completely at 52 K. At this tempe

rature only center 1 of the NADH-dehydrogenase-linked iron-



2.02 

I 

52 K 

29K 

15K 

8.4K 

H (gauss) 

Fig, 3. Temperature dependence of 
an EPR spectrllill of membrane par
ticles from succinate-limited 
cells after reduction with NADH 
and dithionite. concen-
tration: 28 mg • • EPR opera-
ting parameters are given in Fig. 
1. Receiver amplification: 52 K, 
10 times; 29 K, 5 times; 15.0 K, 
1.5 times; 8.4 K, 10 times 

sulfur centers contributes to the EPR spectrum (28, 29). The 

resonance line at g ~ 1.91 in the 29 K and 52 K spectrum may be 

attributed to iron-sulfur centers in succinate dehydrogenase (4). 

2. EPR spectroscopy on membrane cles prepared from cells 

aerobically grown under sulphate-limited conditions 

The EPR spectrum at 15 K of membrane particles reduced with 

NADH and dithionite from sulphate-limited cells is shown in Fig. 

4. It is obvious that under conditions of sulphate-limited growth 

the EPR spectrum has changed. If we compare this spectrum with 

that obtained from membrane particles prepared from cells grown 

under conditions of succinate limitation (Fig. lC) it is clear 

that iron-sulfur center 2 is ly undetectable as judged 

by the absence of the resonance line at g ~ 2.05 characteristic 

for this center, and the line at g ~ 1.92. Other prominent EPR 

signals, originating from NADH-dehydrogenase-linked iron-sulfur 

centers, in the spectra between 8 K and 60 K are not affected by 

limited growth. 
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Fig. 4. EPR spectrum of membrane particles 
from sulphate-limited cells after reduction 
with NADH and dithionite. Temperature, 15 K. 
Protein concentration, 23.5 mg • m1-1. 
Receiver amplification, 3.2 times. All other 
parameters are given in Fig. 1 

More stringent sulphate limitation in the chemostat does not 

result in more significant alterations in the EPR spectra at 

different temperatures. As reported in Chapter II, sulphate

limited growth of Paracoccus denitrificans induces loss of site 

I energy conservation. The EPR investigations qescribed here 

strongly suggest that iron-sulfur center 2 is essential for 

site I energy conservation. 

3. Effect of sulphate-limited growth on respiratory chain-linked 

electron transport 

Since sulphate-limited growth results in loss of site I 

phosphorylation (Chapter II) which appears to be associated with 

the absence of iron-sulfur center 2 in the NADH dehydrogenase, 

we have assayed the NADH oxidase and NADH-ferricyanide oxido

reductase activities in membrane particles from succinate

limited and sulphate-limited cells. The results are presented 

in Table 1. Membrane particles from sulphate-limited cells show 

a 70% decrease in activity of NADH oxidase, while the NADH

ferricyanide oxidoreductase activity decreases 60%, when com

pared with electron transport particles from succinate-limited 

cells. 

The NADH dehydrogenase of Paracoccus denitrificans is 

located at the inner side of the cytoplasmic membrane which is 

impermeable for NADH (17). In isolated membrane particles however 
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Table 1. NADH oxidase activity, NADH-ferricyanide oxidoreductase activity and inhibition by rotenone of 
membrane particles prepared from succinate-limited and sulphate-limited cells. 
The activity in the NADH-ferricyanide oxidoreductase assay is expressed as maximal velocity (VJ with respect 
to ferricyanide. The results are the average of five determinations on different membrane preparations 

Limiting factor NADH oxidase Inhibition by rotenone NADH Inhibition by rotenone 
ferricyanide 

10 )1M 60r oxidoreductase 10 r 60r 

)1mol x min x mg % umol x min mg % 
-1 -1 

protein protein 

Succinate 2.32 94 8.56 29 

Sulphate 0.67 6 3.61 0 



54 

the orientation strongly depends on the growth conditions (17). 

In order to be sure that the differences in enzymic activities 

described above are not due to changes in membrane orientation, 

we have estimated the percentage "inside-out" vesicles by two 

independent methods as outlined in the Materials and Methods 

section of this Chapter. The result of the freeze-fracturing 

method is shown in Fig. 5. 

Fig. 5. Electron micrographs of freeze-fractured membranes of P. denitrifi
cans. Membrane fragments are fractured in different ways, either through the 
lipid bilayer or cross-fractured. (A) "inside-out" vesicle (BJ "right-side 
out" vesicle. Magnification, 42,000 times 

Both procedures give similar values for the percentage "in

side-out" vesicles, respectively 45% and 60% for membrane pre

parations from sulphate-limited and succinate-limited cells. It 

is clear that this difference is not large enough to explain the 

decrease in enzymic activities mentioned before. It is interes

ting to note that double-reciprocal plots of NADH-ferricyanide 



oxidoreductase activity become biphasic under conditions of 

sulphate limitation as shown in 6. Biphasic double-reci-

procal plots in this assay have been seen in electron transport 

particles from heart mitochondria (35) and were interpreted to 

suggest the existence of two reaction sites for ferricyanide 

in the respiratory chain, one associated with NADH dehydroge

nase, and the other located in the cytochrome c-c1 region. This 

interpretation was based on the observation that antimycin A, 

amytal and rotenone abolish the break in these curves. However 

this cannot explain the break observed in the double-reciprocal 

plots observed for particles from sulphate-limited cells of 

Paracoccus denitrificans since addition of antimycin A to the 

assay has no effect. The same conclusion was reached by Gross

man et al. (36) for Candida utilis. Haddock and Garland (7) 

reported that mitochondria from sulphate-limited cells of 

Candida utiZis lack piericidin A sensitivity. Therefore we have 

investigated the inhibition by rotenone, acting at the same 

site as piericidin A (37),of the electron transport in particles 

from sulphate-limited and succinate-limited cells. Table 1 shows 

that in membrane particles of sulphate-limited cells the NADH 

oxidase activity is not even inhibited significantly by rotenone 

up to concentrations of 60 )1M, while in membrane particles of 

0 1 2 3 4 5 6 
1l!Ferricyan1de] (mr.1"1) 

Fig. 6. Kinetic behavior of NADH dehydrogenase in membrane particles from 
cells grown under succinate-limited (&) and sulphate-limited (A) growth 
conditions, in the NADH-ferricyanide oxidoreductase assay 
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succinate-limited cells ·this activity is inhibited almost 

completely by 10 ?M rotenone. Similar results are obtained for 

the NADH-ferricyanide oxidoreductase activity. Observations in 

mitochondrial preparations suggest that the rotenone inter

action is not directly on center 2, but is in a very close 

proximity of center 2, on its oxygen side (38). However in 

membrane preparations of Paracoccus denitrificans succinate is 

still able to reduce partly iron-sulfur center 2 even in the 

presence of high concentrations of rotenone, as judged by EPR 

spectroscopy. This observation and the results described above 

suggest that iron-sulfur center 2 may be involved in the inhi

bitory action of rotenone in Paracoccus denitrificans. 

In addition NADH-dichloroindophenol oxidoreductase and succi

nate oxidase activities, which are rotenone-insensitive, are 

not affected by sulphate-limited growth. 

4. Non-haem iron, acid-labile sulphide and cytochromes in mem

brane particles from succinate-limited and sulphate limited 

cells 

Sulphate limitation of Candida utilis causes a drastic 

lowering of the acid-labile sulphide concentration in submito

chondrial particles (7) due to a remarkable decrease of all 

NADH-dehydrogenase-linked iron-sulfur centers (8). In E. coli 

not only a decrease in the concentration of acid-labile sulphide 

is found but also a decrease in the concentration of non-haem 

iron is observed under conditions of sulphate-limited growth, 

consistent with a strongly diminished g = 1.94 EPR signal (9). 

In contrast the amounts of non-haem iron and acid-labile sul

phide respectively 11.3 and 3.5 nmol per mg membrane protein, 

found in membrane preparations from succinate-limited cells of 

Paracoccus denitrificans are not significantly lowered by sul

phate-limited growth. This result is not surprising since, as 

we have shown, only iron-sulfur center 2 is affected in ampli

tude by sulphate-limited growth of Paracoccus denitrificans. 
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No changes in the cytochrome pattern and amounts of indivi

dual cytochromes are induced by growth under sulphate-limited 



conditions as judged by the optical absorbance difference 

spectra of dithionite-reduced minus oxidized particles at room 

temperature and 77 K, in agreement with the results obtained 

for Candida utilis mitochondria (7). However in E. coli (9) the 

cytochrome pattern is drastically affected under conditions of 

sulphate limitation. 

5. Reversibility of the effects of sulphate-limited growth in 

the chemostat 

The transition from sulphate-limited to succinate-limited 

growth in the chemostat is fully reversible, demonstrating that 

the reported effects of sulphate limitation are not a consequence 

of selection of a mutant. Furthermore we have tested this rever

sibility at sulphate levels in the chemostat between 0.05 mM and 

0.3 mM, where the culture becomes succinate-limited, by measuring 

+ H+/O ratios in whole cells and by determination of the ampli

tude of the g = 2.05 signal of center 2, the NADH oxidase and 

NADH-ferricyanide oxidoreductase activities and the rotenone 

sensitivity of respiration, at membrane particles. The results, 

as documented in Fig. 7, demonstrate a gradual reappearance of 

0.10 0.20 0,30 0.20 0.30 :),10 0.20 0.30 
a<tded (11'.M) 

Fig. 7. Change of various parameters during the transition from sulphate-limi
ted growth to succinate-limited growth. NADH oxidase (~) is expressed as/mol 
NADH consumed x min-1 x mg of protein-1; NADH-ferricyanide oxidoreductas acti
vity (A) is expressed as/mol NADH consumed x min-1 x mg of protein-1 at 
maximal velocity (V} wit respect to ferricyanide; sensitivity to rotenone (x) 
is expressed as percentage inhibition of NADH oxidase; iron-sulfur center 2 
is measured by taking the amplitude of the g = 2.05 signal in reduced EPR 
spectra at 15 K 
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all properties mentioned, suggesting a close correlation between 

site I energy conservation, the presence of iron-sulfur center 2 

and the rotenone sensitivity of respiration. 

DISCUSSION 

From our EPR spectra it is obvious that the NADH dehydrogenase 

of Paracoccus denitrificans contains the iron-sulfur centers 

1-4, giving additional evidence that Paracoccus denitrificans 

resembles a mitochondrion very closely in. the constitutive part 

of the respiratory chain (39). At temperatures around 4 Knew 

resonances have been described due to two further centers 5 and 

6 in the mitochondrial NADH-ubiquinone segment (1). We have not 

shown reduced spectra of membrane particles of Paracoacus denitri

fiaans at this temperature, since Albracht et al. (2) have 

reinterpreted the overlapping spectra at 4.2 K of complex I and 

submitochondrial particles from beef heart by computer simula

tion and concluded that the resonance lines observed can be 

explained without assuming more than 5 paramagnetic centers (la, 

lb, 2, 3 and 4) in NADH dehydrogenase. Contrary to the g values 

reported by Orme-Johnson et al. (29, 33) and Ohnishi (1), Al

bracht et al. (2) defined the iron-sulfur centers by the 

following g factors: center la (g
11 

= 2.021, g
1 

1.938), center 

lb (g
11 

2.021, g
1 

= 1.928), center 3 (g
2
= 2.103, gy= 1.93-1.94, 
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g = 1.884) and center 4 (g = 2.04, g = 1.92-1.93, g = 1.863). x z y . x 
It is clear from these results that great uncertainty exists 

at the moment about the correct g values of the iron-sulfur 

centers la, lb, 3 and 4. 

Hatefi and Bearden (40) reported that NADPH treatment of 

beef heart complex I at pH 7-8 gives only rise to the appearance 

of signals due to centers 2 and 3. At pH 6.5 and in the presence 

of rotenone, addition of NADPH resulted in partial reduction of 

iron-sulfur center 1 as well. Since NADPH oxidation is much 

faster at pH 6.5, the authors explained the results obtained 

at pH 7-8 and in the absence of rotenone by a slow reduction 

rate by NADPH and the not negligible autooxidation rate of 

complex I. 



Probably this does not play a role in membrane preparations 

of Paracoccus denitrificans since reduction with NADPH yields 

EPR spectra similar to those observed after addition of NADH 

under the chosen experimental conditions (pH 7.3). 

The membrane preparations of Paracoccus denitrificans contain 

amounts of copper, as assayed by us via proton-induced X-ray 

fluorescence (41), which would allow detection by EPR. The 

observation that no EPR signal due to copper can be detected 

at 77 K in the oxidized sample means that, if copper is associ

ated with the terminal oxidase, the copper environment is 

clearly different from that found in mammalian cytochrome oxi

dases. Similar observations were made by Lund and Raynor (42) 

for various other bacterial membrane preparations. 

Contradictory reports have appeared with respect to the 

effects of sulphate-limited growth on the properties of the 

NADH-ubiquinone segment of the respiratory chain (18, 43-45). 

The reason for these discrepancies is not clear yet. A possible 

explanation might be found in differences in environmental con

ditions. For instance it has been found (Chapter II), that 

sulphate-limited growth of Paracoccus denitrificans with gluco

nate instead of succinate as carbon source does not result in 

complete loss of site I phosphorylation. In those cases where 

sulphate-limited growth does result in loss of site I energy 

conservation (Chapter II, 7, 9, 49) the reported effects on the 

pattern of iron-sulfur centers of the NADH dehydrogenase differ. 

Gray et al. (8) detected small but significant EPR 

attributable to the NADH dehydrogenase in submitochondrial par

ticles from sulpha~e-limited cells of Candida utiZis and conclu

ded that the presence of EPR-detectable iron-sulfur centers is 

necessary but not sufficient for the coupling of ATP synthesis 

to NADH dehydrogenase. The EPR spectrum of membrane particles 

from sulphate-limited cells of Paracoccus cans (Fig. 4) 

is closely similar to the spectrum obtained by Grossman et al. 

(36) for dithionite-reduced electron transport particles derived 

from cells of Candida utiZis harvested during the exponential 

growth phase. These authors propose that different types of 

inner membrane-bound NADH dehydrogenases are produced in differ-
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ent phases of growth. The enzyme produced in the exponential 

growth phase lacks EPR signals corresponding to iron-sulfur 

centers 1 and 2, which are present in the stationary phase 

enzyme, whereas a new species, probably an iron-sulfur protein, 

with resonances at g 2.01, and g 1.92 in the reduced 

state is produced. This species is not significantly reduced 

by NADH. However the iron-sulfur center responsible for the EPR 

spectrum at g 1.93-1.94 in Fig. 4 is easily reduced by NADH 

(result not shown). In our opinion it is reasonable to suppose 

that the EPR signals at g = 1.93-1.94 are those of reduced iron

sulfur center 1, with possible contributions from center 3 and 

4 (2) since sulphate-limited growth of Paracoccus denitrificans 

does only affect the resonance lines at g ~ 2.05 and g ~ 1.92 

in the 15-K spectrum. In addition the EPR spectrum at 50 K of 

membrane particles from sulphate-limited cells has not changed 

indicating the presence of iron-sulfur center 1, since it is 

well known that, of the NADH dehydrogenase-linked iron-sulfur 

centers, only center 1 contributes to this spectrum. So it can 

be concluded that sulphate-limited growth of Paracoccus denitri-

cans does only affect iron-sulfur center 2. This means that 

the synthesis of EPR-detectable center 2 and of the other NADH

dehydrogenase-linked iron-sulfur centers are inde~endently 

controlled. Recently Edwards et al. (47) reported the isolation 

of a mutant of Neurospora crassa deficient in the EPR signals 

associated with iron-sulfur center 2. Further investigations 

on this mutant would be very interesting in view of the results 

mentioned in this Chapter for Paracoccus denitrificans. The 

differences in the effect of sulphate-limited growth on the 

iron-sulfur pattern of NADH dehydrogenase described above cannot 

be explained by differences in the magnitude of sulphate limi

·tation, because more 'stringent sulphate limitation does not 

cause additional changes in the EPR spectrum of membrane pre

parations from Paracoccus denitrificans. 

Imai et al. (48) demonstrated that the EPR signal at g = 1.94 

at 77 K was greatly reduced in membrane fragments prepared from 

Paracoccus denitrificans grown in an iron-deficient medium, 

without loss of site I phosphorylation. However, we observed 



that iron-limited growth does not affect the NADH-dehydrogenase

linked iron-sulfur centers, as measured at 15 K, and rotenone

sensitivity of respiration {P.H.M. Balm and E.M. Meijer, un

published results), in agreement with the fact that molar 

growth yields and the endogenous+ H+/O ratio are undiminished 

under these growth conditions II}. 

The decreased activities of NADH oxidase and NADH

nide oxidoreductase under conditions of sulphate-limited growth 

indicate a role for iron-sulfur center 2 in electron transport 

in the site I segment of the respiratory chain. However, although 

center 2 is undetectable by EPR under sulphate-limited condi-

tions, electron transport is yet in the site I 

A conceivable explanation is that electrons pass, although less 

efficiently, through the NADH dehydrogenase by a "short circuit" 

system. Another possibility is that center 2 is modified in such 

a way by sulphate-limited growth that it has become undetectable 

by EPR, but still supports electron transport to some extent, 

not coupled to ATP synthesis. Lawford et al. {27) claim that sen

sitivity towards piericidin A and proton translocation associa

ted with NADH dehydrogenase are distinct and separate properties 

of this region of the respiratory chain of Paracoccus deni 

cans. However our results demonstrate a good correlation between 

rotenone sensitivity and site I energy conservation as measured 

by proton translocation. This is also a point of some controversy 

in studies with mitochondria derived from the yeast Candida 

utilis {7, 18, 36). 

It is clear that the effects of sulphate-limited growth 

deserve further investigation, especially aspects of the regu

latory mechanism of synthesis of NADH-dehydrogenase-linked iron

sulfur centers, to resolve the discrepancies existing in the 

literature. 
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CHAPTE'R IV 

EFFECTS INDUCED BY ROTENONE DURING AEROBIC GROWTH OF PARACOCCUS 

DE'NITRTFICANS IN CONTINUOUS CULTURE 

CHANGES IN ENERGY CONSERVATION AND ELECTRON TRANSPORT ASSOCIATED WITH NADH 
DEHYDROGENASE 

Abstract. 1. Par•acoccus is grown aerobically in chemostat 
culture in the presence of rotenone. After 6 to 10 generation times, cells 
show an oxygen uptake which is completely rotenone-insensitive after removal 
of rotenone by washing with bovine serum albumin containing medium. 
2. The+ H+/O ratio of these cells for endogenous substrates decreases from 
about 7.50 to 3.95. The latter ratio is similar to the value obtained for 
starved cells oxidizing exogenous succinate, indicating that site I phos
phorylation is absent in these rotenone-insensitive cells. 
3. Membrane particles prepared from these cells show an 80% decrease in 
activity of NADH oxidase and NADH-ferricyanide oxidoreductase, while also 
the kinetic behaviour of the NADH dehydrogenase in the NADH-ferricyanide 
oxidoreductase assay is changed. Moreover the NADH oxidase activity is 
practically rotenone-insensitive. 
4. Electron paramagnetic resonance spectroscopy on membrane particles from 
rotenone-insensitive cells at 15 K, reveals that the resonance lines at 
g ~ 2. 05 and g :::::: g :::: 1. 92 arising from iron-sulfur center 2 are undetec
tfilile. The intehsiti~s of the other electron paramagnetic resonance signals 
originating from NADH-dehydrogenase-linked iron-sulfur centers are only 
slightly diminished. 
5. These observations confirm the suggestion (Chapter III) that site I phos
phorylation, rotenone sensitivity and the presence of iron-sulfur center 2 
are correlated. 

INTRODUCTION 

A number of studies have explored a possible correlation 

between the presence of certain iron-sulfur centers in the NADH 

dehydrogenase segment of the respiratory chain and the capacity 

for oxidative phosphorylation in the site I region (1-4). 

Of the several iron-sulfur centers detectable in the site I 

segment of the respiratory chain only centers la and 2 exhibit 

ATP-dependent changes in midpoint potentials and are believed to 

be involved in energy coupling (5). 

Another approach in which microorganisms are grown under 

special growth limiting conditions has demonstrated that iron-

or sulphate-limited growth of Candida Zis in continuous cul-

ture results in loss of site I phosphorylation and of the EPR 
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signal at g = 1.94 measured at 77 K, characteristic for iron

sulfur protein linked to the NADH dehydrogenase (6-9). Moreover 

these cells demonstrated a piericidin A (or rotenone)-insensi

tive respiration. On aeration of iron- and sulphate-limited 

cells in the absence of substrate but in the presence of cyclo

heximide site I phosphorylation is restored, however, piericidin 

sensitivity and the EPR signal at g = 1.94 are still absent. 

The same phenomenon was observed at the transition from iron

limited to substrate-limited growth of C. utilis (8). The appa

rent dissociation of site I from the EPR-detectable components 

of NADH dehydrogenase and piericidin sensitivity was questioned 

by Ohnishi and co-workers (3) working with batch cultures. 

However, results obtained with batch culture should be consider

ed with reservation (4, 6). 

Without doubt, a shortcoming in earlier work was the lack of 

sensitivity and resolution in EPR spectroscopy, solely done at 

temperatures of 77 K and higher, masking the presence of mul

tiple iron-sulfur centers in the NADH dehydrogenase (10-12). 

EPR studies at 12 K on submitochondrial particles from C. utilis 

grown in continuous culture under conditions of glycerol-, iron

er sulphate-limited growth, with or without various recovery 

treatments as described by Clegg and Garland (8), showed that 

there is no occurrence of site I phosphorylation without some 

concomitant EPR signals arising from the NADH dehydrogenase (13). 

Cobley et al. (14) reinvestigated the findings of Clegg and 

Garland (8) for iron-limited growth of C. utilis in continuous 

culture. It was found that on gradually increasing the concen

tration of iron, as.well as aeration of iron-limited cells, site 

I phosphorylation, piericidin sensitivity and the amount of iron

sulfur centers 1 and 2 increased concurrently, whereas cyclo

heximide prevented all these changes. Iron-sulfur centers 3 and 

4 were relatively little affected during these transitions. 

Cobley et al. (14) concluded that under these experimental con

ditions the type of NADH dehydrogenase present in exponential 

phase cells is replaced by that characteristic for stationary 

phase cells (15). No evidence was found for the development of 

coupling site I without the appearance of piericidin sensitivity, 

65 



contradictory to the results of Garland and co-workers (8, 9). 

Similar controversies as reported here for C. utiZis are 

encountered in analogous work on the mitochondrial-like respi

ratory chain of the non-fermentative bacterium Paracoccus deni

trificans. Imai et al. (16) claimed that iron-limited growth of 

this bacterium results in a greatly reduced EPR signal at g = 

1.94 detected at 77 K without loss of site I phosphorylation in 

contrast with the results obtained for C. utiZis (8). However, 

conclusions about the role of iron-sulfur centers in site I 

energy transduction based on this work cannot be drawn, since 

the EPR measurements were accomplished at 77 K and, as mentioned 

before, thus lack sensitivity and resolution. Lawford et al. 

(17) reported that malate-grown, stationary phase cells of 

P. denitrificans have lost proton translocation associated with 

the cytochrome-independent part of the respiratory chain. The 

piericidin sensitivity was similar in all phases of growth, 

suggesting that the presence of proton translocation associated 

with the NADH dehydrogenase, indicative of site I phosphoryla

tion, and sensitivity to piericidin are distinct and separate 

properties of this region of the respiratory chain. However, 

we have suggested that in this species a close correlation 

exists between site I phosphorylation, EPR signals due to iron

sulfur center 2 of NADH dehydrogenase and sensitivity to rote

none (Chapter III), an inhibitor acting at the same site as 

piericidin (18). 

In this study we describe the effect of the presence of 

rotenone during aerobic growth of P. denitrificans in continuous 

culture on the properties of the NADH-ubiquinone segment of its 

respiratory chain. 

MATERIALS AND METHODS 

1. conditions 

Paracoccus NCJB 8944, the experimental organism, was kindly 
supplied by Dr. W.A. Hamilton of the University of Aberdeen (Scotland!. 
Bacteria were grown aerobically at 37°c in liquid medium described by Chang 
and Morris (19) with succinate as carbon source and NH

4
Cl as nitrogen source. 

Mn2+ was omitted, since the characteristic EPR signal of this metal inter-
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feres with those of iron-sulfur proteins. 

2. Chemostat culture experiments 

Aerobic chemostat experiments were performed as described previously 
(Chapter II). The experiments were carried out at a dilution rate (D) of 
0.10 + 0.01. Cell and molar growth yields were not influenced by 
deletion of added from the growth medium. Chemostat culture experiments 
in the presence of rotenone were carried out by continuously adding rotenone 
as an ethanolic solution to keep a steady state concentration of about 100 

?M. 
3. Respiration-driven proton translocation in whole cells 

Measurements of respiration-driven proton translocation were essentially 
made as described in Chapter II. Cells were harvested from continuous culture, 
subsequently washed twice with 150 mM KCl containing 1% BSA. 

4. Preparation membrane particles 

The chemostat effluent was collected overnight in an ice-cooled vessel 
and cells were harvested by centrifugation (23,000 x g, 15 min). After 
washing twice with wash buffer containing 1% BSA, cells were converted into 
spheroplasts by the method described by Witholt et al. (20). Membrane 
particles were prepared from the spheroplasts via an osmotic shock procedure 
(21) and stored in liquid nitrogen. 

5. Measurements electron paramagnetic resonance 

EPR spectra were obtained with a Varian model E-9 EPR spectrometer 
equipped with a low-temperature device as described by Lundin and Aasa (22) 
and Albracht (23). Magnetic field and microwave frequency were measured as 
previously reported (24). 

6. Other assay techniques 

Assays to determine NADH oxidase, succinate oxidase, NADH-dichloroindo
phenol oxidoreductase and NADH-ferricyanide oxidoreductase activities of 
membrane particles have been described in Chapter III. Measurements of 
transhydrogenase reactions were performed as described by Asano et al. (25) 
for the energy-linked reduction of NADP+ by NADH and by the method of Kaplan 
(26) for the reversed reaction. Protein was determined by the Folin method 
of Lowry et al. (27) with BSA as a standard. 

RESULTS 

1. Effect rctenone on aerobic growth in batch culture 

The addition of 100 /1M rotenone to log phase cells growing 

aerobically on succinate results in an inunediate and complete 

cessation of growth (Fig. 1). Growth restores partly after about 
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Fig. 1. Growth of P. denitrificans in batch culture. An ethanolic solution 
of rotenone (final concentration in the culture: 100 ?M) was added in the 
log phase as indicated. Ethanol alone had no effect 

1 h with a maximum specific growth rate (µ ) which is 40% of ; max 
that before rotenone addition, while the rotenone sensitivity 

of the oxygen uptake by these cells is unchanged (see also next 

section). Higher concentrations of rotenone do not result in a 

more enhanced inhibition of the log phase growth of P. denitri

ficans. 

2. Reversibility of rotenone inhibition in whole cells and 

membrane particles 

Studies with whole cells demonstrate that rotenone (30 J1Ml 
inhibits the oxygen uptake maximally 70% (Fig. 2), showing that 

there is a supply of substrates, whose oxidation is unaffected 

by rotenone. The inhibition by rotenone of the oxygen uptake in 

whole cells and the NADH oxidase activity in membrane particles 

depends sigmoidally on the rotenone concentration (Fig. 2). A 

similar phenomenon has been observed for piericidin A in mito

chondrial preparations (28, 29) and was explained by the pre

sence of two "specific" binding sites in the NADH dehydrogenase 

which contribute unequally to the inhibition of NADH oxidation 

(29). 
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Fig. 2A and B. Inhibition of NADH oxidase 
(0.5 mg of protein) (A) and inhibition of oxygen uptake in cells 
(0.6 mg dry weight) (B) as a function of the rotenone concentration 

It has been observed that BSA complexes readily with rote

none and is able to release the inhibitor from the "unspecific" 

binding sites (18). Only extensive washing with BSA-containing 

medium causes significant reversal of inhibition of NADH oxida

tion in submitochondrial particles, as a result of slow removal 

of the inhibitor from the "specific" sites (J.8, 29). In whole 

cells and membrane particles of P. deni eans, the presence 

of 1% BSA in the medium prevents completely the inhibition by 

rotenone. Addition of BSA to 100% inhibited membrane particles 

results in an immediate stimulation of respiration. Respiration 

is fully restored after one single wash of inhibited particles 
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Table 1. Reversal of rotenone inhibition in whole cells and membrane particles of P. denitrificans by washing 
with BSA-containing medium. Whole cells and membrane particels were incubated 10 min at 25°c in the presence 
of respectively 30 pM and 10 )lM rotenone. Samples were taken from the incubation medium for the measurement 
of the oxygen uptake of whole cells with the Clark electrode and for the assay of NADH oxidase at membrane 
particles; the remainder of whole cells was washed with 150 mM KCl containing 1% BSA and in case of membrane 
particles with 10 mM Tris-acetate buffer (pH 7.3) containing 5 mM Mg-acetate and 1% BSA 

Treatment prior to assay 

Intact cells + 30 J1M rotenone 

One BSA wash 

Membrane particles 
+ 10 J1M rotenone 

One BSA wash 

% of the initial 
oxygen uptake 

36 

96 

% inhibition 
by 30 )1M rotenone 

0 

60 

% of the initial 
NADH oxidase 
activity 

3 

100 

% inhibition 
by 10 µM 
roten6ne 

0 

93 

I 



and whole cells in the presence of BSA (Table l}. 

It is clear that the inhibition by rotenone in P. denitri 

aans is fully reversible and that the affinity of rotenone for 

NADH dehydrogenase is low by comparison with the mitochondrial 

enzyme. This is in line with the observation that for complete 

inhibition of the NADH oxidase in membrane particles of P. deni-

aans about 30 nmol inhibitor per milligram of protein is 

required, whereas for electron-transport particles from beef 

heart a value of about 1 nmol per milligram of protein has been 

reported ( 18) . 

3. Chemostat experiments 

Aerobic chemostat experiments are performed at a dilution 

rate (D) of about 0.1, since at dilution rates wash out 

occurs in the presence of rotenone. After 6 to 10 generation 

times cells from chemostat cultures growing in the presence of 

100 ~ rotenone show a completely rotenone-insensitive oxygen 

uptake after removal of bound rotenone by washing twice with 

BSA containing medium. 

Initially a solution of rotenone in ethanol was added 

directly to the nutrient reservoir instead of adding this so

lution dropwise to the growing culture. In that case the results 

are poorly reproducible. This phenomenon can be explained by 

the following observation: When an ethanolic solution of rotenone 

is added to an aqueous buffer system (50 mM Tris/HCl, pH 8.0) 

and at various time intervals the NADH oxidase inhibiting proper

ty of this "solution" is tested in membrane particles, a de

creasing inhibitory action is observed. Concomitantly the uv
absorption peaks characteristic for rotenone decrease in inten

sity. Since addition of an ethanolic solution of the hydrophobic 

inhibitor rotenone to water results in the formation of a dis

perse system, it is conceivable that the behaviour of rotenone, 

as described above, is due to aggregation of dispersed particles. 

A strongly accelerated decrease of inhibitory activity is ob

tained by bubbling the disperse system with air or nitrogen and 

by stirring. In solutions of rotenone in ethanol these phenomena 
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do not occur at all. 

4. Respiration-driven proton translocation in whole cells 

According to the chemiosmotic hypothesis (30), the oxidation 

of substrates is accompanied by the extrusion (translocation) 

of protons across membranes. It is implied in this hypothesis 
+ that + H /0 quotients (i.e. g equiv. extruded per g atom 0) 

reflect the efficiency of oxidative phosphorylation (31). 

B c 
HO 

:1 
! 4.7 ng-1on H+ 

= 3,90 

j CTP 2.20 ~ ~ .+ 20 sec 

t t 
02 02 02 

Fig. 3A-C. pH recordings of respiration-driven proton translocation with 
intact cells of P. denitrificans. The proton extrusion ex~eriments were 
carried out as described in Chapter II. The corrected + H /0 ratio is given 
for each oxygen-pulse. A. Succinate-limited cells. B. Succinate-limited 
cells after addition of CCCP (0.2 J111l· C. Rotenone-insensitive cells. 

Figure 3 illustrates recordings of pH changes which are pro

duced by addition to an anaerobic cell suspension of small 

quantities of air-saturated KCl. The observed proton pulse decays 

exponentially with a half-time (t~) of about 60s for cells from 

succinate-limited chemostat cultures (Fig. 3A). After addition 

of carbonylcyanide m-chlorophenylhydrazone (CCCP) another pulse 

of oxygen results in a much lower extent of H+-extrusion and 

moreover the decay of the proton pulse curve is much faster (Fig. 

3B). Rotenone-insensitive cells not only show a .smaller proton 

pulse than succinate-limited cells, but also a decrease in 

decay time (t., = 20s) (Fig. 3C). In Table 2 the + H+ /0 quotients 
2 

are presented for whole cells of P. denitrificans grown in 

chemostat culture under different conditions. Average values of 
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Table 2. Corrected+ H+/O ratios for succinate-limited and rotenone-insensitive cells of P. denitrificans 
grown in chemostat culture. the oxygen pulse experiments cells were washed twice with 150 mM KCl 
containing 1% BSA. Values for + ratios are presented as averages + S.D. with the number of observations 
in parentheses. N.D. not determined 

Type of cells 

SUccinate-limited cells 

Rotenone-insensitive cells 

+ H+/O (endogenous 
substrates) 

7.50 + 0.60 (20) 

3.95 + 0.51 (25) 

+ H+/O (starved cells 
+ 1.2 mM succinate) 

3. 71 + 0.29 (9) 

3.80 + 0.36 (15) 

+ H+/o (starved cells 
+ 1. 2 mM succinate + 30 J1M 
rotenone) 

3.56 + 0.42 (10) 

N.D. 



3.95 and 3.80 are obtained for rotenone-insensitive cells 

oxidizing respectively endogenous substrates and succinate. For 

succinate-limited cells these ratios are 7.50 and 3.71 respec

tively. It is obvious that rotenone-insensitive cells have lost 

proton translocation associated with the cytochrome-independent 

part of the respiratory chain. In Chapter II we have demonstrated 

that there is a good correlation between the stoichiometry of 

proton translocation and the efficiency of oxidative phosphory

lation in growing cells. Therefore it can be concluded that in 

rotenone-insensitive cells oxidative phosphorylation associated 

with the NADH dehydrogenase (site I) is absent. 

Aeration of rotenone-insensitive cells overnight in the ab

sence of substrate, after washing twice with BSA-containing 

buffer, does not result in return of site I phosphorylation or 

rotenone sensitivity of the respiration. 

5. Respiratory chain-linked electron transport in membrane 

particles 

To exclude the possibility that the transition from rotenone 

sensitivity to rotenone insensitivity of cells of P. denitrifi

cans is merely a change in whole cell permeability to rotenone, 

membrane particles are prepared from rotenone-insensitive cells. 

Fig. 4 illustrates that in these particles the NADH-oxidase 

activity is also practically rotenone-insensitive even at high 

rotenone concentrations (50 ~). Addition of BSA does not in

crease the respiration rate, indicating that membrane particles 

from rotenone-insensitive cells are really modified with respect 

to the rotenone-inhibition site. 

Moreover membrane particles from rotenone-insensitive cells 

show an 80% decrease in activity of NADH oxidase and NADH-ferri

cyanide oxidoreductase when compared with electron transport 

particles from succinate-limited cells (Table 3). These differ

ences in enzymic activities are not due to changes in membrane 

orientation, since the percentages "inside-out" vesicles, as 

determined by the method of Burnell et al. (32), are 45% and 

50% for membrane preparations from succinate-limited and rote-
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Table 3. NADH oxidase activity, NADH-ferricyanide oxidoreductase activity and transhydrogenase activities in 
membrane particles from succinate-limited and rotenone-insensitive cells of P. denitrificans grown in chemostat 
culture. The activity in the NADH-ferricyanide oxidoreductase assay is expressed as maximal velocity (V) with 
respect to ferricyanide 

Type of membrane 
particles 

Succinate-limited 

Rotenone-insensitive 

NADH oxidas~ 1 
(pmol x_Tin x mg 
protein ) 

1.83 

0.40 

NADH-ferricyanide 

<pmol x_1J.1in 
protein ) 

6.54 

1. 50 

x mg 

Transhydr~~enase activit~ys 

(nmol x h x mg protein ) 

+ NADPH ->- NAD 

633.1 

611. 0 

+ NADH->- NADP 

95.3 

68.0 
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Fig. 4. Inhibition of NADH oxidase activity by rotenone in membrane par
ticles from succinate-limited cells (0.5 mg of protein) (......._._..) and 
rotenone-insensitive cells (1 mg of protein) (1.--------A) as a function of 
rotenone concentration 

none-insensitive cells respectively. Succinate oxidase activity, 

which is rotenone-insensitive, is not affected in rotenone

insensitive cells. In addition both transhydrogenase reactions 

in membrane particles from rotenone-insensitive cells show 

about the same activity as in succinate-limited cells (Table 3) 

(see discussion). A similar result has been obtained for sul

phate-limited cells (results not shown). Figure 5 shows the 

kinetic behaviour of NADH dehydrogenase in the NADH-ferricyanide 

oxidoreductase assay measured with membrane particles from 

succinate-limited and rotenone-insensitive cells. In the latter 

case double-reciprocal plots become biphasic, indicating changes 

in the NADH dehydrogenase of rotenone-insensitive cells (Chapter 

III, 14, 15). 

6. EPR spectroscopy on membrane particZes 

In Chapter III we have shown that NADH dehydrogenase of P. 

denitrificans contains the iron-sulfur centers 1-4, with g 

values which are similar to those reported by Orme-Johnson et 

al. (12, 33) for beef heart mitochondria. As reported here 

rotenone-insensitive cells have lost site I phosphorylation 
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Fig. 5. Kinetic behaviour of NADH dehydrogenase in membrane particles from 
cells grown under succinate-limited conditions in the chemostat (•~~6) and 
rotenone-insensitive cells (A~~A) , in the NADH-ferricyanide oxidoreductase 
assay 

and show a decreased efficiency of electron transport in the 

NADH-ubiquinone segment of the electron transport chain, together 

with a changed behaviour of the NADH dehydrogenase in the NADH

ferricyanide assay. Therefore we have investigated iron-sulfur 

centers associated with the NADH dehydrogenase in these cells. 

The EPR spectra of reduced membrane particles prepared from 

respectively succinate-limited and rotenone-insensitive cells 

are shown in Fig. 6 at various temperatures. The lines 

in the 15 K sr;ectra arise primarily from iron-sulfur centers in 

the NADH dehydrogenase segment of the respiratory chain (Chapter 

III, 34, 35). When we compare the spectra at 15 K for both types 

of membrane partic~es it is obvious that the EPR spectrum ob

tained from membrane particles of rotenone-insensitive cells has 

. In the of these particles iron-sulfur center 2 

is practically undetectable as judged by the absence of the 

resonance lines at g ~ 2.05 and g ~ 1.92 characteristic for this 

center. As can be seen from the spectra at 52 K which represent 

center 1 of NADH dehydrogenase {11, 12), this center is 

still present in rotenone-insensitive cells and is not affected 

in its line shape. The presence of the EPR lines at g ~ 2.09, 

g::::: 1.89 and g ~ 1.86 in the 8.4 K spectrum of rotenone-insensi-
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tive membrane particles demonstrates that the NADH dehydroge

nase contains the iron-sulfur centers 3 and 4 (Chapter III). 

However, the amplitudes of the EPR signals originating 

from the iron-sulfur centers I, 3 and 4 have been diminished 

10-30%. 

.,. .,, 
"' tJ_:tf O.JI .,, .,, 

Fig. 6A and B. Electron paramagnetic resonance spectra of membrane particles 
from succinate-limited cells (28 mg · m1-1) (A) and rotenone-insensitive 
cells (27 mg • ml-1) (B) of P. denitrificans at various temperatures. Mem
brane particles were reduced with NADH and dithionite 1 min prior to freezing. 
Approximate g-factors for the major spectral components are given at the top 
of each spectrum. EPR conditions: frequency, 9.305 GHz; time constant, 0.3s; 
modulation amplitude, 5.0 G; microwave power, 5 mW; scanning rate, 0.02 T 
min-1; receiver amplification 52 K, 10 times; 29 K, 5 times; 15.0 K, 1.5 
times; 8.4 K, 10 times 

7. Reversibility the effects induced by growth in the presence 

of rotenone 

The transition from growth in the presence of rotenone to 

growth in the absence of rotenone leads within a few generation 



times, needed to wash out the inhibitor, to a concomitant 

reappearance of all properties lost by rotenone-insensitive 

cells, i.e. site I phosphorylation, rotenone-sensitive respi

ration and presence of iron-sulfur center 2. Thus the reported 

effects during growth in the presence of rotenone are probably 

not a consequence of selection of a rotenone-resistant mutant. 

DISCUSSION 

Cells of the yeast C. utilis can grow normally even in the 

presence of high concentrations of rotenone due to a metabolic 

control mechanism switching between an internal (rotenone

sensitive, site I phosphorylating) and an external (rotenone

insensitive, nonphosphorylating) NADH dehydrogenase (3, 36). 

In P. denitrifieans there is only evidence for a rotenone

sensitive, phosphorylating inner membrane bound NADH dehydroge

nase (32). Therefore the significant restoration of growth 

after addition of rotenone to a log phase culture of P. denitri

fieans must be explained by a sufficient supply of substrates, 

whose oxidation is not affected by rotenone, to support growth 

to some extent. 

The physico-chemical behaviour of rotenone in an aqueous 

medium deserves attention, since, as demonstrated in this Chapter, 

the inhibitory action of rotenone is strongly influenced by 

aggregation phenomena. It is clear that the conditions under 

which this inhibitor is used should be clearly defined. A number 

of conflicting results in the literature might be due to this 

peculiar behaviour of rotenone. 

In Chapter II and III we have reported that sulphate-limited 

growth of P. denitrifieans results in a phenotypical loss of 

site I phosphorylation, rotenone-sensitivity and EPR signals 

due to iron-sulfur center 2, suggesting a close correlation 

between these properties. It is possible, however, that by 

sulphate limitation multiple effects are induced, so that the 

correlation described above is only apparent. Therefore another 

approach has been applied to test this correlation. The presence 

of rotenone in the chemostat yields after several generation 
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times cells of P. denitrifiaans which have a rotenone-insensiti-

ve oxygen It is obvious from the results in 

this Chapter that growth in the presence of rotenone induces the 

same phenomena as for sulphate-limited cells. This 

supports the suggestion that site I phosphorylation, rotenone 

sensitivity and the EPR signal from Fe-S center 2 are correlated. 

Overnight aeration of rotenone-insensitive cells under non

growing conditions does not result in return of site I phosphory

lation or rotenone sensitivity, so it is not possible to sepa

rate these properties. However, Lawford et al. (17) claim that 

sensitivity towards piericidin A and proton translocation linked 

to the NADH dehydrogenase are not associated with each other, 

since malate-grown stationary phase cells of P. denitri cans 

have lost proton translocation associated with the cytochrome

independent part of the respiratory chain with L-malate as 

exogenous substrate, while L-malate oxidation piericidin 

A-sensitive. We have repeated these experiments but are unable 

to confirm them, since we have found that the+ H+/O ratio with 

L-malate as substrate is as high in stationary phase cells as 

in exponential phase cells (results not shown). 

The results obtained with sulphate-limited and rotenone-

insensitive cells of P. deni aans can be explained in two 

ways. Firstly, loss or modification of Fe-S center 2 leads 

to a "short circuit" of the proton-translocating oxidoreduction 

segment normally associated with the NADH dehydrogenase (2), 

secondly, the growth conditions mentioned lead to the synthesis 

of a non-proton-tianslocating NADH dehydrogenase (i.e. a differ

ent enzyme) (14, 15). 

An interesting point emerging from our studies on sulphate

limi ted cells of P. denitrifiaans is that the number of protons 

ejected per pair of electrons per energy-conserving site (+ H+/ 

site ratio) is 3-4 (Chapter II). Explaining the high endogenous 

+ H+/O ratios of approximately 8 for whole cells of P. denit-ri-

s, Scholes and Mitchell (37) supposed proton translocation 

concomitant with NADPH + NAD+ transhydrogenase activity (+ H+/2e

= 2) (loop OJ next to three other loops (coupling sites) (loops 

1, 2 and 3) depending on the presence of different respiratory 



chain components (38, 39). It is in this explanation 

that NADPH accumulates during the anaerobic equilibration 

period preceding the proton pulse experiments. Hence the effec

tive respiratory reductant is supposed to be NADPH during these 

experiments (40). If this assumption is correct this would imply 

that in sulphate-limited and rotenone-insensitive cells of P. 

deni where the endogenoqs + H+/O ratio has decreased 

from about 8 to 4, proton translocation associated with the 

transhydrogenase (loop 0) and the NADH dehydrogenase (loop 1) 

has been abolished. However, the in this study that both 

transhydrogenase reactions are not significantly affected under 

the mentioned growth conditions, gives further support for our 

previous statement (Chapter II) that 3-4 protons are extruded 

per pair of electrons traversing the NADH dehydrogenase, i.e. 

a+ H+/site ratio of 3-4. The presence of only two coupling 

sites in cells growing heterotrophically (41, but see also 42) 

combined with an endogenous+ H+/O ratio of about 8 (37} results 

in the same conclusion. However, it might be possible that in 

vitro+ H+/O ratios reflect the number of potential rather than 

actual energy conservation sites (43). In P. we 

have found on the other hand an excellent correlation between 

estimated P/O ratios in growing cells and in vitro·> H+/o ratios 

(Chapter II). Thermodynamic considerations (44) also to a 

+ ratio higher than 2, a value postulated by the chemi

osmotic hypothesis (30). Furthermore it has been demonstrated 

that electrons from the oxidation of methanol only pass site III 

in methanol-grown cells of P. denitrificans under extrusion of 

3-4 protons (45). 

REFERENCES 

(1) Singer, T.P. & Gutman, M. (1971) in Advances in enzymology (Nord, F.F., 
ed.) vol. 34, pp. 79-153, Interscience, New York-London-Sidney-Toronto. 

(2) Garland, P.B., Clegg, R.A., Downie, J.A., Gray, T.A., Lawford, H. & 
Skyrme, J. (1972) in Mitochondria: Biogenesis and bioenergetics. Bio
membranes: Molecular arrangements and transport mechanisms (van der 
Bergh, S.G., Borst, P., van Deenen, L.L.M., Riemersma, J.C., Slater, 
E.C., Tager, J.M., eds.) pp. 105-117, North-Holland, American Elsevier, 
Amsterdam. 

(3) Ohnishi, T. (1973) Biochim. Biophy:;. Acta 301, 105-128. 

81 



82 

(4) Beinert, H. (1977) in Iron-sulfur proteins (Lovenberg, w., ed.) vol. 3, 
pp. 61-100, Academic Press, New York-San Francisco-London. 

(5) Ohnishi, T. (1976) Eur. J. Biochem. 64, 91-103. 
(6) Garland, P.B. (1970) Biochem. J. 118, 329-339. 
(7) Light, P.A. & Garland, P.B. (1971) Biochem. J. 124, 123-134. 
(8) Clegg, R.A. & Garland, P.B. (1971) Biochem. J. 124, 135-154. 
(9) Haddock, B.A. & Garland, P.B. (1971) Biochem. J. 124, 155-170. 

(10) Ohnishi, T., Asakura, T., Wohlrab, H., Yonetani, T. & Chance, B. (1970) 
J. Biol. Chem. 245, 901-902. 

(11) Ohnishi, T., Asakura, T., Yonetani, T. & Chance, B. (1971) J. Biol. 
Chem. 246, 5960-5964. 

(12) Orme-Johnson, N.R., Orme-Johnson, W.H., Hansen, R.E., Beinert, H. & 
Hatefi, Y. (1971) Biochem. Biophys. Res. Commun. 44, 446-453. 

(13) Gray, T.A., Garland, P.B., Lowe, D.J. & Bray, R.C. (1975) Biochem. J. 
146, 239-246. 

(14) Cobley, J.G., Grossman, s., Singer, T.P. & Be inert, H. (1975) J. Biol. 
Chem. 250, 211-217. 

( 15) Grossman, s., Cobley, J.G.' Singer, T.P. & Beinert, H. (1974) J. Biol. 
Chem. 249, 3819-3826. 

(16) Imai, K., Asano, A. & Sato, R. (1968) J. Biochem. (Tokyo) 63, 219-225. 
(17) Lawford, H.G., Cox, J.C., Garland, P.B. & Haddock, B.A. (1976) FEBS 

Lett. 64, 369-374. 
(18) Horgan, D.J., Singer, T.P. & Casida, J.E. (1968) J. Biol. Chem. 243, 

(19) 
(20) 

(21) 
(22) 
(23) 
(24) 

(25) 

(26) 

(27) 

(28) 

(29) 

(30) 
(31) 
(32) 

(33) 

(34) 

(35) 
(36) 
(37) 
(38) 

834-843. 
Chang, J.P. & Morris, J.G. (1962) J. Gen. Microbial. 29, 301-310. 
Witholt, B., Boekhout, M., Brock, M., Kingma, J., van Heerikhuizen, 
H. & de Leij, L. (1976) Anal. Biochem. 74, 160-170. 
John, P. & Whatley, F.R. (1970} Biochim. Biophys. Acta 216, 342-352. 
Lundin, A. & Aasa, R. (1972) J. Magn. Res. 8, 70-73. 
Albracht, S.P.J. (1974) J. Magn. Res. 13, 299-303. 
Wever, R., van Drooge, J.H., van Ark, G. & van Gelder, B.F. (1974) 
Biochim. Biophys. Acta 347, 215-223. 
Asano, A., Imai, K. & Sato, R. (1967) Biochim. Biophys. Acta 143, 477-
486. 
Kaplan, N.O. (1955) in Methods in enzymology (Colowick, S.P., Kaplan, 
N.O., eds.) vol. 2, pp. 681-687, Academic Press, New York. 
Lowry, O.H., Rosebrough, N.J., Farr, A.L. & Randall, R.J. (1951) J. 
Biol. Chem. 193, 265-275. 
Light, P.A., Ragan, c. I. I Clegg, R.A. & Garland, P.B. ( 1968) FEBS 
Lett. 1, 4-8. 
Gutman, M., Singer, T.P., Casre, J.E. ( 1970) J. Biol. Chem. 245, 1992-
1997. 
Mitchell, P. (1966) Biol. Rev. 41, 445-502. 
Mitchell, P. & Moyle, J. (1967) Biochem. J. 105, 1147-1162. 
Burnell, J.N., John, P. & Whatley, F.R. (1975) Biochem. J. 150, 527-
536. 
Orme-Johnson, N.R., Orme-Johnson, W.H., Hansen, R.E. & Beinert, H. 
(1974} Biochem. Biophys. Res. Commun. 58, 178-184. 
Orme-Johnson, N.R., Hansen, R.E. & Beinert, H. (1974) J. Biol. Chem. 
249, 1928-1939. 
Ohnishi, T. (1975) Biochim. Biophys. Acta 387, 475-490. 
Fukami, M.H., Light, P.A. & Garland, P.B. (1970) FEBS Lett. 7, 132-134. 
Scholes, P.B. & Mitchell, P. (1970) J. Bioenerg. 1, 309-323. 
Jones, C.W., Brice, J.M., Downs, A.J. & Drozd, J.W. (1975) Eur. J. Bio
chem. 52, 265-271. 



(39) Jones, C.W. (1977) in Microbial energetics (Haddock, B.A., Hamilton, 
W.A., eds.) pp. 23-59, Cambridge University Press, Cambridge. 

(40) John, P. & Whatley, F.R. (1977) Biochim. Biophys. Acta 463, 129-153. 
(41) van Verseveld, H.W. & Stoutharoer, A.H. (1976) Arch. Microbiol. 107, 

241-247. 
(42) Edwards, c., ;:pode, J.A. & Jones, C.W. (1977) FEMS Microbiol. Lett. 

1, 67-70. 
(43) Jones, C.W., Brice, J.M. & Edwards, C. (1977) Arch. Microbiol. 115, 

85-93. 
(44) Deutsch, C.J. & Kula, T. (1978) FEBS Lett. 87, 145-151. 
(45) van Verseveld, H.W. & Stouthamer, A.H. (1978) Arch. Microbiol. 118, 

13-20. 

83 



84 

CHAPTER V 

ENERGY CONSERVATION DURING NITRATE RESPIRATION IN PARACOCCUS 

DENITRIFICANS 

Abstract. 1. P/2e ratios are calculated from anaerobic chemostat cultures 
of Paracoccus denitrifica:ns with nitrogenous oxides as electron acceptor. 
P/2e ratios are calculated, using the ;nax values determined for aerobic 
cultures. When succinate is the carbon aft~Penergy source the average P/2e
values of the sulphate- and succinate-limited cultures with nitrate as 
electron acceptor are 0.5 and 0.7, respectively, and of the nitrite-limited 
culture 0.9. With gluconate as carbon and energy source the average P/2e 
values of the gluconate-limited cultures with nitrate as electron acceptor 
and nitrate-limited cultures are 0.9 and 1.1, respectively. 
2. + H+/o ratios measured in cells obtained from sulphate-, succinate-, 
nitrite-, gluconate- and nitrate-limited cultures yield respective average 
values of 3.4, 4.5, 3.5, 4.8 and 6.2 for endogenous substrates. 
3. From our data we conclude that sulphate- and nitrite-limitation cause 
the loss of site I phosphorylation. Nitrite has no influence on the maximum 
growth yield on ATP. We that metabolism in heterotrophically grown 
cells of Paracoccus is regulated on the level of phosphoryla-
tion in the site I region of the electron transport chain. 

INTRODUCTION 

Paracoccus denitrificans is capable of growing anaerobically 

in the presence of electron acceptors, like nitrate, nitrite or 

nitrous oxide. When nitrate is the electron acceptor growth is 

accompanied by the evolution of nitrogen and nitrous oxide (1, 

2 ) • 

The efficiency of oxidative phosphorylation in bacterial 

cells grown with nitrate, nitrite or nitrous oxide as electron 

acceptor is very uncertain. P/N03 ratios in membrane particles 

of Paracoccus denitrificans have been determined at 0.9 and 

0.06 with NADH and succinate as the respective electron donors 

(3). These particles reduced nitrate to nitrite and not further 

to nitrogen, because nitrite reductase is a soluble enzyme and 

for that reason not present in the membrane fraction. Only a 

few results are known of measuring the ratio of cells 

growing with another electron acceptor than oxygen. These data 

have been summarized by Stouthamer (4). 

Molar growth yields for nitrogenous oxides have been deter-



mined with Pseudomonas deni cans. The Ymax values and the 

maintenance coefficients with nitrate, nitrite and nitrous 

oxide are almost identical 

The conclusion from these 

on an electron basis. 

that the number of 

phosphorylation sites in the electron transport chain in each 

step of the denitrification sequence seems to be identical but 

approximately half that with aerobic respiration on an electron 

basis (5, 6). 

Aerobic experiments with carbon source-limited and sulphate

limited chemostat cultures of Paracoccus denitrificans have 
max led to the determination of a P/O ratio and an YATP value for 

cells grown with Krebs cycle intermediates and carbohydrates, 

and rise to the opinion that sulphate limitation results 

in the loss of site I phosphorylation (Chapter II). 

The present study deals with the determination of the effi

ciency of oxidative phosphorylation in anaerobically grown 

cells of Paracoccus denitrificans with nitrate or nitrite as 

electron acceptor and the effect of sulphate limitation on the 

of oxidative phosphorylation in electron transport 

to nitrogenous oxides. 

MATERIALS AND METHODS 

1. and growth conditions 

Paracoccus denitrificans NCIB 8944, formerly Micrococcus 
(7), was the experimental organism. 

Bacteria were grown anaerobically at 37°c in the liquid medium described 
by Chang and Morris (8) with succinate or gluconate as carbon and energy 
source, NH

4
CL as nitrogen source and nitrate or nitrite as elect.ran accep

tor. 

2. Measurement of proton translocation in intact bacteria 

method used has been described in Chapter II. Cells used were grown 
at in chemostat cultures with succinate or gluconate as carbon source 
and nitrate or nitrite as electron acceptor. 

3. Chemostat culture experiments 

Anaerobic chemostat experiments were performed as described by Stouthamer 
and Bettenhaussen (9) in a Bioflo C30 chemostat (New Brunswick Scientific 
Co., Inc., New Brunswick, New Jersey, U.S.A.). The culture volume was about 
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400 ml. The pH was controlled at a value of 6.9. The carbon sources used 
were succinate (50 mM) and gl~conate (20 mM). When succinate or gluconate 
was the limiting factor, nitrate was added to a concentration of 100 1llM. 

With electron-acceptor limitation, the concentration of nitrate was 40 mM 
with gluconate and 50 mM with succinate as the carbon and energy source 
and the concentration of nitrite was 40 mM with succinate as carbon and 
energy source. Under sulphate limitation the sulphate concentration was 
lowered to 0.1 mM. 

4. Analytical determination of products in chemostat cultures 

Gluconate was determined by the method described by Hestrin (10) which 
is based on the conversion of gluconate to the corresponding lactone. The 
lactone reacts with hydroxylamine forming hydroxamic acid, which produces 
a brown complex with FeC1

3
• 

Succinate was measured as methyl-derivate, prepared by the method of 
Holdeman and Moore (11) by Gas-Liquid-Chromatography as described by van 
Verseveld and Stouthamer (12). Nitrite was measured as described by van 't 
Riet et al. (13). Nitrate was measured with a nitrate ion electrode, model 
92-07 (Orion Research Inc., Cambridge, Mass., U.S.A.). The dry weight per 
ml of culture was determined by filtration on membrane filters of constant 
weight (catalog No. i1307 Sartorius-Membrane filter GmbH, Gottingen, Germany) 
as described by de Vries and Stouthamer (14). 

RESULTS 

1. Anaerobic growth in chemostat cultures 

The results of experiments, in which succinate is the carbon 

and energy source, are shown in Table 1. Rates of carbon source 

and electron acceptor consumption are linear functions of )1 in 

all experiments, as has been observed in a large number of cases 

reviewed by Stouthamer and Bettenhaussen (15). 

As can be seen from Table 1 there is a large difference be

tween the rates of electron transport in the different chemo

stat cultures especially when compared with the qel (0,00608 + 

0.11684 fl of the aerobic succinate-limited culture (12, Chapter 

II). All the anaerobic values of qel are higher than the one 

found with aerobic succinate limitation. No difference has been 

found between succinate limitation plus nitrate as electron 

acceptor and nitrate limitation plus succinate as carbon and 

energy source. 

The results of experiments, in which gluconate is the carbon 

and energy source, are shown in Table 2. In contrast with the 



Table 1. Growh parameters of Paracoccus denitrificans grown anaerobically with succinate as carbon and energy 
source 

Parameter Succinate limitation Sulphate limitation Nitrite limitation 
+ nitrate as electron acceptor + nitrate as electron acceptor 

0.00004 + 0.02844? 0.00060 + 0.03453? 0.00005 + 0.02607? 

qel.acc -0.00022 + 0.05403? 0.00081 + 0.06997? -0.00036 + 0.07351? 

qel -0.00110 + 0.27015? 0.00405 + 0.34985? -0.00180 + 0.22053? 

The equations are calculated by estimating the first and second regression coefficients. q specific rate 
f . . . f. f 1 . succ. f. t f o succinate consumption; q 

1 
= speci ic rate o e ectron-acceptor consumption; q 

1 
speci ic ra e o 

electron transport to the eiec~fgn acceptor. q values are expressed in moles/g dry weight • h. ? = specific 
growth rate 



Table 2. Growth parameters of·Paracoccus denitrificans grown anaerobically 
with gluconate as carbon and energy source. For symbols and calculation 
see Table 1 

Parameter Gluconate limi tatior, Nitrate limitation 
+ nitrate 
as electron acceptor 

qglucon. 0.00027 + 0.01254 )1 0.00006 + 0.01400 )1 

qe1.acc 0.00077 + 0.03974 )1 0.00036 + 0.02844 )1 

qel. 0.00385 + 0.19870 )1 0.00180 + 0.14220 )1 

experiments where succinate is the carbon and energy source 

there is a difference between the nitrate-limited and gluconate

limited chemostat culture. Under gluconate limitation the qel 

is higher than under nitrate limitation. Both values of qel are 

higher than the one found in the aerobic gluconate-limited con

tinuous culture (0.00268 + 0.09224 fl (12, Chapter II). 

2. Calculation of growth parameters 

In Paracoccus denitrificans the Entner-Doudoroff pathway 

and the Krebs cycle are present (16, 17). 

With this knowledge it is possible to draw up the following 

equations: 

gsuccinate 

qsuccinate 

(1 - 0.0148 Ysuccinate) + qN0 - · 2.5 P/2e 
3 

(1 - 0.0148 Y . ) + qNO- • 1.5 P/2e succinate 
2 

Eq. (1) 

Eq. ( 2) 

qATP = 3 qgluconate (l - O.OOG 9 ~luconate) + qNo; • 2 • 5 P/2e- Eq. ( 3 ) 

(12, 15, 18) 

qATP = y/ax + m ~ e 
YATP ATP 

( 15) Eq. ( 4) 

qc Y/ax + m c 
(19) Eq. ( 5) 

c 
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qel.acc 
µ 

Ymai + mel.acc (20) Eq. (6) 

el.ace 

(el.ace electron-acceptor) 

When nitrate or nitrite are the electron acceptors, they are 

converted to nitrogen (2). So nitrate is able to accept 5 elec

trons (2.5 electron pairs) and nitrite 3 electrons (1.5 electron 

pairs). Consequently oxidative phosphorylation with nitrate and 

nitrite will be qN0 - · 2.5 P/2e and qN0 - · 1.5 P/2e-, respec-
3 2 tively. 

Values of the maximum growth yields, given in Table 3, are 

calculated with Eqs. (5) and (6). qel and Y:~xare calculated by 

multiplying the 
1 

and dividing Yma
1

x by the numbers of 
.ace e .ace 

electrons which can be accepted by the respective electron 

acceptors. 

With the Eqs. (1), (2), (3), and (4) we are not capable to 

achieve a determination of all the unknown growth parameters, 
- max P/2e , YATP and m . In Chapter II we achieved to make a calcu-

lation of the Y~;~ for Krebs-cycle intermediates and carbohy

drates for aerobic cultures. Making the reasonable assumption 
max that YATP has the same value in anaerobic experiments, like 

Stouthamer and Bettenhaussen (9) have done in calculating the 

P/O ratio in Aerobaeter aerogenes, it is possible to calculate 

the P/2e ratio in our experiments. 

A mathematical model has been developed which allows the cal-
max 

culation of YATP and me for different chosen values of the P/2e 

ratio (21). Calculations of these growth parameters are given 

in Tables 4 and 5 and are expressed in average values with 95% 

confidence intervals at different chosen values of P/2e-. Using 

the ~;~ values mentioned in Tables 4 and 5, achieved in the 

aerobic experiments the P/2e- values of the sulphate- and succi

nate-limited cultures with nitrate as electron acceptor are 

about 0.5 and 0.7, respectively, and of the nitrite-limited 

culture 0.9 (see Table 4). The P/2e values of the gluconate

limited culture with nitrate as electron acceptor and nitrate

limited culture are about 0.8 and 1.1, respectively (see Table 

5). Until now only the Y~;~ and me values are given in 95% 
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Table J. Maximum growth yields and maintenance coefficients of Paraaoaaus denitrifiaans in continuous culture. 
The results are expressed in average values and 95% confidence intervals between brackets 

Substrate Succinate Succinate Succinate Gluconate Gluconate 
Limiting 

factor Sulphate Succinate Nitrite Gluconate Nitrate 
Electron 

acceptor Nitrate Nitrate Nitrite Nitrate Nitrate 

ynax 29.00(24.40-35.50) 35.20(28.90-44.80) 38.40(31.70-48.50) 79.70(69.00-94.60) 71.40(67.10-76.40) 
c 

ynax 
el.ace 

14.30(12.20-17.30) 18.50(15.80-22.30) 13.60(12.30-15.20) 25.20(21.40-30.60) 35.20(32.60-38.10) 

ynax 
el 

2.90( 2.40- 3.50) 3.70( 3.20- 4.50) 4.50( 4.10- 5.10) 5.00( 4.30- 6.10) 7.00( 6.50- 7.60) 

m 0.60( 0.21- 0.99) 0.04(-0.73- 0.81) 0.05(-0.34- 0.44) 0.27 ( 0.07- 0.47) 0.06(-0.05- 0.17) 
c 

mel .ace 0.81 ( 0.07- 1.55) -0.22(-1.38- 0.94) -0.36(-0.90- 0.18) o. 77( 0.06- 1.48) 0.36( 0.11- 0.61) 

c = carbon source; el.ace electron acceptor; el = electron. m values are expressed in mmoles/g dry weight · h. 
Y values are expressed in g biomass/mole substrate or electron acceptor 

J 



Table 4. Average values and 95% confidence intervals in brackets of Yma.x 
I P " • . ~· A'l'P for chosen values of P 2e for aracoccue aeni.ti.'1.-J'l-Cane grown with 

as carbon and energy source 

P/2e 

Sulphate-limited 
0.4 
0.5 
0.6 

jllax 
ATP 

+ nitrate 
11. 2 (9.4 
9.3 (7.9 
8.0 (6.8 

Succinate-limited + nitrate 
0.6 10.6 (9.0 -
0.7 9.2 (7 .9 
0.8 8.2 (7.0 

Nitrite-limited 
0.8 10.0 (8.9 
0.9 8.9 (8.1 
1.0 8.1 (7 .3 

Succinate-limited 
a 

+ oxygen 
1. 71 9.1 (8.2 -

13. 8) 
11. 5) 

9.8) 

12.8) 
11.2) 

9.9) 

11. 5) 
10.3) 
9.4) 

10.2) 

is expressed in mmoles/g dry weight · h 

Chapter II 

1.4 (0.4 - 2.4) 
1.6 (0.4 - 2.8) 
1.8 (0.4 - 3.2) 

-0.3 (-2.3 - 1.8) 
-0.4 (-2.7 - 2.0) 
-0.4 (-3.0 - 2.2) 

-0.4 (-1.4 - 0.5) 
-0.5 (-1.4 - 0.5) 
-0.5 (-1.5 - 0.6) 

5.8 (3.4 - 8.2) 

confidence intervals for chosen values of the P/2e- ratio. It 

seems useful to give the P/2e- ratios in average values with 
max 

95% confidence intervals for chosen values of YATP" The 

case for these calculations is treated by Boender and Stouthamer 

(22). In this paper only growth with succinate as carbon source 

and nitrate as electron acceptor will be given as an 

By taking Eqs. (1) and (4) together we obtain Eq. (7) 

+ m 
e q . t - 0.0148 J..l + 2.5 P/2e succina e / 

Eq. (7) 

q values can be described with the q = m + v f in 

which m is the maintenance coefficient and v is the slope of 

the line of q against the specific rate, f· 
and mN0- are expressed in me. Dividing by f and substracting 

the mairttenance leads to Eq. (8): 
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Table 5. Average values and 95% confidence intervals in brackets of .;na:x and 
m for chosen values of P/2e- for Pa:vacoccus denit!'ificans grown witftTP 
giuconate as carbon and energy source 

P/2e-

Gluconate-limited + nitrite 
0.7 11. 5 (9.4 - 15.2) 
0.8 10. 3 (8.4 - 13.5) 
0.9 9.5 (7.7 - 12.2) 

Nitrate-limited 
1. 0 10.8 (9. 9 11. 9) 
1.1 10 .1 (9. 2 - 11.1) 
1. 2 9.5 (8.6 - 10.3) 

Gluconate-limited + oxygena 
1.82 9.9 (9.1 - 10.7) 

m is expressed in mmoles/g dry weight · h 
e 

a Chapter II 

1 
Ymax 

ATP 

vsuccinate - 0.0148 + 2.5 P/2e 

and Eq. (8) can be arranged to Eq. (9): 

l/Ymax + 0.0148 
ATP - vsuccinate 

2.5 VN0-
3 

2.1 (0.1 - 4.2) 
2.3 (0.1 4.6) 
2.5 (0.1 - 4.9) 

1.1 (0.1 - 2.0) 
1.2 (0.2 - 2.2) 
1.3 (0.2 2.3) 

2.8 (0.8 - 4.7) 

Eq. ( 8) 

Eq. ( 9) 

The estimator of the expectation of the numerator of this 
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fraction is 

G ~ l/Ymax + 0.0148 - v 
1 ATP succinate 

Eq. ( 10) 

with standard deviation 

[
• max • 
V(l/YATP - vsuccinate + 0.0148)f' 

[-. ]i, 
Vvsuccinate 

Eq. ( 11) 

in which V~ is the estimator of the variance of v. The estima

tor of the expectation of the denominator is 

Eq. ( 12) 



with standard deviation 

o2 = 2.5 [vvNo;]~· Eq. (13) 

The approximation of the average value of the P/2e- ratio 

will be G1/G2 and the 95% confidence interval: 

P/2e + 1.96 [ Eq. ( 14) 

(23) 

(7) to {13) can be drafted from all combinations of 

Eqs. (1), (2), or (3) with (4). 

It will be clear that we are capable to give average values 

and 95% confidence intervals of the P/2e- ratio at different 
max 

chosen values of YATP' which we show in Table 6 at the average 

Y~;~ value calculated from the aerobic experiments. 

Table 6. Average values and 95% 
P/2e- ratio for chosen values of 
anae:roJJi<:aJLly with succinate or 

value has been determined in 

Chemostat experiment 

Carbon source: succinate 
ynax 

ATP 9 • 1 

Sulphate-limited + N0
3 

Succinate-limited + N0
3 

Nitrite-limited 

Carbon source: gluconate 
max 

YATP 9.9 

Gluconate-limited + N0
3 

Nitrate-limited 

intervals in brackets of the 
Paracoccus denitrificans grown 
as carbon and energy source. 

aerobic experiments (Chapter II) 

P/2e-

0.52 (0.42 - 0.61) 

0. 71 (0.58 - 0.84) 

0.89 (0.79 1.00) 

0.85 (0.69 - 1.01) 

1.12 (1.03 - 1.22) 
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3. Proton transiocation in intact bacteria 

The amount of protons translocated per atom oxygen has been 

determined to obtain an affirmation of our results concerning 

the P/2e- values derived from the chemost:at experiments. All 

the measurements have been done with cells isolated from 

chemostat cultures in operation for at least six generation 

times. + H+/O ratios for cells from the different continuous 

cultures are given in Table 7. As can be seen from Table 7 the 

+ H+/O rati'os f d ub t t · t 1 ti or en ogenous s s ra es are in mu ua propor on 

to the height of the P/2e ratios calculated for the differently 

grown cells. 

Table 7. Values of the+ H+/O ratio and the standard deviation for Paracoccus 
denitrificans grown with succinate or gluconate as carbon and energy source. 
The number of experiments is notated in brackets 

Chemostat 
experiment 

Carbon source: succinate 

Succinate-limited + o
2 

Sulphate-limited + No
3 

Succinate-limited + N0
3 

Nitrite-limited 

Carbon source: gluconate 

Gluconate-limited + o 2 
Gluconate-limited + N0

3 
Nitrate-limited 

n.d. 
a 
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not determined 

Chapter II 

+ H+/O 
(endogenous 
substrates) 

7.50 + 0.60 (20) 

3.39 + 0.20 (20) 

4.46 + 0.33 (27) 

3.50 + 0.30 (31) 

7.28 + 0.41 (21) 

4. 78 + 0.41 (20) 

6.21 + 0.31 (11) 

+ H+/O 
(starved 
+1.2mM 
+ 13 

cells 
succinate 

Rotenon) 

3.03 + 0.38 (lO)a 

3.38 + 0.20 (20) 

3.42 + 0.31 (10) 

n.d. 

3.27 + 0.17 (19)a 

3.25 + 0.35 (15) 

n.d. 



DISCUSSION 

Denitrification in bacteria leads in most cases to an accu

mulation of nitrite in the growing culture. For the reason that 

nitrite acts both as an electron acceptor and as a toxic sub

stance, the result of its presence will be dual. As electron 

acceptor ATP formation will occur when 2 electrons are trans

ported to nitrite in the electron transport chain, and as toxic 

substance it might cause uncoupling of growth and energy pro

duction as was concluded by van Gent-Ruijters et al. (2) with 

Propionibacterium pentosaceum. In this case the effect of in

concentrations of nitrite was a lowering of the 

value as has been found before with Aerobacter aerogenes (25) 

and CloBtridium ( 2 6) • 

is not able to grow on nitrite when 

the concentration is higher than 10 mM, above this concentration 

nitrite is that toxic that growth is impossible. The only way to 

achieve growth of ParacoccuB deni arm in the chemostat with 

high concentrations of nitrite is under conditions of nitrite 

limitation. 

As can be seen from Tables 1 and 2 the specific rate of elec-

tron consumption of ParacoccuB deni , grown with nitro-

genous oxides as electron acceptors is much than the rate 

of electron consumption in the aerobic experiments of II. 

This observation can have two implications a) Y~;~ aerobic is 

not equal to Y~;~ anaerobic, or b) anaerobic heterotrophically 

grown cells do not possess two phosphorylation sites (12, 27, 

2 8) • 

If we look t'o Eqs. (1), (2), and (3) it is clear that one 

of the two growth parameters qATP or P/2e- has to change when 

q 
1 

becomes higher than expected, when compared with the e .ace 
q

0 
. We have chosen for a lower P/2e- ratio instead of a lower 

YA;P. The reason for this choice will be discussed below. 

Assuming that in heterotrophical grown cells of Paracoccus 

two sites are present, it is to calculate 

a theoretical P/2e- ratio when succinate or gluconate are the 

carbon and energy sources. For complete dissirnilation of succi-
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nate 5 NADH and 2 FADH are formed and with gluconate 9 NADH and 

2 FADH, calculated on the basis of the known metabolic pathways. 

The theoretical calculations performed with and without site I 

phosphorylation are mentioned in Table 8. 

Table 8. Theoretical P/2e values calculated for complete dissimilation of 
succinate and gluconate. The electrons to nitrate pass only site I; electrons 
to nitrite pass site I and II (29, 30) 

Carbon Electron- Theoretical Theoretical 
source acceptor P/2e P/2e 

- site I 

Succinate Nitrate 1. 31 0.60 

Succinate Nitrite 1. 71 1.00 

Gluconate Nitrate 1.42 0.60 

max Based on the assumption that the YATP values calculated from 

96 

the aerobic experiments mentioned in Tables 4 and 5 can be used 

in the anaerobic experiments, we have calculated average values 

and 95% confidence intervals of the P/2e ratio for the differ

ent chemostat cultures, mentioned in Table 6. From these results 

it can be concluded that all the P/2e ratios calculated are 

lower than the theoretical calculated values, where site I 

phosphorylation is included (see Table 8). When succinate is 

the carbon source, the P/2e ratio under sulphate and nitrite 

limitation is about the same as the ratio calculated theoreti

cally without site I phosphorylation and the P/2e- ratio under 

succinate-limited conditions is in between the two theoretical 

calculated P/2e ratios. These results are consolidated by the 
7 H+/O measurements. From the aerobic experiments with Para

coccus denitrificans it was concluded that the 7 H+/site ratio 

is 3.0-4.0 (Chapter II). 

From Table 7 it can be seen that in aerobically grown cells 

7-8 protons are ejected and under inhibition of electron trans

port in the site I region by rotenon, 3-4 protons. In the anaero

bic experiments with succinate as carbon and energy source also 

3-4 protons are ejected by rotenone-inhibited cells. The con

clusion from this result is that site II phosphorylation is 



present in these cells. However, when the + H+/O ratio is 

measured for endogenous substrates, this ratio is lower than the 

one expected when two sites are present. The general conclusion 

with respect to the results of the anaerobic experiments with 

succinate as carbon and energy source is, that both sulphate

and nitrite limitation cause the loss of site I phosphorylation. 

Sulphate limitation induces probably changes in the iron-sulfur 

pattern of the site I region as was concluded before (Chapter II 

and III) concerning aerobic sulphate limitation. The loss of 

site I under nitrite-limited conditions can be the result of a 

toxic effect of nitrite. The P/2e- ratio found under succinate 

limitation indicates a partial loss of site I phosphorylation 

induced by the formation of nitrite from nitrate. This can be 

made clear by visualising that part of the electron transport 

chains present in the cell membrane have lost the capability 

of site I phosphorylation induced by nitrite toxification. 

When gluconate is the carbon and energy source, the calcu

lated P/2e ratios of both gluconate- and nitrate-limited cul

tures are in between the two theoretical calculated P/2e 

ratios (see Table 6 and 8). The+ H+/O ratios, mentioned in 

Table 7, give us the same result. + H+/O ratios measured, when 

endogenous substrates are oxidised, are higher than 3-4 and 

lower than 7-8. These results can be explained by a partial 

loss of site I phosphorylation by the formation of nitrite from 

nitrate, like in the case of succinate limitation. That the 

P/2e ratio for nitrate limitation is higher than the one found 

for gluconate limitation can be explained by the fact that the 

possibility of nitrite accumulation under gluconate limitation 

is larger than under nitrate limitation. 

Regulation of the metabolism in bacteria is a complicated 

matter. For Aerobacter aerogenes regulation is proposed on the 

level of uncoupling of growth and energy production, possibly 

with the help of a reversible ATPase (25, 31-33). 

The metabolism of Paracoccus denitrificans is tighter con

trolled. Respiratory control has been demonstrated in membrane 

particles of Paracoccus denitrificans by John and Hamilton (34) 
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and there are good reasons for believing that in Paracoccus 

denitrificans ATP s is not a fully reversible process 

because the ATPase functions essentially irrevers (35). 

We propose that metabolism in heterotrophically grown cells 

of Paracoccus denitrificans is regulated on the level of phos

phorylation in the site I region of the electron transport chain, 

like the shift from autotrophic to heterotrophic induces 

the loss of site III phosphorylation (27, 28}. 
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CHAPTER VI 

ANAEROBIC RESPIRATION AND ENERGY CONSERVATION IN PARACOCCUS 

DENITRIFICANS 

FUNCTIONING OF IRON-SULFUR CENTERS AND THE UNCOUPLING EFFECT OF NITRITE 

Abstract. 1. Electron paramagnetic resonance spectra at 8-60 K of NADH
reduced membrane particles prepared from Paracoccus grown 
anaerobically with nitrate as terminal electron acceptor show the presence 
of iron-sulfur centers 1-4 in the NADH-ubiquinone segment of the respiratory 
chain. In addition resonance lines at g = 2.058, g 1.953 and g 1.88 are 
detectable in the spectra of succinate-reduced membranes at 15 K, which 
are attributed to the iron-sulfur containing nitrate reductase. 
2. Sulphate-limited growth under anaerobic conditions does not affect the 
iron-sulfur pattern of NADH dehydrogenase or nitrate reductase. Furthermore 
respiratory chain-linked electron transport and its inhibition by rotenone 
are not influenced. These results contrast those observed for sulphate-
limited growth of P. under aerobic conditions (Chapter III). 
3. Proton translocation studies of whole cells indicate that nitrite in
creases the proton conductance of the cytoplasmic membrane, resulting in a 
collapse of the proton gradient across the membrane. Nitrite accumulates 
under anaerobic growth conditions with nitrate as terminal electron accep
tor; the extent of accumulation depends on the specific growth conditions. 
Thus the low efficiencies of respiratory chain-linked energy conservation 
observed during nitrate respiration (Chapter V) can be explained by the 
uncoupling action of nitrite. 

INTRODUCTION 

A wide variety of bacteria can use either oxygen or nitrate 

as alternative terminal electron acceptors during respiration. 

Some bacteria as Escherichia coli (Kl2) reduce nitrate only to 

nitrite, whereas others, such as Paracoccus denit cans 

reduce nitrate via nitrite to nitrogen gas in a process called 

denitrification (1). The denitrification of nitrate in deni-

cans involves a membrane-bound dissimi or respira-

tory nitrate reductase to yield nitrite (2). The subsequent 

reduction of nitrite is catalyzed by a soluble nitrite reduc

tase (3). The occurrence of obligate intermediates, like nitrous 

oxide (N20), in the reduction of nitrite to nitrogen gas is a 

point of controversy (4, 5). 
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very limited (6, 7, 8). In Chapter V P/2e ratios were pre

sented, calculated from anaerobic chemostat cultures of P. deni-

cans with nitrate or nitrite as terminal electron acceptor, 

using the Y~~~ values determined for aerobic cultures. All the 

P/2e ratios estimated in this way were lower than the theoreti

cal calculated values, based on the presence of two phosphory

lation sites. Under conditions of sulphate limitation with 

succinate as carbon source and nitrate as terminal electron 

acceptor, the P/2e ratio determined from chemostat culture and 

the stoichiometry of proton translocation suggested absence of 

site I phosphorylation, possibly due to changes in the NADH

ubiquinone segment of the respiratory chain, as found under 

aerobic conditions with sulphate as limiting factor (Chapter III). 

The lowered P/2e- values, as calculated from chemostat cultures 

with carbon source or electron acceptor limitation, were ex

plained by assuming some toxic effect of nitrite on site I 

energy conservation. Toxicity of nitrite, resulting in un

coupling of growth and energy conservation, was earlier sug

gested by several other authors for different bacteria (9, 10, 

11) • 

This chapter deals with a more detailed study of the 

toxic effect of nitrite exerted on energy metabolism in P. deni

trificans. Furthermore we have investigated possible changes 

in the NADH-ubiquinone segment of the respiratory chain of 

sulphate-limited cells, in view of the results reported for 

aerobic cells grown with sulphate as limiting factor, where loss 

of site I phosphorylation is accompanied by alterations in Fe-S 

composition, rotenone sensitivity and kinetic behaviour of the 

NADH dehydrogenase (Chapter III). 

MATERIALS AND METHODS 

1. 

Paracoccus denitPificans NCJB 8944, the experimental organism, was kindly 
supplied by Dr. W.A. Hamilton of the University of Aberdeen (Scotland). 
Bacteria were grown aerobically or anaerobically, with nitrate as terminal 
electron acceptor, in liquid medium described by Chang and Morris (12) with 
succinate as carbon source and NH

4
cl as nitrogen source. 
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2. Chemostat eulture e:x:periments 

Anaerobic chemostat experiments were performed as described in Chapter V. 
The pH was controlled at a value of 6.9. In succinate-limited chemostat 
cultures the succinate concentration was 25 mM. Under conditions of sulphate 
limitation the sulphate concentration was lowered to 0.1 rnM, while the 
succinate concentration was raised to 50 mM. 

3. Preparation of membrane particles 

The chemostat effluent was collected overnight in an ice-cooled vessel and 
cells were harvested by centrifugation (23,000 x g, 15 min., 4°c). Cells were 
converted into spheroplasts by the method described by Witholt et al. (13). 
Membrane particles were prepared from the spheroplasts via an osmotic shock 
procedure (14) and stored in liquid nitrogen. 
The orientation of membrane vesicles, determined via an enzymatic assay 
developed by Burnell et al. (15), was about 60% "inside_out" and independent 
of the growth limiting factor. 

4. Other assay techniques 

Succinate, used as carbon source in the growth experiments, was measured 
as a methyl derivate (16) by gas-liquid chromatography (17). The dry weight 
per ml of culture was determined by filtration on membrane filters as des
cribed by de Vries and Stouthamer (18). Nitrite was measured as described 
by van 't Riet et al. (19). Measurements of respiration-driven proton trans
location were essentially performed as described in Chapter II modified by 
van Verseveld and Stouthamer (20). Electron paramagnetic resonance spectra 
were obtained with a Varian model E-9 EPR spectrometer equiped with a low
temperature device as described by Lundin and Aasa (21) and Albracht (22). 
Magnetic field and microwave frequency were measured as previously reported 
(23). Assays to determine NADH oxidase, NADH-dichloroindophenol oxidoreduc
tase and NADH-ferricyanide oxidoreductase activities of membrane particles 
have been described in Chapter III. The NADH-nitrate oxidoreductase assay 
was performed under anaerobic conditions in Thunberg-type cuvettes. Nitrate 
reductase activity was determined by the method of Pichinoty and Piechaud 
(24), measuring H2 uptake in Warburg vessels. Reduced benzyl viologen was 
used as electron donor. Oxygen consumption by whole cells was followed 
polarographically at 25°c in the biological oxygen monitor (model 53, 
Yellow Springs Instrument Co., Yellow Springs, Ohio, U.S.A.). Cytochrome c
nitrite oxidoreductase activity~f whole cells was measured with an Aminco 
Chance spectrophotometer (DW-2a ) set in the dual-wavelength position using 
551 and 574 nm as the sample and reference wavelengths, respectively. Pro
tein was determined by the Polin method of Lowry et al. (25) with bovine 
serum albumin as a standard. 
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RESULTS 

1. Effect of limitation on re tory chain-linked Fe-

S centers and electron transport in anaerobical grown cells 

Recently we have shown that-NADH dehydrogenase of aerobically 

grown P. denitrificans contains the iron-sulfur centers 1-4 

(Chapter III). Membranes from anaerobic succinate-limited cells 

show essentially the same EPR signals at 60 K (Fig. lA), 15 K 

{Fig. lB) and 8 K {Fig. IC) as aerobic cells after reduction 

with NADH, demonstrating that the iron-sulfur centers 1-4 are 

also present in the NADH-ubiquinone segment of these cells. In 

addition signals are detected at g = 2.058 and g 1.952-3, 

while the signal at g ~ 1.88 is significantly enlarged in rela

tion to the signal observed in membrane particles from cells 

grown under aerobic conditions. These EPR lines are more clearly 

seen when membrane particles are reduced with succinate in the 

presence of rotenone {Fig. lD). The small signal seen in this 

spectrum at g 1.92 is probably due to partly reduced iron-

sulfur center 2 of NADH dehydrogenase (14). The "HiPIP"-type 

EPR signal centred around g = 2.00 indicates that the reduction 

by succinate is not complete. Addition of nitrate to succinate

reduced particles decreases the intensity of the EPR lines at 

g = 2.058, 1.953 and 1.88 and increases the "HiPIP"-type signal 

(Fig. lE). Since none of these signals is observed in similar 

EPR spectra of membrane particles from P. denitrificans grown 

under aerobic conditions where no nitrate reductase is formed 

(26), it is obvious that these resonances are related to iron

sulfur center{s) functional in respiratory nitrate reduction. 

It is likely that the signals belong to the respiratory nitrate 

reductase itself, because the apparent g values are nearly 

identical to those observed after enzymatic reduction of isola

ted nitrate reductase from P. denitrificans (27) and to those 

of NADH-reduced membrane-bound respiratory nitrate reductase 

of Klebsiella aerogenes (28). However, we were unable to resolve 

the EPR lines of paramagnetic molybdenum {28) in oxidized mem

brane preparations at 77 K due to very low signal intensity. EPR 
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Fig. 1. EPR spectra of membrane particles 
(about 30 mg protein/ml) from succinate
limi ted anaerobically grown cells of P. 
dR:~~·t~cCA~~rmR. Membrane particles were 
reduced 2 min prior to freezing with 10 mM 
NADH (A-C) or 10 mM succinate in the pre-

30 nmol rotenone per mg protein (D). 
E was obtained after addition of 
to succinate-reduced, rotenone
membranes (D) 1 min prior to 

freezing. Approximate g-factors for the 
major spectral components are given at the 
top of each spectrum. EPR conditions: fre
quency, 9.314 GHz; time constant, 0.3 s; 

1 

modulation amplitude, 0.5 mT; microwave power, 
5 mW; scanning rate, 20 mT • min-1; receiver 
amplification 60 K, 10 times; 15 K, 3 times; 
8 K, 5 times. The signal centred around g = 
2.00 in spectrum D and E- is reduced twofold 
in relation to the other signals. 

spectra of membranes from anaerobic sulphate-limited cells (not 

shown) are identical to the spectra of membranes from anaerobic 

succinate-limited cells (Fig. 1). Moreover, the NADH oxidase 

and NADH-nitrate oxidoreductase activities of membrane particles 

from anaerobic sulphate-limited cells are fully rotenone sensi

tive and are, like the NADH-ferricyanide oxidoreductase and 

nitrate reductase activities, not affected by sulphate limita

tion. Therefore, the lowered efficiency of energy conservation 

observed under anaerobic sulphate-limited conditions in the 

chemostat (Chapter V) is not due to changes in the NADH-ubi-

quinone segment of the chain as is the case with 

sulphate-limited cells grown under aerobic conditions (Chapter 

III). In view of the foregoing results it is conceivable that 

the lowering of the P/2e- ratio under anaerobic growth condi

tions with sulphate as limiting factor is caused by some toxic 
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effect of nitrite on energy metabolism, as was supposed to be 

the case during carbon source-or electron acceptor-limited 

growth under anaerobic conditions (Chapter V). 

2. Growth experiments in batch and chemostat culture 

. 2 illustrates growth of P. deni cans in batch cul-

ture with nitrate as terminal electron acceptor. Under conditions 

where the pH is kept at 7 the generation time is approximate 

2 h, while only in the late-exponential phase nitrite is detec-

table (Fig. 2A}. Y . t (g dry wt bacteria per mol succinate) succina e 
is about 42 in this type of culture. Cultures in which the pH 

is not kept constant show initially the same growth rate, but at 

about pH 7.8 the growth rate decreases considerably and a rather 

strong accumulation of nitrite is observed (Fig. 2B). Succinate 

consumption proceeds with the same rate. The final yield 

8 • 
Timt1 tl!J 

Fig. 2. Growth of P. denitrificans in batch culture at pH 7 (A) or pH un
controlled (B). The culture was continuously flushed with nitrogen. Growth 
(e); succinate consumption (CJ; nitrite accumulation (x). 

(Y is 22) is much lower than in cultures where the 
succinate 

is kept constant. Induction of these phenomena by a pH effect 

is unlikely, since the growth rate of aerobic cultures of P. 

denitrificans .remains fairly constant in the pH range 7.0 - 8.5. 

Addition of nitrite (80 ~) to cells in the logarithmic growth 

phase results in a strongly diminished growth rate, which restores 

after about 40 min, while the succinate consumption rate is not 

affected (not shown). These observations point to "uncoupled 
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growth" (29) of P. denitrificans when nitrite is present in the 

medium. 

Chemostat culture experiments with succinate or sulphate as 

limiting factor and nitrate as terminal electron acceptor show 

that the specific rate of succinate consumption (q . t ) is succina e 
not a lineair function of the specific growth rate 'fl, especi-

ally at lower values off' and that nitrite accumulates depen

ding on the specific growth rate (Fig. 3). Extracellular nitrite 

accumulation is more enhanced under conditions of sulphate

limited growth than during succinate-limited growth. Moreover, 

q . t is higher at all values of µ when sulphate is the su.ccina e f 
limiting factor. A remarkable observation is that usually sul-

phate-limited cells and succinate-limited cells harvested at low 

f values do not seem to contain sufficient endogenous substrate 

to support significant steady-state nitrite reduction (see 

Materials and Methods). The amount of endogenous substrate is 

however sufficient to drive steady-state respiration at an appre

ciable rate. Analogous results have been reported for Pseudomonas 

denitrificana (30). 

From these results we conclude as before that nitrite (or 

another possible intermediate of denitrification) induces "un

coupled growth" of P. denitrificans. 

70 
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Fig. 3. Rates of succinate consumption (q . ) in succinate-limited (el 
and sulphate-limited (A) anaerobic chemost~EcbG1tilres of P. denitrificans and 
accumulation of extracellular nitrite as a function of the specific growth 
rate y.i> (succinate limitation, O; sulphate limitation, ti.). The values of 
q . t at dilution rates higher than about 0.07 are in agreement with the 
e~R~Eig~sefor the specific rate of succinate consumption calculated in Chapter 
V (succinate limitation: q . = 0.00004 + 0.02844 ?' sulphate limitation: 
qsuccinate 0.00060 + o.oj~53i;r:e 

106 



3. Proton efflux dependent on pulses 1,;ith oxygen and nitrogenous 

oxides. Enhancement of proton conductivity the inner mem-

br•ane nitrite 

Fig. 4 illustrates recordings of pH changes which are pro

duced by addition of various terminal electron acceptors of the 

respiratory chain to anaerobic cell suspensions. A small pulse 

of nitrite (10 nmoles) causes a rapid acidification of the extra

cellular medium (Fig. 4A). The mean value for the apparent 

number of protons translocated per molecule nitrite consumed 

(+ H+/N0
2
-) is 6.4 for midexponential phase cells. Addition of 

larger quantities of nitrite {Fig. 4B-E) results in a diminished 

net protonextrusion, followed by a faster decay beyond the base 

line, the latter being a result of proton consumption during 

nitrite respiration by the following overall reaction: 

- + 3e + 4H + N02 Eq. (l) 

A much lower extent of H+-translocation is observed after a sub

sequent oxygen pulse and moreover the decay of the proton pulse 

curve is much faster than with cells which have not been exposed 

to nitrite (compare Fig. 4F and G). A similar effect on the 

proton pulse curve is obtained in the presence of the uncoupler 

CCCP {carbonyl cyanide m-chlorophenylhydrazone) {Fig. 4H), which 

exerts its uncoupling action, in terms of the chemiosmotic hypo

thesis (31), by enhancing the proton permeability of the cyto

plasmic membrane and destroys in this way the proton motive 

force ( 8. fH+) , which is the driving force for ATP synthesis and 

0~1er energy linked processes. 

Small pulses of nitrate are not accompanied by rapid outward 

proton translocation. A slow acidification of the outer medium 

is only observed after addition of a large quantity of nitrate 

(Fig. 4I). On the contrary a second pulse of the same size 

results in a slow alkalinization of the extracellular medium 

{Fig. 4J), due to proton consumption in nitrate reduction. 

A subsequent oxygen pulse causes a lower proton pulse curve 

with a shortened t~ of decay (not shown). 
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4. pH recordings of respiration-driven proton translocation with log
phase cells of P. denitrifica:ns. The proton extrusion experiments were 
carried out at the same batch. The pH recordings A-F, G + H and I + J were 
obtained in different e~peri~ents. The observed stoichiOJ1Jetry of proton 
ejection (~ H /0 or ~ H /No

2 
) , corrected for back flow, is given at the 

top of each pulse. The slow acidification observed after addition of nitrate 
(I) made it impossible to calculate a reliable~ H+/No

3
- ratio. CCCP (H) was 

present in an uncoupling concentration (1 _?Ml· Nitrate (I and J) and nitrite 
(A-El were added anaerobically. 

The experiments are performed in the presence of thiocyanate 

(permeant counter ion), which is known to chelate Mo, involved 

in intramolecular electron transport in nitrate reductase (27, 

32). Although the purified enzyme is strongly inhibited by 

thiocyanate (32), membrane-bound NADH-N0
3 

oxidoreductase acti

vity is unaffected by concentrations of thiocyanate up to 100 mM 

(P.H.M. Balm and E.M. Mei , unpublished observations). 
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Fig. 5 gives the development with time of the + H+/O ratio 

and the t~ of decay after addition of comparable quantities of 
2 

nitrite (Fig. 5A) and nitrate (Fig. SB). In contrast with ni-

trate, addition of nitrite is followed by a rapid fall of the 

+ H+/O quotient and a concomitant decrease in the t of d ~ ecay 

of the proton curve. Since the response time of our 

measuring system is about 2 s, it is possible that the extent 

of proton extrusion, due to the fast decay, is in fact higher. 

This uncoupling effect of nitrite on the proton pulse curve is 

fully reversible, although at higher concentrations of nitrite 

( 100 J1Ml irreversible effects are induced. 

10 

Fig. 5. Time-dependent effect of a single addition of nitrite (A) or nitrate 
(B) on the+ H+/O ratio for endogenous substrate (•) and the of decay 
of the proton pulse curve (~) for log-phase cells (6 mg dry grown 
anaerobically with nitrate as terminal electron acceptor. 

It has been clai~ed (4) that nitrous oxide {N2o) is an obli

gate, free intermediate in the denitrification pathway of P. 

denitrificans. In our system proton ejection is not obtained 

with nitrous oxide as terminal electron acceptor. Large amounts 

of N2o do not affect proton extrusion coupled with electron 

transport to oxygen. Small concentrations of NO, another possible 

intermediate of nitrite reduction (1), do not enhance the proton 

permeability of the cell envelope. Higher concentrations of NO 

inhibit respiration and affect in this way proton extrusion. 

From the observations described above the conclusion can be 
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drawn that nitrite itself increases the proton conductivity of 

the cytoplasmic membrane of P. denitrificans. 

The rate of nitrite reduction for log phase cells oxidizing 
-1 

endogenous substrate amounts roughly to 0.5 ?mol · s · (g dry 

wt)- 1 . This means that in the experiment illustrated in Fig. 5 

the quantity of nitrite added (48 nmoles) is consumed within 

20 s, demonstrating that the uncoupling effect of nitrite on 

proton pulse curves with oxygen is still perceptible the moment 

nitrite is absent. Nitrite concentrations up to 2 mM do not 

inhibit oxygen uptake by whole cells of P. denitrificans, as 

measured in a respirometer at pH 7-8. Membrane particles also 

show a nitrite-insensitive NADH oxidase and NADH-nitrate oxido

reductase activity. Thus the effect induced by nitrite in proton 

experiments at pH 7 (Fig. 1 and 5) cannot be explained by 

some inhibitory action of nitrite on the electron transport 

chain. Proton pulses induced by oxygen in experiments performed 

at pH 6 (33) show a greater sensitivity to concentrations of 

nitrite in the same range as used in the measurements at pH 7 

(results not shown), indicating that undissociated HN0
2 

may play 

a role in the uncoupling action of nitrite. It should be men

tioned however that interference by nitric oxide (NO) at pH 6 

cannot be excluded, since this compound may be formed at this 

pH value according to the reaction (34): 

Eq. (2) 

The results of proton translocation studies with log-phase 

cells and cells from chemostat cultures with succinate or sul

phate as limiting factor are summarized in Table 1. A mean 

value of 7.50 is found for the stoichiometry of proton trans

location associated with the oxidation of endogenous substrate 

in log-phase cells. This+ H+/O quotient is similar to the ratio 

obtained for aerobic cells (Chapter II) and since two sites of 

oxidative phosphorylation are present in heterotrophically 

grown cells (Chapter V, 35) this quotient points to a+ H+/site 

ratio of 3-4. 
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Table 1. Stoichiometry of proton translocation with oxygen as terminal elec
tron acceptor for cells grown anaerobically under different conditions. 
Prior to the oxygen pulse experiments cells were washed twice with 150 lllM 
KCl. About 4-6 mg dry wt bacteria were used in the measurements. For log
phase cells the+ H+/O ratios are presented as averages~ S.D. with the 
number of experiments at different batches in parentheses. For succinate
limited and sulphate-limited cells harvested from chemostat culture at the 
indicated p values the mean quotients are given of at least 3 pulses at the 
same batcli. 

cells 

Log phase 7.50 + 0.24(3) 44 + 6 4.29 + 0.30(3) 65 + 10 

Succinate- 0.22 7.76 50 4.53 70 
limited 

0.15 6.09 42 3.89 54 

0.09 5.24 33 3.60 36 

0.05 4.40 18 2.94 23 

0.03 3.40 14 2.40 21 

Sulphate- 0.11 4.63 23 3.50 40 
limited 

0.06 3.41 13 2.96 24 

0.02 2.13 6 1.76 19 

The observed+ H+/O ratio for cells, harvested from a succinate

limited chemostat culture and oxidizing endogenous substrate, 

decreases gradually from 7.76 at )1 = 0.22 to 3.40 at )1 = 0.03. 

Concomitantly the t~ of 

from about 50 s to 14 s. 

of the proton pulse curve decreases 

A s~milar dependency of the + H+/o ratio 

and the t~ of dec~y on )1 is observed for sulphate-limited cells. 

In addition cells oxidizing succinate (in the presence of 30 )1M 
rotenone to minimise oxidation of NADH formed from endogenous 

substrate) show the same phenomenon. Since cells used in proton 

translocation studies are washed twice with 150 mM KCl to remove 

nitrite, it is obvious that cells from succinate-limited chemo

stat cultures at lower )1 values and sulphate-limited cells are 

irreversibly affected by nitrite. 
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DISCUSSION 

The EPR spectra at 8-60 K indicate that the NADH dehydroge

nase of anaerobically grown P. denitrificans with nitrate as 

terminal electron acceptor contains the iron-sulfur centers 

1-4, showing that also under these conditions P. denitrificans 

resembles a mitochondrion very closely in this part of the 

respiratory chain (Chapter III). 

Rather surprisingly, sulphate-limited growth of P. denitri

ficans under anaerobic conditions does not result in signifi

cant changes of EPR signals due to iron-sulfur centers of NADH 

dehydrogenase or nitrate reductase, in contrast with the results 

obtained under aerobic sulphate-limited growth conditions 

(Chapter III). This may mean that under aerobic growth conditions 

sulphate limitation does not influence directly the iron-sulfur 

pattern of the NADH dehydrogenase, but that the changes observed 

in this segment of the respiratory chain are the result of an un

known regulation mechanism. Since under aerobic growth conditions 

a correlation is observed between site I phosphorylation, rote

none sensitivity and the presence of EPR signals due to iron

sulfur center 2 of the NADH dehydrogenase (Chapter III and IV), 

the presence of all four iron-sulfur centers and the rotenone

sensi ti ve site in the NADH-ubiquinone segment of anaerobically 

grown cells, suggest that site I is functional during nitrate 

respiration. 

It is obvious that the lowered efficiency of electron trans

port chain-coupled energy conservation observed under anaerobic 

conditions (Chapter V) is due to an effect of nitrite on energy 

metabolism. Firstly cells harvested during the midexponential 

growth phase, where no nitrite accumulation occurs, show the 

same efficiency as aerobic cells, as illustrated by a+ H+/O 

ratio of 7.5 and a molar growth yield for succinate of about 42. 

This yield is higher than the value generally obtained for 

anaerobic chemostat cultures (Chapter V). Secondly, the stoi

chiometry of proton translocation and the t~ of decay of the 

proton pulse curves for cells from anaerobic succinate or sul

phate-limited chemostat cultures are related to the amount of 
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nitrite accumulated in the medium. Thirdly, at the same value 

of µ, q . t is higher under conditions of sulphate limi-/ succina e -
tation than during succinate-limited growth, in combination 

with a higher level of nitrite accumulation in sulphate-limited 

chemostat cultures. It is obvious that the amount of nitrite 

accumulated in anaerobic chemostat cultures (at most about 80 

~) cannot account itself for a significant lowering of the 

calculated P/2e ratio (Chapter V). 

Finally the proton translocation studies demonstrate that on 

addition of small amounts of nitrite (about 3 ~ at pH 7) rapid 

proton ejection occurs, suggesting that nitrite respiration is 

indeed coupled to ATP synthesis. However, addition of higher 

concentrations of nitrite (about 7 ~ and higher at pH 7) results 

in a very rapid proton back flow, indicating that nitrite renders 

the envelope permeable for protons resulting in a breakdown of 

the pH gradient. In this respect, nitrite appears to have a 

similar effect on the cell envelope as CCCP (carbonyl cyanide 

m-chlorophenylhydrazone). So the uncoupling effect of nitrite 

can be explained by its proton conductivity enhancing action on 

the envelope. 

Although the uncoupling action of nitrite (pK = 3.4) is de

pendent on the pH of the outer medium, suggesting an indirect 

proton transfer across the envelope by HN02-No2 shuttle (36), 

the persistance of the enhanced proton permeability when nitrite 

has been consumed (Fig. SA) points to a direct effect of nitrite 

on the cytoplasmic membrane. This view is reinforced by the ob

servation that cells harvested from anaerobic chemostat cultures 

are apparently irreversibly damaged by nitrite with respect to 

proton permeability (Table 1). Furthermore the fact that proton 

extrusion by aerobically grown cells is not affected by nitrite, 

suggests that the membrane composition plays an important role 

in the uncoupling action of nitrite. 

Since proton translocation with succinate as exogenous sub

strate is influenced in a similar way by nitrite as with endo

genous substrate, it is clear that the uncoupling effect exerted 

by nitrite is not site specific as was concluded in Chapter V, 

based on measurements of + H+/O quotients. Obviously we over-
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looked the dependency of these quotients on the specific growth 

rate, as demonstrated in this Chapter (Table 1). In spite of 

the presence of rotenone (30 Jffi1l in the reaction medium a con

tribution of the proton translocating NADH dehydrogenase to the 

+ H+/O ratio with succinate as exogenous substrate cannot be 

excluded (Chapter IV). 

The magnitude of the protonmotive force )1H+l in phos-

phorylating membrane vesicles from P. deni was recently 

estimated (37). In the presence of 10 mM KN03 the protonmotive 

force was however not detectable during NADH oxidation. Since 

membrane vesicles from P. denitri cans reduce oxygen and ni

trate simultaneously (38) a plausible explanation is that 

nitrite interferes in these experiments by enhancing the proton 

permeability of the membrane. The same explanation can be 

applied to our observation that large amounts of nitrate induce 

only a slow acidification of the external medium in the proton 

translocation studies. 

The fact that nitrous oxide (N20) is not coupled to proton 

ejection in our system is in agreement with the observation that 

growth of P. denitri cans with N20 as terminal electron acceptor 

is absent or very poor (H.W. van Verseveld, unpublished results), 

but is in disagreement with evidence that N2o is an obligatory 

intermediate in denitrification (4). 

Saraste en Kuronen (39) could not detect stimulation of the 

nitrite reductase activity in cells of Pseudomonas a 

by uncouplers of oxidative phosphorylation. They suggest that 

nitrite itself may act as an uncoupler, in line with our results. 

The experiment of John (38), demonstrating that oxygen inhibits 

reduction of nitrate by whole cells of P. deni , shows 

a stimulation of the reduction rate of nitrate and oxygen in the 

course of the experiment. Although less than 10% of the nitrate 

reduced was recoverable as nitrite, the stimulation might be 

caused the uncoupling action of nitrite. However, we were 

unable to measure significant stimulation of respiratory chain

linked electron transport by nitrite using other methods, pro

bably by absence of a sufficient of respiratory control 

in our preparations. 
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From the foregoing it is clear that the precise mechanism 

by which nitrite renders the envelope more permeable for pro

tons remains unclarified. 

During the submission for publication of the paper covering 

this chapter, studies on respiration-dependent proton translo

cation during denitrification in P. denitrificans were published 

by Kristjansson et al. (40). In agreement with our results they 

found proton extrusion upon addition of nitrite and a 

slower acidification of the exterior phase in response to 

additions of nitrate. Contradictory to our observations, these 

workers measured significant proton translocation associated 

with nitrous oxide reduction. The+ H+/2e- ratios for nitrite 

and oxygen of respectively 3.7 and 7-8 are in accordance with 

the stoichiometries for log-phase cells given in this chapter. 
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CHAPTER VII 

LOCATION OF THE PROTON-CONSUMING SITE IN NITRITE REDUCTION AND 

STOICHIOMETRIES FOR PROTON PUMPING IN ANAEROBICALLY GROWN 

PARACOCCUS DENITRIFICANS 

Abstract. 1. With ascorbate as substrate and N, N, N', N'-tetramethyl-p
phenylenediamine (TMPD) as redox mediator between ascorbate and cytochrome 
c, addition of non-uncoupling amounts of nitrite to an anaerobic cell sus
pension of Paraoocous denitrifioans grown anaerobically with nitrate, 
results in rapid alkalinization of the outer medium. 
2. Based on the fastness of pro$on d~sappearance and the stoichiometry of 
proton consumption (average + H /NO is - 2.47) , the proton-consuming site 
in nitrite reduction must be locatea at the periplasmic face of the cyto
plasmic membrane. 
3. Since azide (0.3 mM) does not affect the rate and stoichiometry of proton 
consumption in nitrite respiration, it is concluded that nitrous oxide 
(N

2
0J is not a free, obligate intermediate in the denitrification of nitrite. 

4. A simplified proton-pumping model which agrees with our results and with 
those of other investigators is presented. 

INTRODUCTION 

Many bacteria can use nitrogenous oxides as terminal electron 

acceptor during respiration, instead of oxygen (l}. Paracocous 

deni can grow anaerobically using for instance nitrite 

as a terminal electron acceptor, the ultimate product being 

nitrogen gas (2). The reduction of nitrite is catalyzed by a 

soluble two haem (c- and d- type) nitrite reductase (3). Elec-

tron transport to nitrite involves the cytochrome (4, S} 

and is coupled to oxidative phosphorylation (Chapter V, 6). 

Addition of nitrite to an anaerobic cell suspension is indeed 

followed by rapid proton extrusion (7, Chapter VI). Since protons 

are involved in nitrite reduction, the location of the proton

consuming site in nitrite reduction (cytoplasmic or periplasmic) 

is of importance in comparing experimentally measured stoichio-

metries for proton translocation with values. Con-

results were recently reported for the location of a 

similar nitrite reductase in Pseudomonas aeruginosa (8, 9). The 

site of nitrite reduction in Paracooous denitrificans has been 

reported to be inside the cell or on the inner aspect of the 
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cytoplasmic membrane (7). However, in this paper we present 

evidence for a periplasmic location of the proton-consuming 

site in nitrite reduction in this bacterium. A proton_pumping 

model which agrees with the experimentally determined stoi

chiometries for proton extrusion with respectively oxygen and 

nitrite as oxidant will be given. 

MATERIALS AND METHODS 

Paraaoaaus was obtained from Dr. W.A. Hamilton of the 
University of Aberdeen (Scotland). Bacteria were grown anaerobically, with 
nitrate as terminal electron acceptor, in liquid medium described by Chang 
and Morris (10) with succinate (25 mM) as carbon source. Anaerobic chenostat 
experiments were performed as described previously (Chapter V). Unless other
wise stated log-phase cells harvested from batch culture were used in the 
experiments. pH changes due to respiration-driven proton translocation or 
proton consumption were recorded in the outer medium as outlined in Chapter 
II. Cytochrome c-nitrite oxidoreductase activity was measured as described 
in Chapter VI. Rotenone, antimycine A and CCCP (carbonyl cyanide m-chloro
phenylhydrazone) were added as ethanolic solutions. 

RESULTS AND DISCUSSION 

1. cation of the site of proton consumption and s 

of proton cons in nitrite reduction 

After addition of a small amount of nitrite (10 nmol) to an 

anaerobic cell suspension of P. grown anaerobi-

with nitrate as terminal electron acceptor, a rapid proton 

efflux into the outer medium is observed (Fig. lA). Using a 

higher quantity of nitrite (40 nmol) as a oxidant the 

acidification phase is practically lost, replaced a 

rapid alkalinization . lB). Addition of CCCP in an uncoup-

ling concentration (l ~) to the experiment presented in Fig. lA, 

results in the same picture (Fig. lC), demonstrating 

that nitrite, depending on the concentration, enhances the proton 

conductance of the cytoplasmic membrane (Chapter VI). 

In order to avoid interferences by proton extrusion and/or 

enhanced proton lity of the membrane we have used ascor-

bate as a reductant to explain the resulting alkalinization 
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phase. Rotenone and antimycine A are present to minimise endo

genous respiration, while TMPD (N, N, N', N'-tetramethyl-p

phenylenediamine) serves as redox mediator between ascorbate 

and cytochrome c (5). Pulses of small non-uncoupling amounts 

of nitrite (5 nmol) result in rapid alkalinization of the sus

pending medium (Fig. lD). Control experiments made clear that 

in the absence of anaerobically grown cells or in the presence 

of aerobically grown cells, lacking nitrite reductase (3, 5), 

addition of nitrite does not cause any pH change. It has been 

B {) 

•CCCP(tµM} .. ascorbafe { 1.i!mM)w TMPO f0.2 mMJ 

Iltng-ionH" 

Srol KN02 I 4,6 ng-ion H' 

~ 

*"10ft1M CCCP 

Fig. 1. pH-recordings for anaerobically grown cells of P. denitrificans 
during the oxidation of endogenous substrate (A, B, C) or ascorbate (D) 
by nitrite. Cells (4-6 mg dry weight) were allowed to equilibrate for 60 
min in 3.1 ml oxygen-free 100 mM KSCN-50 mM KCl-1.5 mM glycylglycine-buffer 
at pH 7.0, before measurements were started. Final concentration of·valino
mycine was 5 pg/ml. The reaction vessel was thermostated at 25°c. When 
ascorbate-TMPD was used as substrate, rotenone (30 pM) and antimycine A (20 
lg) were present. The pH-recordings given in Figur4 A and B were made in 
the same experiment, while the recordings of C and D were made in different 
experiments. 

reported (11) that CCCP can act as inhibitor of nitrite respi

ration in P. denitrificans at higher concentrations. Both nitrite 

respiration, measured by dual wavelength spectroscopy (Chapter 

VI), and the initial rate of proton consumption (Fig. lE) are 

inhibited for approximately 50% by 10 JIM CCCP. Furthermore the 

rate of nitrite reduction (0.40 nmol N0 2-/sec/mg dry weight) is 

in agreement with the rate of proton consumption (0.94 ngion 

H+/sec/mg dry weight) (see below). These results indicate that 
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proton consumption observed on addition of nitrite (Fig. lD) is 

linked to nitrite respiration. Since the cytoplasmic membrane 

of P. denitrificans is characterized by a low proton permeabili

ty (12), the fastness of proton disappearance can only be ex

plained by location of the proton-consuming site in nitrite 

reduction at the periplasmic face of the cytoplasmic membrane 

or by proton (hydroxide ion) coupled nitrite transport across 

the membrane. The first possibility is supported by the follo

wing evidence. Assuming that the protons needed in nitrite 

reduction (4 H+ per molecule of nitrite) are consumed from the 

outer medium and that ascorbate (at neutral pH a two electron, 

one proton donor) can donate all the reducing equivalents for 

the production of nitrogen gas from nitrite, the following 

overall reaction (where AH- denotes ascorbate) can be derived: 

Eq. (1) 

i • e • I 

+ H+/N0
2

- = -2.5 

The stoichiometry determined with four different cell preparations 

ranges from -2.32 to -2.58. The average value of -2.47 is very 

close to the one predicted by Eq. 1 and is independent of the 

presence of permeant ions {valinomycine + K+, thiocyanate) in 

the reaction medium. Based on these results, stoichiometric 

uptake of one proton (or release of one hydroxide ion) for each 

nitrite anion reduced inside the cell, as suggested by Kristjans

son et al. {7), can be excluded, since in that case values of 

-0.5 {N02 +NO), 0 {N02 + ~ N20J or 0.5 (N02 + ~ N2 ) would 

be expected. So the conclusion seems justified that the alka

linization phase is caused by proton consumption in nitrite 

reduction at the periplasmic face of the cytoplasmic membrane. 

Furthermore neither nitric oxide {NO) nor nitrous oxide {N
2
0) 

can be the end product of nitrite reduction, since stoichio

metries of respectively -1.5 and -2.0 would be expected in those 

cases. 

Azide has been reported to inhibit nitrogen production from 

nitrous oxide in P. denitrificans at low concentrations but to 
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have little or no effect on the production of nitrogen from 

nitrite (13). These results are strengthened by the observation 

that azide (0.3 mM) does not affect the rate and stoichiometry 

of proton consumption in nitrite respiration (not shown). An 

explanation might be that nitrite can counteract the inhibition 

by azide of nitrous oxide reductase activity (14). However, the 

alternative explanation that N20 is not an obligate, free inter

mediate in the denitrification of nitrite is suggested by the 

observation that ascorbate is not an effective substrate for 

N2o reduction in P. denitrifiaans (J.W. van der Zwaan and E.M. 

Meijer, unpublished results). 

2. Stoiahiometries 

nitrite as oxidant 

proton transloaation with oxygen or 

The stoichiometries of proton translocation with oxygen or 

nitrite as oxidant and endogenous substrate or succinate as reduc

tant are summarized in Table 1 for log-phase cells and cells of 

P. denitrifiaans harvested from chemostat culture at different 

values of the specific growth rate yi). The diminished values 

measured at cells harvested at lower values off can be ex

plained by an irreversible action of nitrite on the cytoplasmic 

membrane, resulting in an enhanced proton conductance (Chapter 

VI) • 

Electrons derived from endogenous substrate and succinate 

pass respectively two sites and one site of oxidative phosphory

lation in the electron transport chain to oxygen and nitrite 

(Chapter V, 4, 15). Assuming that protons involved in nitrite 

denitrification are consumed from the outer medium, in accor

dance with the foregoing results, it is possible to calculate 

from the experimentally determined+ H+/O ratios the expected 
+ - + -+ H /N02 quotients. Table l shows that·the measured + H /N02 

ratios for both endogenous substrate and succinate are in good 

agreement with the calculated ones (in parentheses), indicating 

a periplasmic location of the proton-consuming site in nitrite 

reduction. 
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Table 1. Stoichiometries of proton translocation for anaerobically grown 
cells of P. denitrificans with oxygen or nitrite as oxidant and endogenous 
substrate or succinate as reductant. Cells were isolated from batch culture 
during the log phase or from succinate-limited chemostat cultures at the 
indicated values of the specific growth rate (pl. When succinate (1.2 lllMl 
was used as substrate, rotenoni (30j1M) was present. Further conditions 
as in Fig. 2. The expected+ H /NO quotients calculated from the experi
mentally determined+ H+/O ratios, 2are given in parentheses. Since 3 
electrons and 4 protons are involved in the reduction of 1 molecule No

2
-

t~ nitrogen, the calculation is as follows: H+/No
2
- (expected) = 1.5 

H /0 (determined) -4.0 (see also text) 

Type of cells endogenous substrate succinate 

+ H+/O + H+/N0
2 

+ H+/O + -

~h-1) 
+ H /N0

2 

log-phase 7.50 6.91 (7.25) 4.29 2.47 (2.44) 

chemostat 0.22 7.76 7.08 (7.64) 4.53 2.57 (2.79) 

0.15 6.09 4.84 (5.14) 3.89 1.56 (1.84) 

0.09 5.24 3.40 (3.86) 3.60 1.30 (1.40) 

3. Proton-pumping model 

A simplified proton-pumping model which agrees with the pre

sented results and those of other investigators (2) is shown in 

Fig. 2. Nitrite reductase (cytochrome cd) has been drawn at the 

periplasmic side of the cytoplasmic membrane, since a transmem

branous orientation is highly unlikely, because of the fact 

that the enzyme is easily removed from the membrane (3, 4}. Al

though the exact orientation of nitrate reductase on the mem

brane has not been clarified yet, it has been reported that the 

nitrate binding site of nitrate reductase is on the inner aspect 

of the membrane (7, 16}. Although, as far as we know, no sepa

rate reductases concerned with denitrification of nitrite other 

than nitrite reductase have been identified in P. denitrificans, 

the production of nitrogen from nitrite by nitrite reductase must 

be regarded as tentative. 
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PER!Pi.ASMIC SPACE MEMBRANE CYTOPLASM 

Fig. 2. Simplified proton.pumping model for anaerobically grown P. denitrifi
cans. Abbreviations: Fp, Flavoproteini Fe-S, iron-sulfur center; Q, ubiqui
none; Cyt, cytochrome; Mo, Molybdenum. 
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SUMMARY 

Variations in the composition of the respiratory chain, re

flecting changes in growth conditions, can occur within a single 

species of bacterium. The aim of the research described in this 

thesis was to investigate the effects of environmental changes 

on electron transport and energy conservation associated with 

the respiratory chain (especially the NADH dehydrogenase seg

ment) of the mitochondrionlike- and strictly aerobic bacterium 

Paracoccus denitrificans. 

Following the classic experiments with yeasts, Chapter II 

describes the effects of iron- and sulphate limitation on the 

efficiency of oxidative phosphorylation in Paracoccus denitrifi

cans grown aerob.ically in chemostat culture. In contrast to 

growth under conditions of iron limitation, sulphate-limited 

growth with succinate as carbon source, results in loss of site 

I phosphorylation, as demonstrated by estimation of the P/O 

ratio in growing cells using a mathematical model, measurements 

of oxidative phosphorylation in membrane particles and 

ration-driven proton translocation in whole cells. From the 

+ H+/O ratios, obtained with cells grown under conditions of 

carbon source- and sulphate limitation and oxidizing different 

substrates, it can be concluded that the number of protons 

ected per pair of electrons per energy-conserving site (+ H+/ 

site ratio) is about 3-4, instead of 2 as postulated by the 

chemiosmotic hypothesis. 

Since it is known from literature that sulphate-limited 

growth affects the NADH dehydrogenase-linked iron-sulfur centers 

in mitochondria, the iron-sulfur pattern of the NADH-ubiquinone 

segment of the respiratory chain in Paracoccus deni 

was investigated by means of low temperature electron paramag

netic resonance (EPR) spectroscopy (Chapter III). Membrane 

prepared from succinate-limited cells and reduced with 

NADH, NADPH or dithionite show resonance signals with g values, 

line shapes and temperature dependence similar to the signals 

observed in the cytochrome-independent part of mitochondrial 

respiratory chains. Sulphate-limited, aerobic growth in chemo-
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stat culture induces loss of an EPR signal, which has proper

ties strongly resembling those of iron-sulfur center 2 of the 

NADH dehydrogenase of mitochondrial origin. The loss of this 

signal is accompanied by a decrease in the NADH oxidase and 

NADH-ferricyanide oxidoreductase activities, while also the 

kinetic behaviour of NADH dehydrogenase in the NADH-ferricya

nide oxidoreductase assay is changed. In addition, respiration 

in membrane particles from sulphate-limited cells is insensitive 

to rotenone. These observations suggest that site I phosphory

lation, rotenone sensitivity and the presence of iron-sulfur 

center 2 are correlated. 

Another approach, applied in Chapter IV, confirms this 

correlation. The presence of rotenone in the chemostat yields 

after several generation times cells, which have a rotenone

insensitive oxygen uptake. The + H+/O ratio of these cells 

is similar to the value obtained for starved cells oxidizing 

succinate, indicating that site I phosphorylation is absent. 

Membrane particles prepared from rotenone-insensitive cells 

show essentially the same phenomena as membrane preparations 

from sulphate-limited cells. 

In Chapter V P/2e ratios are presented, calculated from 

yield data obtained with anaerobic chemostat cultures with 

nitrate or nitrite as terminal electron acceptor. All the P/2e 

values are lower than can be expected on theoretical grounds. 

Measurements of respiration-driven proton translocation with 

oxygen as oxidant give similar results. Initially the absence 

of site I phosphorylation under conditions of sulphate limi

tation is proposed to be caused by changes in the NADH-ubi

quinone segment, as found under aerobic growth conditions with 

sulphate as limiting factor. The lowered P/2e values, as 

calculated from chemostat cultures with carbon source or elec

tron acceptor limitation, are considered to be the consequence 

of some toxic effect of nitrite on site I energy conservation. 

However a more detailed study of the poisoning properties 

of nitrite with respect to energy metabolism reveales that the 

toxic effect is not site specific, but is due to an increased 

proton conductance of the cytoplasmic membrane, resulting in 
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a collapse of the proton gradient across the membrane (Chapter 

VI). In contrast to sulphate-limited growth under aerobic con

ditions, sulphate limitation during anaerobic growth does not 

affect the iron-sulfur pattern of NADH dehydrogenase (and ni

trate reductase), while furthermore respiratory chain-linked 

electron transport and its inhibition by rotenone are not 

changed. Thus the low efficiencies of respiratory chain-linked 

energy conservation observed during anaerobic growth can be ex

plained, independent of the growth-limiting factor, by the 

uncoupling action of nitrite. 

Since protons are involved in nitrite reduction, the location 

of the proton-consuming site in nitrite reduction (cytoplasmic 

or periplasmic) is of importance in comparing experimentally 

measured stoichiometries for proton translocation, using nitrite 

as oxidant, with predicted values. Research on this topic is 

treated in Chapter VII. With ascorbate-TMPD as substrate, addi

tion of non-uncoupling amounts of nitrite to an anaerobic sus

pension of cells grown anaerobically with nitrate, results in 

rapid alkalinization of the outer medium. Based on the rate and 

the stoichiometry of proton disappearance, the proton-consuming 

site in nitrite reduction is located at the periplasmic face of 

the cytoplasmic membrane. It is concluded that nitrous oxide is 

not a free, obligate intermediate in nitrite denitrification, 

because azide, which inhibits N2o reduction, does not affect 

rate and stoichiometry of proton consumption in nitrite 

respiration and, moreover, N2o reduction is not supported by 

ascorbate-TMPD as substrate. A proton-pumping model, summarizing 

the results, has been given. 
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SAMENVAl'TING 

Binnen een enkele bacteriesoort kunnen, als gevolg van ver

anderingen in de groeiomstandigheden, variaties optreden in de 

samenstelling van de ademhalingsketen. Het onderzoek, dat in 

dit proefschrift wordt beschreven, had tot doel de effecten na 

te gaan van veranderingen in de groeiomstandigheden op elek-

tronentransport en energieconservering met de 

ademhalingsketen (speciaal het NADH van de strict 

aerobe, en sterk op een mitochondrie gelijkende, bacterie 

Para coccus 

Hoofdstuk II beschrijft, naar aanleiding van de klassieke 

experimenten met gisten, de effecten van zer- en sulfaat

beperking op de efficientie van de fosforylering 

in Paracoccus deni cans onder aerobe condities in de chemo-

staat gekweekt. In tegenstelling tot ij , resulteert 

sulfaatbeperkte groei, wanneer succinaat aanwezig is als kool

stofbron, in het verdwijnen van oxydatieve fosforylering bij de 

lingsplaats. Dit kan worden aangetoond door middel 

van van de P/O verhouding in groeiende cellen ge-

bruikmakend van een wiskundig model, van de efficientie 

van de fosforylering in membraanblaasjes en meting 

van de protonentranslokatie in hele cellen. Uit de + H+/O ver-

houdingen, met cellen die zijn onder sulfaat-

en condities, kan worden geconcludeerd dat het 

aantal protonen dat uitgestoten wordt per elektronenpaar dat 

een koppelingsplaats passeert, ongeveer 3-4 is, in plaats van 

2 zoals door de chemiosmotische theorie wordt gepostuleerd. 

Daar uit de literatuur bekend is dat sulfaatbeperkte groei 

invloed heeft op de ijzer-zwavel centra van het mitochondriele 

NADH , werd het ijzer-zwavel patroon van het NADH-

ubichinon segment van de ademhalingsketen in Paracoccus denitri

onderzocht met behulp van elektronenspinresonantie (ESR) 

,uitgevoerd bij lage temperatuur (Hoofdstuk III). 

Met NADH, NADPH of dithioniet membraanblaasjes, 

bereid uit cellen gegroeid onder succinaatbeperkte omstandig-

heden, worden resonantiesignalen waarvan de g waarden, 
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de vorm en de temperatuurafhankelijkheid overeenkomen met die 

van de signalen waargenomen in het cytochroomonafhankelijke 

gedeelte van de mitochondriele ademhalingsketen. Sulfaatbeperkte, 

aerobe groei in de chemostaat induceert het verlies van een 

ESR signaal, waarvan de eigenschappen sterk ken op die van 

ijzer-zwavel centrum 2 uit het NADH dehydrogenase van mitochon

driele oorsprong. Het verdwijnen van dit signaal gaat gepaard 

met een afname van de NADH oxydase en NADH ferricyanide-oxydo

reductase activiteit, terwijl ook het kinetisch gedrag van het 

NADH dehydrogenase in de NADH ferricyanide-oxydoreductase be

paling veranderd is. Daarnaast is de ademhaling in membraan

blaasjes ongevoelig geworden voor rotenon. Deze waarnemingen 

suggereren dat er een correlatie bestaat tussen oxydatieve fos

forylering bij de eerste koppelingsplaats, rotenongevoeligheid 

en de aanwezigheid van ijzer-zwavel centrum 2. 

Een andere benadering, toegepast in Hoofdstuk IV, bevestigt 

deze correlatie. Bij groei in de chemostaat in aanwezigheid 

van rotenon, krijgt men na verscheidene generaties, cellen die 

een rotenonongevoelige zuurstofopname hebben. De+ H+/O ver

houding van deze cellen is gelijk aan de waarde verkregen voor 

gehongerde cellen die succinaat oxyderen, wat erop wijst dat 

fosforyleringsplaats I afwe is. Membraanblaasjes van rotenon-

ongevoelige cellen vertonen in essentie dezelfde verschijnselen 

als membraanpreparaten van cellen die gegroeid zijn onder sul

faatbeperkte condities. 

In Hoofdstuk V warden P/2e verhoudingen gegeven, berekend 

uit groeiopbrengsten verkregen met anaerobe chemostaatcultures 

in aanwezigheid van nitraat of nitriet als uiteindelijke elek

tronenacceptor. Alle P/2e- verhoudingen zijn lager dan kan 

worden verwacht op theoretische gronden. Hetzelfde voor 

de stoichiometrie waarmee protonen over het cytoplasmamembraan 

worden verplaatst in aanwezigheid van zuurstof als elektronen

acceptor. De afwezigheid van de eerste fosforyleringsplaats 

onder sulfaatbeperkte groeiomstandigheden wordt aanvankelijk 

geweten aan veranderingen in het NADH-ubichinon segment van de 

ademhalingsketen, zoals eerder gevonden onder aerobe condities 

met sulfaat als limiterende factor. De verlaagde P/2e- waarden, 
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berekend voor koolstof- of elektronenacceptor gelimiteerde 

omstandigheden, warden gezien als het gevolg van een of ander 

toxisch effect van nitriet op de energieconservering bij de 

eerste fosforyleringsplaats. 

Een meer gedetailleerde studie van de toxische eigenschappen 

van nitriet ten aanzien van het energiemetabolisme {Hoofdstuk 

VI) onthult echter dat het toxisch effect niet plaatsspecifiek 

is, maar dat nitriet een toename in de protonengeleidbaarheid 

van het cytoplasmamembraan induceert, resulterend in een ver

nietiging van de protonengradient over het membraan. In tegen

stelling tot sulfaatbeperkte groei onder aerobe condities, 

heeft sulfaatbeperking gedurende anaerobe geen invloed op 

de ijzer-zwavel centra van het NADH dehydrogenase (en het ni

traatreductase), terwijl tevens de ademhaling, en de rotenonge

voeligheid daarvan, niet zijn veranderd. Dit betekent dat de 

lage P/2e waarden waargenomen tijdens anaerobe groei, onaf

hankelijk van de groeibeperkende factor kunnen warden verklaard 

door de ontkoppelende werking van nitriet. 

Daar protonen zijn betrokken de reductie van nitriet, is 

de bepaling van de (cytoplasmatisch of periplasmatisch) 

waar protonen warden verbruikt gedurende de reductie van nitriet 
+ -van belang, wanneer we de experimenteel bepaalde + H /N02 

waarden willen vergelijken met de voorspelde verhoudingen. Onder

zoek betreffende dit onderwerp wordt behandeld in Hoofdstuk VII. 

Met ascorbaat-TMPD als substraat resulteert de toevoeging van 

nitriet, in niet-ontkoppelende hoeveelheden, aan een anaerobe 

suspensie van cellen, die anaeroob gekweekt zijn met nitraat, 

in snelle alkalisering van het buitenmedium. Op grand van de 

snelheid en de s'toichiometrie waarmee protonen verdwijnen, moet 

de plaats waar protonen warden verbruikt in de nitrietreductie 

gelegen zijn aan de periplasmatische kant van het cytoplasma

membraan. Daar azide, een remmer van de N2o reductie, de snel

heid en de stoichiometrie waarmee protonen warden verbruikt in 

de nitrietreductie niet belnvloedt en bovendien ascorbaat-TMPD 

geen goed substraat is voor N
2
o reductie, kan warden geconclu

deerd dat N2o geen , obligaat intermediair in de nitriet

denitrificatie is. De resultaten zijn tenslotte samengevat in 

een model, waarin de protonenbewegingen warden weergegeven. 
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III 
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E3 en de colicine E3-receptor verhoogt. 
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IV 

De vergelijking van de energieproduktie gedurende nitraatrespiratie in ver
schillende bacterien is misleidend, als niet tevens wordt vermeld, dat 
nitraatreductie bij deze bacterien tot de vorming van verschillende produkten 
aanleiding geeft. 
Laanbroek, H.J. & Veldkamp, H. (1979) Arch. Microbial. 120, 47-51. 

v 

Het is een fundamenteel rechtsbeginsel dat partijen gelijke kansen krijgen 
hun belangen te verdedigen: derhalve mogen de kosten van een onafhankelijk 
belastingadvies nimmer een belemmering vormen om een beroep te doen op fiscaal
juridische bijstand. 

VI 

Accountantskantoren dienen verplicht gesteld te warden hun jaarrekeningen 
te publiceren, opdat de kosten van de verklaringen aangaande de jaarrekeningen 
van ondernemingen ten behoeve van het "maatschappelijk verkeer" ter kennis 
worden gebracht van het "maatschappelijk verkeer". 



VII 

De sterke oppositie tegen de bezuinigingsplannen in Bestek '81 is voor een 
belangrijk deel te wijten aan het feit dat het kabinet van Agt het mes, 
traditiegetrouw, rechts hanteert. 

VIII 

In discussies over het dalende kerkbezoek wordt het begrip "randkerkelijkheid" 
teh onrechte in verband gebracht met een verminderde geloofsinteresse. 

IX 

Het aanduiden van somrnige wantoestanden met termen als "beestachtig" of "bij 
de beesten af" doet tekort aan de humane aspecten in het dierlijk gedrag. 
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