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Abstract. The inhibiton of fructose utilization by whole cells of Hydrogenomonas 
eutropha H 16, following the addition of hydrogen to the gas phase, has been ex- 
plained as an inhibition of glucose 6-phosphate dehydrogenase (Blackkolb and 
Schlegel, 1968a, b). 

The intracellular concentrations of glucose 6-phosphate, 6-phosphogluconate, 
three inhibitors of the enzyme (NADH, ATP and phosphoenolpyruvate) and some 
related metabolites were measured in cells incubated in the presence and absence of 
hydrogen. 

Inhibiton of glucose 6-phosphate dehydrogenase was confirmed by an increase 
in the glucose 6-phosphate pool and a decrease in the 6-phosphogluconate concen- 
tration. The regulatory control is apparently due to a threefold increase in the NADH 
concentration while the concentrations of the other two inhibitors fell slightly. 
When the measured intracellular concentrations of intermediates were used in the 
in vitro assay of glucose 6-phosphate dehydrogenase activity, an almost total in- 
hibition of the dehydrogenase was observed, therefore further regulatory factors 
must be considered. 

Key words: Intraeellular Concentrations --  Pool Size (PEP, ATP, ADP, AMP, 
NAD, NADH, G-6-P, 6-PG, F-6-P) --  Glucose 6-Phosphate Dehydrogenase --  
Enzyme Regulation. 

Ax iomat i ca l ly ,  the  flux of  me tabo l i t e s  in vivo is a d j u s t e d  to  the  needs 
of  the  cell b y  a l te r ing  the  r a t e  of  enzyme  synthesis ,  b y  enzyme  modi-  
f icat ion and  b y  modu la t i on  of  enzyme  ac t iv i ty .  Many  d a t a  exis t  de- 
scr ibing the  k ine t ic  behav iour  of  r egu la to ry  enzymes  and  the i r  sens i t iv i ty  
to  me tabo l i t e s  and  coenzymes in vitro, b u t  evidence for the  impor t ance  of  
mos t  of  these  proper t ies  in vivo is st i l l  lacking.  

Hydrogenomonas eutropha H 16 is a ehemol i thoau to t roph ic  hyd rogen  
bac t e r i um which induc ib ly  degrades  f ructose  b y  the  En tne r -Doudoro f f  
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p a t h w a y  (Got t scha lk  et al., 1964). The synthes is  of  the  enzymes  of  fruc- 
tose degrada t ion  is repressed b y  the  presence of  hydrogen  (Got tschalk ,  
1965) and  the  a c t i v i t y  of  t he  induced  enzyme sys tem is inh ib i t ed  b y  the  
presence of  hydrogen  (Blackkolb  and  Schlegel, 1968a). On physiological  
evidence,  B lackko lb  and  Schlegel (1968a) loca ted  this  inh ib i t ion  pri-  
ma r i l y  as a funct ion  of  glucose 6 -phospha te  dehydrogenase .  The  purif ied 
enzyme is sub jec t  to  compet i t ive  inh ib i t ion  b y  N A D H  a t  the  NAD(P)  + 
b ind ing  si te (Blaekkolb  and  Sehlegel, 1968b) and  to  inh ib i t ion  b y  A T P  
(Blackkolb  a n d  Schlegel, 1968b) and  phosphoenolpyruvate (Tunai l  and  
Sehlegel,  1972) which  bo th  increase the  s igmoid i ty  o f  t he  glucose 6- 
phospha te  s a tu r a t i on  curves.  B laekko lb  and  Schlegel (1968b) argue tha t ,  
as hydrogen  serves as an  add i t iona l  hydrogen  donor  and  energy  source, 
N A D H  and  A T P  m a y  be e x p e c t e d ' t o  be d i rec t  media to r s  of  t he  effect 
exer ted  b y  hydrogen .  

To tes t  the  hypothes is  t h a t  glucose 6-phospha te  dehydrogenase  
suffers inh ib i t ion  on the  add i t i on  of  hydrogen  to  the  gas phase,  t he  
in t race l lu la r  concent ra t ions  of  subs t r a t e  (glucose 6-phosphate)  and  
p roduc t  (6-phosphogluconate)  were followed when cell suspensions were 
successively exposed  to  a tmospheres  of  a i r  and  a hydrogen  -~ oxygen  
mix tu re  (Knallgas) .  S imul taneous ly ,  the  concent ra t ions  of  inhib i tors  
(NADH,  A T P  and  phosphoenolpyruvate) and  o the r  me tabo l i t e s  (ADP,  
AMP,  N A D  + and  fructose 6-phosphate)  were measured  to  e s t ima te  the i r  
role in control.  A p re l imina ry  r epo r t  of p a r t  of  th is  work  has  been pub-  
l ished (Cook and  Bowien, 1973). 

Mater ia ls  and Methods 

Growth Conditions and Experiments in Celt Suspensions. Hydrogenomonas 
eutropha H 16 (ATCC 17699, Wilde, 1962) was grown heterotrophically under air 
with 30 m]~ fructose as carbon source and the mineral medium and growth con- 
ditions described by Schlegel et al. (1961 a). Cells were harvested (6000 g, 30 min, 
4 ~ C) in the exponential growth phase, washed twice in 0.067 ]V[ phosphate buffer 
pH 7.0, and resuspended to a cell density of 1.5--2 mg dry wt./ml in complete or 
nitrogen-free mineral medium. Cell suspensions (55 ml) were gassed by a magneti- 
cally driven stirring bar (3 cm, 900 rev./min) in a stoppered 200 ml Erlenmeyer flask 
at 30~ The gas mixture [250 ml/min, air or Knallgas (200/0 03 + 800/0 H2)] was 
led through tubes in the stopper. Samples (i.0 ml) were taken with a syringe through 
a short needle in a stopper in the side of the flask. The sample was quenched im- 
mediately, either in 0.25 ml of 0.25 M NaOtt at 85 ~ C, extracted at 85 ~ C for 10 rain 
and stored on ice, or quenched in 2.0 Inl of 0.85 M perchloric acid at room tempera- 
ture (20--24~ extracted for 40 min at room temperature and stored on ice. The 
time delay between starting to take a sample and quenching was approx. 5 see. Cell 
debris was removed from the samples by centrifugation (40000 g, 20 rain, 4~ and 
the supernatant fluid decanted into chilled tubes. Portions of the acidified extracts 
were neutralized (pH 7.2) with 5.5 M KOtt  and the clarified supernatant solutions 
stored at --  30 ~ C. Portions (0.8 ml) of the alkaline extracts were neutralized (30 ~l 
of 1 M KH2P04), NADH oxidized to NAD + (50 tzl of 10 mM pyruvate containing 
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12 [~g lactate dehydrogenasc, room temperature, 30 rain), the mixture deproteinized 
on ice with 0.5 ml of 1.3 M perchlorie acid, and the sample treated subsequently as 
an acid extract. 

After the addition of fructose to the cell suspension, a steady state (i.e. constant 
pool sizes) was attained within 30 rain. In  replicate experiments, different pool sizes 
were observed (e.g. ATP 3--5 raM) but the patterns of changes were similar ff the 
gassing was adequate. 

Determinations el Intracellular Concentrations el Metabolites. Quantitative 
estimates of metabolic intermediates were obtained by the fluorimetric detection of 
NAD(P)tt in NAD(P)+-coupled enzymic reactions in Eppendorf Finorimeters 
(Eppendorf Ger~tebau, Hamburg, W.-Germany) as described by Estabrook and 
Maitra (1962), Maitra and Estabrook (1964) and Williamson and Corkey (1969). 
These intermediates were considered to be uniformly distributed in the cell water; 
samples of cell suspensions were filtered and analyses of the filtrates showed that 
less than 5 ~ of the metabolites were outside the cell. The cell water enclosed by the 
membrane was measured by the method of Reid and Frank (1966) using [14C] 
glucose, which does not penetrate the membrane of this organism (Gottschalk, 1964). 
A value of 1.14 i• cell water/rag dry wt. was observed in cells lacking the storage 
material poly-fl-hydroxybutyrate; when cells then accumulated the storage material 
no increase in cell water was observed. Bacterial dry weight was measured turbi- 
dimetrically, by reference to a standard curve, at a wavelength of 436 nm in 1 em 
pathlengbh euvettes in a Zeiss PMQ II Speetrophotometer (Carl Zeiss, Ober- 
kochen/Wfirtt., W.-Germany). One turbidity unit (E438 = 1.0) was observed to be 
equivalent to 176 [xg bacterial dry wt./ml when measured in dilutions of turbidity 
less than 0.3. 

Measurement o[ Glucose 6-Phosphate Dehydrogenase Activity. Cell-free extracts 
containing glucose 6-phosphate dehydrogenase with a specific activity of 200 ~mole/ 
mg protein were obtained from organisms grown in fructose-salts medium, as de- 
scribed by Blaekkolb and Sehlegel (1968b). The enzyme assay was that of Black- 
kolb and Sehlegel (1968b) but with the buffer added at a higher concentration to 
compensate for dilution on addition of the intermediates under test. Assays of 
enzyme activity were done at 30~ in 1 cm pathlength cuvettes at 340 nm in a 
Zeiss PMQ I I  Spectrophotometer linked to a Servogor recorder (Metrawatt AG, 
Nfirnberg, W.-Germany). Reactions were started by the addition of extract. 

Materials. Enzymes and bioehemicals were obtained from Boehringer Mann- 
helm GmbH, W.-Germany. Chemicals were purchased from E. Merck, Darmstadt, 
W.-Germany. The Radioehemical Centre, Amersham, Bucks., UK, provided the 
[1-14C] glucose. 

Results 

In t race l lu la r  Metaboli te  Concentra t ions  

W h e n  cells of Hydrogenomonas eutropha H 16, which had  been grown 
in  fructose-salts medium,  were resuspended under  non-growing condit ions 
in  the presence of fructose and  with an  atmosphere of air, the t u r b i d i t y  
rose (Fig. 1 a) due to the synthesis and  accumula t ion  of poly-fl-hych'oxy- 
b u t y r a t e  (Schlegel et al., 1961 b). W h e n  the gas atmosphere was changed 
from air to Knal lgas ,  the rate of accumula t ion  of poly-f l -hydroxybutyra te  
decreased (Fig. l a). Simul taneously ,  the pool of glucose 6-phosphate 
spiked upwards  and  t h a t  of 6-phosphogluconate spiked downwards 
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:Fig. 1 a--d. The effect of a change in the gas atmosphere from air to Knallgas (800/0 
H~ ~- 20~ 03) on the pool sizes of metabolic intermediates in non-growing cells of 
Hydrogenomonas eutropha H 16. Cells grown in fructose-salts medium were har- 
vested, washed and resuspended in nitrogen-free mineral medium. Fructose, to a 
final concentration of 40 raM, was added to the aerated cell suspension. Samples 
were taken at intervals for turbidity measurements and for pool size estimations as 
detailed in the Methods section. At the time indicated (4), the gas atmosphere was 

changed from air to Knallgas 

(Fig. l b). This bchaviour  of  the substratc  and product  of  glucose 6- 
phosphate  dehydrogenase proved t h a t  the enzyme was inhibited in vivo. 

The transi t ion t ime between the  two s teady states was of  the order of  
20- -25  rain for all intermediates,  and each pool approached the  new 
s teady state by  overshoot  (Fig. 1 b - -d) .  

Glucose 6-phosphate dehydrogenase has three characterized iu- 
hibitors, N A D H ,  A T P  and phosphoenolpyruvate. Of these, N A D H  
increased threefold in concentrat ion (Fig. 1 c ; f rom 0.5 mM to  1.4 mM at  a 
constant  tota l  pyridine nucleotide pool) while both  A T P  and phospho- 
eno/pyruvate showed small decreases in concentrat ion (Fig. 1 d). 
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The total pool of adenine nucleotides showed little change (a loss of 
6~ on the transition and the energy charge fell from 0.86 to 0.78, also 
by  overshoot (not sho~m). 

Growth of Hydrogenomonas eutropha was also inhibited by a change in 
the gas phase from air to Knallgas. A similar pat tern of alterations in 
pool sizes and energy charge was seen, with the additional effect tha t  the 
total pool of adenine nueleotidcs fell by 49 ~ during the transition (not 
shown). 

Inhibition of Glucose 6-Phosphate Dehydrogenase 

Glucose 6-phosphate dehydrogenase is sensitive to ATP, phosphoenol- 
pyruvate  and NADH. At the concentrations measured under steady state 
conditions each metabolite (free ATP, phosphoenolpyruvate or NADtt ;  
Table 1) was highly inhibitory to the enzyme (Blackkolb and Schlegel, 
1968 b). I t  was, however, not possible to predict the extent  of cumulative 
inhibition in the presence of all three inhibitory compounds. Therefore, 
assays of enzyme activity were done with the various combinations of the 
inhibitors and substrates to simulate the in vivo conditions (Table 1); 
NAD + was present in these assays, but  had little effect on the rates (not 
tabulated) except to alleviate NADH inhibition by 15--20~ when the 
latter alone was added. The measured activities confirmed the idea that  
there was strong inhibition of the dehydrogenase under both simulated 
steady state conditions (air or Knallgas as gas phase) and that  there was 
no simple relationship between the presence of single and multiple in- 
hibitors except that  the presence of another inhibitor always intensified 
the effect. 

Although the activity of the dehydrogenase was lower in the presence 
of the pool-sizes representing a Knallgas atmosphere, the very strong 
inhibitions observed prompted us to compare the in vitro and in vivo 
rates of the enzyme. The initial rate of poly-fl-hydroxybutyrate synthesis 
in Fig. l a (110 nmol monomer/rain- ml; the increase in turbidi ty was 
considered to be entirely due to poly-fl-hydroxybutyrate synthesis) was 
far in excess of the estimated activity of the glucose 6-phosphate de- 
hydrogenase (14nmol glucose 6-phosphate/min-ml).  The figure of 
14 nmol/min,  ml was calculated by considering the initial turbidi ty 
(Et~ = 8.5) equivalent to 1.4 mg dry wt./ml i.e. 0.72 mg protein/ml or 
0.172 units/ml of glucose 6-phosphate dehydrogenase [specific activity 
of 0.24 units/ml; Blackkolb and Schlegel (1968b)] which operates at only 
8~ activity. Assays were then done at  the pH-value observed in the 
cytoplasm of fructose-grown organisms of Hydrogonomonas eutropha H 16 
(pH 7.2; Ahrens, 1970). This did alleviate the effect due to single and 
even pairs of effeetors, but  the overall picture of very severe inhibition 

19" 
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Table 1. The effects of metabolites on glucose 6-phosphate dehydrogenase from 
Hydrogenomonas eutropha H 16 

The in vitro assays of glucose 6-phosphate dehydrogenase activity was done 
using the indicated intracellular concentrations of metabolites which were measured 
in Hydrogsnomonas cells under steady state conditions in the presence of fructose and 
gassed with air or Knallgas (800/0 H e -~ 200/0 03) (data from Fig. 1). Reaction rates 
are given as a percentage of the enzyme activity under the standard conditions 
given in the "Method" section. 

Metabolites 

Gas phase 

Air Knallgas 

Concen- Enzyme ac- Concen- Enzyme ac- 
tration mM tivity, ~ of tration mM tivity, ~ of 

standard standard 
conditions conditions 

pH pH pH pH 
7.6 7.2 7.6 7.2 

Glucose 6-phosphate 1.2 

ATP (free) a,b 0.21 

Phosphoenol- 
pyruvatc 1.08 

NADH 0.45 

ATP ~ Phos- 
phoenolpyruvate 0.21 =~ 1.08 

ATP ~ NADH 0.12 ~ 0.35 

Phosphoenol- 
pyruvate 
-t- NADH 1.08 -~ 0.45 

ATP Jr NADH ~- 
Phosphoenol- 
pyruvate 

75 94 1.8 89 94 

21 ~49 0.14 70 57 

17 33 0.97 37 no value 

50 67 1.4 ~ 2 4 

8 15 0.14 -[- 0.97 35 26 

20 34 0.14 ~- 1.4 ~ 2 4 

8 9 0.97 -{- 1.4 ~ 2 ~ 2 

0.21 + 0.45 8 9 0.14 -~ 1.4 ~ 2 ~ 2 
+ 1.08 -~ 0.97 

a Only free ATP inhibits (Blackkolb and Schlegel, 1968b); the concentration is 
an adaption from Table 2 of Blair (1970) using the total ATP pool and energy charge 
derived from Fig. 1. 

In this and the following enzyme activity measurements the concentration of 
glucose 6-phosphate was 1.2 or 1.8 mM as appropriate. 

in  the presence of all inhibi tors  was unchanged  (Table 1, bo t tom line), an  
observat ion repeated a t  the  pH op t imum (8.2) of the  enzyme. 

D i s c u s s i o n  

E n z y m e  inh ib i t ion  in vivo has been clearly established (Fig. 1 b). The 
behaviour  of t h e  pools of subst ra te  and  product  follows the predicted 
theoretical  pa t t e rn  (Webb, 1963), fulfills Krebs  (1957)principle t h a t  the  
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concentration of the substrate of a regulated enzyme should change in the 
opposite direction to the change in the rate of flow through the reaction, 
and may be compared to the evidence indicating tha t  ribulose-l,5-di- 
phosphate is the CO S acceptor and 3-phosphoglycerate is the observed 
product of the Calvin cycle of C02 fixation (Wilson and Calvin, 1955). 

The transition time between the 2 steady states (20 to 30 rain) is very 
long compared to the relaxation time of enzymes (3--300 msec for de- 
hydrogenases; Gutfreund, 1971) and the transient time between steady 
states in the redox chain ( i5--30 sec; Chance and Williams, 1956), and 
presumably reflects the very  large number of interactions in integreted 
cell metabolism, different facets of which may be seen in Fig. 1. 

The transient accumulation of fructose 6-phosphate is interpreted as 
reflecting equilibrium in the phosphoglucose isomerase reaction, and 
adenylate kinase is presumed to catalyze the alterations in the adenine 
nucleotide pools. The loss of adenine nucleotide from cells during the 
transition phase under growth conditions resembles similar patterns seen 
on cessation of growth (Chapman st al., 1971 ; B/~chi and Ettlinger, 1973) 
and possibly indicates the presence of AMP nucleosidase (Schramm, 1973) 
in this organism. 

The evaluation of data derived from pool-size measurements has been 
critically reviewed (Sols and Marco, 1970; Rolleston, 1972; see also 
Reeves and Sols, 1973) and questioned (Atkinson, 1969). The problems of 
interpretations are highlighted in this work, where the observed level 
of glucose 6-phosphate dehydrogenase activity, measured as the rate of 
poly-fl-hydroxybutyrate synthesis, is 8-fold higher than the in  vitro 
activity of the enzyme under simulated intracellular conditions. The use 
of standard enzyme kinetics for this calculation appears to be generally 
valid as the glucose 6-phosphate concentration of 1.5 • 0.3 ram is some 
33-fold in excess of the enzyme concentration (46 [zM), although other 
ligands, notably ATP (Table 1), are present at lower concentrations and 
larger proportions ~ l l  be enzyme bound. The intracellular enzyme con- 
centration ws, s estimated from the specific activities of the crude cell 
extract  and the purified protein [(0.24 and 22.4 units/rag protein re- 
spectively; Blackkolb and Sehlegel (1968b)], a representative molecular 
weight [105000; Bonsignore and de Flora (1972)] and a cell water of 
2.2 al/mg protein. The measurement of enzyme activity depends on the 
accuracy of the pool-size measurements, and Table 1 (especially the first 
4 lines, comparing the 2 steady states) indicates the very considerable 
changes in enzyme activity to be expected from small variations in 
metabolite concentrations. Error in either the measurement of the 
quantities of metabolites present or of cell water would markedly alter the 
results, and the effect of compartition in the bacterial cell (e.g. Davis 
st al., 1969; MacNab et al., 1973) has an unknown effect on the distri- 
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bu t ion  of  metabo l i t e s  in cell water .  Should  the  assumpt ions  descr ibed  
above  be correct ,  an  as y e t  unident i f ied  ac t i va to r  of  th is  ca tabol ic  en- 
zyme  could expla in  t he  d i sc repancy  be tween  observed  in  vivo and  in  vitro 
ra tes .  Fu r the r ,  t he  d a t a  emphas ize  t he  cau t ion  t h a t  mus t  be observed  
when ex t r apo l a t i ng  f rom enzyme kinet ics  to  the  roles of  enzyme effectors 

inside the  cell. 

Note Added in Proo/. The glucose 6-phosphate dehydrogenase of rat  liver is 
inhibited by NADPH, and a recent report by Eggleston and Krebs [Bioehem. J. 
188, 425--435 (1974)] shows that  oxidized glutathione (0.2 raM) totally relieves this 
effect in liver homogenates. Oxidized glut~thione (0.2--0.6 raM) did not relieve 
inhibition of glucose-6-phosphate dehydrogenase by NADH in extracts of Hydro- 
genomonas eutropha H 16. 
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