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P-Ketoadipate induces catabolic enzymes in Pseudomonas putida. The compound is trans- 
ported by a system which also concentrates adipate, a non-metabolizable analogue of 
P-ketoadipate. The natural substrate, /3-ketoadipate, competitively inhibits adipate 
transport with a K, of 0.04 mM, lower than the K, of 0.23 mM observed with adipate. 
Transport is inhibited competitively by succinate (K, 1.3 mM) and non-competitively by 
acetate (4 5.3 mM). The system has a sharp pH optimum at 5.5. Transport activity is 
stimulated by a variety of ions, and salt concentrations in excess of 0-1 M are required to 
achieve optimal rates of influx. The transport system is inhibited by proton conductors and 
thiol reagents. Membrane vesicle preparations concentrate adipate when supplied with an 
oxidizable energy source. Induction of the transport system does not allow the rapid 
utilization of exogenous /9-ketoadipate. Nevertheless, the system has been conserved in the 
evolution of divergent Pseudomonas species. The selective value of the /3-ketoadipate trans- 
port system may lie in its apparent function in chemotaxis and in its ability to control 
intracellular concentrations of the inducing metabolite, /9-ketoadipate. 

INTRODUCTION 

fl-Ketoadipate is a regulatory metabolite in fluorescent pseudomonads (Ornston & Parke, 
1977), and it induces the co-ordinate synthesis of three catabolic enzymes that give rise to it 
during the dissimilation of protocatechuate (Fig. 1). In Pseudomonas putida strain PRS2000, 
the enzymes share a regulatory gene with a transport system that acts on adipate, a chemical 
analogue of 8-ketoadipate (Ornston & Parke, 1976). The regulatory gene lies near the struc- 
tural gene for the enzymes (Thayer & Wheelis, 1976), and mutations in the regulatory gene 
Iead to the constitutive production of both the enzymes and the transport system (Parke & 
Ornston, 1976). The biological distribution of the transport system has not been explored 
hitherto, but continuing pressure for its selection would lead to its evolutionary conservation 
in pseudomonads that share the induction pattern of P. putida (Omston, 1971). 

The transport system possesses several anomalous properties. Its biosynthetic regulation 
appears to be relatively lax: it is induced in wild-type P. putida cultures only a few-fold by 
concentrations of /3-ketoadipate that cause a S fo ld  induction of enzymes of the p-keto- 
adipate pathway (Parke & Omston, 1976). Utilization of /3-ketoadipate as a growth sub- 
strate is limited by transport of the compound into P. putida (Stanier, 1947). Transport of 
adipate by the system is inhibited by a number of dicarboxylic acids (Ornston & Parke, 
1976), and this raises the possibility that the system is, in whole or in part, a general trans- 
port system that acts on dicarboxylic acids of the tricarboxylic acid cycle. 

In this paper, we summarize kinetic and physical studies supporting the conclusion that 
p-ketoadipate is the natural substrate of the transport system which is structurally and 
functionally unlike other dicarboxylic acid transport systems of fluorescent pseudomonads 
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Fig. 1. The role of P-ketoadipate as an inducer in fluorescent pseudomonads. Enzymes mediating 
the conversion of protocatechuate to succinate and acetyl-CoA are known collectively as the 
enzymes of the P-ketoadipate pathway. &Carboxy-cis,cis-muconate lactonizing enzyme, y-carboxy- 
muconolactone decarboxylase and p-ketoadipate enol-Iactone hydrolase are coordinately induced 
by their product, 18-ketoadipate. The synthesis of protocatechuate oxygenase is induced by proto- 
catechuate, and the inducer of the thiolase is unknown. 
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(Dubler et al., 1974; Stinson et al., 1976). In addition, we show that the inducible /?-keto- 
adipate transport system is widely distributed among bacteria that govern the /3-ketoadipate 
pathway by the induction mechanisms employed by representatives of P.  putida. 

METHODS 

Strains. Strain PRS2OOO was selected from strain 90 of Pseudomonus putida, biotype A (Stanier et ul., 
1966), on the basis of its ability to grow at the expense of cis,&-muconate. This property proved to be 
genetically unstable, and now the two strains are phenotypically indistinguishable (Meagher et al., 1972). 
Strain PRS2015, derived from strain PRS2000, carries a deletion in cufB, the structural gene for muconate 
lactonizing enzyme (Wheelis & Ornston, 1972). Sequential transfer of PRS2015 cultures between growth 
media containing succinate as a sole carbon source and growth media containing p-ketoadipate as sole 
carbon source enriched strain PRS2178 which constitutively forms the B-ketoadipate transport system and 
the three enzymes that convert p-carboxymuconate to /9-ketoadipate (Parke 83; Ornston, 1976). Natural 
isolates of P. pirtidu and Pseudomonasfluorescens are represented by the strain designations given by Stanier 
et al. (1 966). 

Cidture conditions. All cultures were grown overnight at 30 "C in defined mineral medium (Ornston & 
Stanier, 1966) from a 17; (v/v) inoculum grown in the same medium. Aeration was provided by shaking 
500 ml flasks containing 150 ml cultures in a New Brunswick environmental incubator. Carbon sources 
were sterilized in an autoclave, stored as 0.5 M solutions, and added aseptically just before inoculation to 
give concentrations of 5 m~ (p-hydroxybenzoate) or 10 m~ (succinate or glucose). Cultures were harvested 
in stationary phase; transport activity is most fully expressed in such cells, and the activity remains constant 
in cell suspensions stored at room temperature in 0.85 % (w/v) NaCl for 2 d. 

Transport assay. Cultures were harvested at 20 "C by centrifugation, washed twice with 0.85% NaCl, 
and resuspended in the saline solution to a final concentration of 12.5 mg dry wt ml-l. The concentrated cell 
suspension was diluted 10-fold into buffer for transport assays; the final cell concentration of 1.25 mg dry wt 

ml-l corresponded to a turbidity of 375 Klett Units when measured in a Klett-Summerson meter equipped 
with a no. 66 filter. Unless otherwise stated, the assay buffer was 0.2 M - N ~ H ~ P O ~ ,  pH 5-7, at 35 "C. Transport 
was initiated by addition of [l,6J4C]adipate to a final concentration of 1.0~~. At intervals, 0.2 ml samples 
were taken and rapidly filtered through prewetted membrane filters (Millipore; no. PHWPO2500). Samples 
were washed three times with 2 ml assay buffer; the filter was blotted dry, and radioactivity was counted in a 
Beckman LS3133 liquid scintillation spectrometer. Influx is expressed as pmol adipate (mg dry wt)-l min-l. 
All values were corrected for non-specific binding of radioactive adipate determined by addition of il'C]adipate 
directly to whole cells trapped on a membrane filter, followed immediately by the standard washing pro- 
cedure. The correction represented less than 5 %  of full activity. 

inhibitor studies. Each inhibitor was incubated with the cell suspension for 5 min prior to initiation of the 
transport reaction. Since arsenate effects cannot be determined in the presence of phosphate bufFers, a buffer 
containing 0.01 M-pyridine and 0.1 M-(NH~)~SO~, pH 5.7, was substituted for the assay buffer in experiments 
involving arsenate. Anaerobiosis was achieved by placing reaction vessels containing the cell suspensions 
in vucuo and then filling each vessel with purified Nz to 35 kPa. Cells were not preincubated with /9-ketoadi- 
pate, succinate or acetate prior to kinetic studies with these compounds. Rather, the compounds were added 
simultaneously with the radioactive adipate solution. 

Membrane vesicles. Membrane vesicles were prepared according to the method of Kaback (1971) from 
overnight cultures grown at the expense of lOm~-glucose. As determined by the method of Lowry, the 
protein concentration in the vesicle preparations was 3 to 4 mgml-l; the intravesicular volume of such 
preparations has been estimated to be 2 pl (mg protein)-' (Kaback & Barnes, 1971). Transport rates in mm-  
brane vesicles were determined by the addition of P'CJadipate or [W]succinate to a reaction vessel contain- 
ing 75 pg vesicle protein, 10 m-MgS04,  20 m-D-lactate and 50 m-Na0HPO4, pH 6.6, in a final volume of 
50 pi. The reaction was terminated after 2 min by addition of 2.0 mlO.1 M-LiCl. The vesicles were collected 
by filtration, washed once with 2.0ml0.1 M-LiCl, and the filters were placed in 10 ml of New England Nuclear 
Biofluor for counting in a Beckman LS3 133 liquid scintillation spectrometer. 

Chemicals. [1,6-14C]Adipic acid, specific activity 7.6 mCi mmol-1 (280 MBq mmol-l), was purchased from 
ICN Pharmaceuticals. [1,4J4C]Succinic acid, specific activity 35.5 mCi mmol-l (1.31 GBq mmol-l), was 
purchased from New England Nuclear. /3-Ketoadipic acid was synthesized according to the method of 
Riegel & Lilienfeld (1945). All other chemicals were obtained from commercial sources. 
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Fig. 2. Meet of pH on the initial rate of adipate transport in P. putidu strain PRS2178. The trans- 
port assay was conducted at 23 "C using a 1.0 ml cell suspension (1.25 mg dry wt ml-l) in the appro- 
priate buiTer. The reaction was initiated by addition of l.Op~-[~T]adipate, and samples (0.25 mg 
dry wt) were taken at 30 and 60 s. The buiTerswereO.2 ruf-sodium phosphate (0) and 10 m-pyridine 
plus 0-2 M-sodium phosphate (a). All buffers were 0 2  M with respect to phosphate. 

Fig. 3. Iduence of ionic strength on the initial rate of adipate transport in P. putidu strain PRS2178. 
Cells were harvested and washed as described in Table 1. Transport assays (0) were conducted at 
35 "C and conductivity (a) was measured using a YSI model 31 Conductivity Bridge. Cells were 
incubated at a concentration of 1-25 mg dry wt ml-l in the appropriate buffer for 5 min prior to 
the initiation of the reaction. Buffer pH was adjusted to pH 5.7 with 0.5 M-Tris. 

RESULTS 

Influence of temperature, p H  and ionic strength 

The transport-constitutive strain, P. putida PRS2178, exhibits maximal activity of adipate 
transport after growth on 10 mM-glucose (Omston & Parke, 1976). In this strain, the initial 
rate of transport increased with increasing temperature. It reached an optimum of 350 pmol 
(mg dry cell wt)-l min-1 between 40 and 45 "C, i.e. 10 "C above the optimum temperature 
for growth of P.  putida (Stanier et al., 1966). An Arrhenius plot of the temperature depen- 
dence of transport yielded an activation energy of 6 kcal mol-1 (25 kJ mol-l). 

The pH optimum for transport in 0.2 hi-phosphate was pH 5.5 (Fig. 2). 
Adipate transport was stimulated by a variety of salts (Table 1). With the exception of the 

chlorides of Mn2r, NH4+ and Ca*+ which were inhibitory, all salts tested increased the 
rate of transport. Stimulation of the transport system did not appear to be dependent on 
one particular ion, but rather on ionic strength. This hypothesis was tested by employing 
assay buffers containing various concentrations of 2-(N-morpholino)ethanesulphonate 
(MES) at pH 5-7 (Fig. 3). Increasing the concentration of this zwitterionic buffer from 2 to 
100 m M  increased the rate of transport more than 25fold. A further increase in the buffer 
concentration did not substantially change the transport rate. A 3- to 4-fold increase in 
transport activity was also observed when 10mwpyridine (pH 6.0) was used as a buffer 
and either (NHJ2S04 or NaH2POl was added in concentrations of up to 0.2 M. 

Inhibition by organic acids 

The K,,, for adipate transport in strain PRS2178 was 0.23 mM (Fig. 4). /3-Ketoadipate was 
a competitive inhibitor of adipate transport with a KI of 0-04 mM (Fig. 4). The Ki was 5-fold 
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Table 1. Effect of various salts on the initial rate of adipate transport 
in P. putida strain PRS2178 

Freshly harvested cells were washed and resuspended to 12-5 mg dry wt d-l in 2.0 m~-Tris/2-(N- 
morpho1ino)ethanesulphonate (MES), pH 5.7. The cell suspension was then diluted to 1.25 mg dry 
wt mi-' in 2.0 m-Tris/MES containing the various salts at 100 m ~ .  All buffers were adjusted in 
pH 5.7. Cells were incubated with the appropriate buffer at 35 "C for 5 min prior to initiation of 
the transport assay. Samples were taken at 30, 60 and 90 s, and the washing procedure employed 
the same salt-containing buffer. 

Transport rate 
[Pmof (ml3 dry 

Salt added wt)-l mi@] 

/ 

120 
180 
210 
350 
420 
190 
180 
10 

1 50 
130 
60 
40 

-10 0 20 40 60 80 100 

1 /Adipate concn (rnM'I) 

Fig. 4. Competitive inhibition of adipate transport by p-ketoadipate in P. putidu strain PRs2178. 
Samples (0-25 mg dry wt) were taken at 1 min in the absence of fl-ketoadipate (0) or in the presence 
of 10 p~ (a) or 100 p~ (0) /3-ketoadipate. The buffer employed was 0.2 M-N~H~PO~,  pH 5.7 at 
35 "C. P-Ketoadipate was added simultaneously with the various concentrations of r4C]adipate. 

lower than the K, for adipate transport, and thus it appeared that the affinity of the trans- 
port system for #I-ketoadipate was higher than its affinity for adipate. 

Addition of succinate, acetate or a variety of other organic acids to cells which had been 
preloaded with [lW]adipate led to rapid loss of the intracellularly accumulated adipate 
(Ornston & Parke, 1976). Succinate was found to be a competitive inhibitor of adipate 
influx (Fig. 5a) and acetate was a non-competitive inhibitor (Fig. 5b). The Ki values were 
1-3 and 5.3 mM, respectively. 

Efects of' inhibitors 

The transport of adipate was energy-dependent and inhibited by a variety of compounds 
(Table 2). Cyanide and azide, which function at the level of cytochrome oxidase, were 
effective in blocking adipate transport. Of these two, azide, which may also act as a con- 
ductor of protons across the bacteria1 membrane, was most effective. Arsenate, an uncoupler 
of oxidative phosphorylation, and anaerobiosis also inhibited the transport of adipate. The 
proton conductors 2,4dinitrophenol, pentachlorophenol and carbonyl cyanide rn-chloro- 
phenylhydrazone were the most effective of the inhibitors tested. 
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Fig. 5. Kinetics of inhibition of adipate transport in P. pictida strain PRS2178 by succinate (a) and 
acetate (b). Inhibitors were added simultaneously with 1 p~-[l~C]adipate at zero time. Samples were 
taken at 1 min. The buffer was 0-2 hi-NaH,PO4, pH 5.7 at 35 "C. (a) Double-reciprocal plot showing 
inhibition of adipate transport by 5 n w  (a) or 10 m (13) succinate; the control with no added 
succinate (0) is also shown. (b) Double-reciprocal plot showing inhibition of adipate transport by 
10 m M  (e) or 20 mM (0) acetate; the control with no added acetate (0) is also shown. 

Table 2. Eflect of inhibitors on the initial rate of adipate transport 
in P. putida strain PRS2178 

Inhibitors were added to cell suspensions 5 min prior to initiation of the assay. 2,4Dinitrophenol, 
carbonyl cyanide rn-chlorophenylhydrne and pentachlorophenol were dissolved in 95 % ethanol. 
Inhibitors were prepared as 100 times concentrated stock solutions, and an equal amount of ethanol 
added toeach control tube inhibited activity by no more than 10%. Anaerobiosis was achieved 
by placing the reaction vessels containing the cell suspensions in vucuo and then filling each vessel 
with purified N2 to 35 kPa. 

Inhibitor 

Cyanide 

Concn (mM) Inhibition (%) 
10 31 

100 79 

Azide 10 90 

Arsenate 10 
50 

59 
89 

Anaerobiosis - 80 

2,rl-lXnitrophenol 0.5 
5-0 

88 
94 

Carbonyl cyanide 0*001 10 
m-chloropheny lhydrazone 0.010 88 

Pentachlorophenol 

lodoacetate 

0.01 
0.10 

0.1 
1.0 

p-Chloromercuribenzoate 0.1 
1-0 

N-Et hylmaleimide 1.0 

15 
92 

11 
28 

62 
98 

21 

The electron transport inhibitors antimycia A, rotenone and o-phenanthroline, and the 
ATPase inhibitor N,N'-dicyclohexylcarbodiimide did not block adipate transport. However, 
this lack of inhibition may reflect failure of these compounds to penetrate the P. put& 
outer membrane. 

Thiol reagents, especially p-chloromercuribenzoate, caused a reversible inhibition of 
adipate transport. After inhibition by 0.1 mM-p-chloromercuribenzoate (Table 2), addition 
of a 10-fold molar excess of dithiothreitol restored 80% of normal activity; addition of 
higher concentrations of dithiothreitol did not increase the recovery of activity. 



b-Ketoadipate transport 205 

Table 3. Adipate and succinate accumulation in membrane vesicles prepared 
from P. putida strains PRS2000 and PRS2178 

Membrane vesicles (75 pgprotein)wereincubated at 30 "C with 20 mM-D-lactate as an energy source. 
Either 0.1 m-[l4C]adipate or 0.06 m~-[~~C]succinate was added. After 2 mh, vesicles were col- 
lected by filtration. Membrane vesicles were estimated to contain 2 pl intravesicular volume (mg 
protein)-' (Kaback & Barnes, 1971). 

Internal concn/external concn 

Strain 

PRS2ooO 
PRS2 178 

I 

Adipate Succina te 

1.6 3.2 
11.5 3.3 

Location of the $-ketoadipate transport protein 

Bacterial transport systems generally fall into two categories, shock-resistant and shock- 
sensitive (Berger & Heppel, 1974). Substrate binding proteins are often released from the 
periplasmic space when shock-sensitive systems are subjected to osmotic shock (Heppel, 
1967). The activity of shock-resistant systems, particularly those sensitive to uncouplers and 
thiol reagents (Berger & Heppel, 1974), may be recovered in cell-free preparations of mem- 
brane vesicles (Kaback, 1971). The effects of osmotic shock treatment and membrane 
vesicle formation were therefore investigated using glucose-grown cultures of the transport- 
constitutive strain, PRS2178. 

The constitutive cells were subjected to osmotic shock by the technique described by 
Stinson et al. (1976). Osmotically shocked cells transported adipate at rates equal to those 
of untreated cells, and the shock fluid failed to bind [14C]adipate in equilibrium dialysis 
experiments. 

After a 2 min exposure to [l*C]adipate, membrane vesicles prepared from uninduced 
cultures of the constitutive mutant strain PRS2178 accumulated the compound to a level 
7-fold higher than that found with vesicles prepared from uninduced cultures of the wild- 
type strain PRS2000 (Table 3). Vesicles prepared from the two cultures accumulated equal 
amounts of succinate after 2 min (Table 3); since the vesicles were prepared from glucose- 
grown cultures, the accumulation represents basal levels of succinate transport and not the 
inducible dicarboxylic acid transport system reported by Dubler et al. (1974). Because the 
levels of succinate accumulation were equally low in both preparations (Table 3), the high 
level of adipate transport by vesicles from the constitutive strain cannot be attributed to a 
general dicarboxy lic acid transport system that acts on succinate.Vesicles prepared from 
strain PRS2178 exhibited a V,,,,= of 1.7 nmol min-l (mg membrane protein)-l and a Km 
of 0.14 mM with adipate, close to the K' value of 0-23 mM that we observed with adipate 
and whole cells of the same strain. Either D-lactate or phenazine methosulphate plus ascor- 
bate could be used as an energy source. 

Biological distribution of the @-ketoadipate transport system 

We examined expression of the transport system in representatives of different biotypes 
of P. putida and P. jluorescens, organisms in which structural genes for enzymes of the @- 
ketoadipate pathway have diverged considerably (Pate1 & Ornston, 1976). All the strains 
(Table 4) regulate the pathway with the induction pattern found in P. putida, biotype A 
(Ornston, 1971). As a precaution against distortions that might be caused by the metabolic 
assimilation of adipate we selected, in so far as possible, strains that are unable to grow on 
it (Stanier et al., 1966). 

Representatives of each P. putida and P.Jouorescens biotype had increased rates of adipate 
transport after growth with the inducing carbon source p-hydroxybenzoate (Table 4). The 
induced rates of transport in the different P .  putida isolates were fairly constant, ranging 
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Table 4. Comparison of induced and uninduced rates of adipate transport 
in P. putida and P. fluorescens 

Rate of uptake of [Wladipate 
[pmol (mg dry wt)-l min-l] 

Ability to 
utilize adipate 

Organism Biotype Strain* as carbon source 

P. putida A PRS2OOO - 
P. putida A PRS2015 - 
P. putida B 96 - 
P. putida B 98 - 
P. putida B 110 - 
P.jluorescens A 188 - 
P.fluorescens B 406 - 
P.fluorescens B 408 - 
P. jluorescens C 214 - 
P.jluorescens D 31 + 
P.fluorescens E 36 - 

Cells grown on 
suocinate 

15 
6 

11 
5 

10 

8 
3 
8 
2 
1 
3 

Cells grown on 
p-hydroxybenzoate 

34 
37 
40 
31 
43 

64 
112 
184 
106 
19 
30 

Induced rate/ 
uninduced rate 

2.3 
6.2 
3.6 
6.2 
4.3 

8 
37 
23 
53 
19 
10 

* Strain PR!32000 is a wild-type representative of P. putida biotype A. Strain PRS2015 was derived from 
strain PRS20oO and is the parental strain of the transport-constitutive mutant, strain PRS2178 (Parke & 
Ornston, 1976). Other designations are according to Stanier et a!. (1966). 

from 31 to 43 pmol (mg dry wt)-l min-l. In contrast, the uninduced rates, which may reflect 
the non-specific contribution of other transport systems, varied by a factor of 3, from 5 to 
15 pmol (mg dry wt)-l min-l. The background rate of adipate transport in uninduced 
cultures of P. fluorescens was relatively low, ranging from 1 to 8 pmol (mg dry wt)-l 
min-l. The low background rate in the uninduced P.  fluorescens cultures allowed measure- 
ment of substantial increases in transport activity after growth under inducing conditions. 
The extreme example is an induction of more than 50-fold observed in strain 214, a repres- 
entative of P. fluoresceas, biotype C, after growth with p-hydroxybenzoate. 

Transport limits the rate of growth o j  P.  putida on $-ketoad@ate 

Stanier's studies of simultaneous adaptation demonstrated that the transport of p- 
ketoadipate limits the rate of its respiration by induced P. putida cultures (Stanier, 1947). 
Barriers to the permeability of p-ketoadipate were also revealed by growth experiments. 
Mandelate and p-hydroxybenzoate, compounds metabolized via p-ketoadipate, allowed 
growth of wild-type P. putida cultures with respective doubling times of 60 and 75 min 
when supplied at concentrations of 5 mM. The same concentration of p-ketoadipate suppor- 
ted growth of the wild-type strain with a doubling time of 140 min. Even the 10-fold over- 
production of the transport system in the constitutive strain PRS2178 (Parke & Ornston, 
1976) reduced the doubling time with 5 mM-1-ketoadipate only to 85 min, longer than the 
doubling time observed with mandelate or p-hydroxybenzoate. 

DISCUSSION 

The primary physiological function of a transport system often is assumed to be the 
uptake of nutrients across the cell membrane, but components of transport systems may 
also participate in chemotaxis (Kalckar, 1976) and in the regulation of the concentration of 
intracellular metabolites (Weill-Thevenet et al., 1979). Genetic approaches have defined 
overlapping functions in some transport systems. For example, dysfunctions in one gal 
gene inactivate both galactose transport and galactose chemotaxis in Escherichia coli ; 
mutations in another gal gene destroy galactose transport activity but leave the chemotactic 
response intact (Silhavy et ul., 1974). These observations show that components of a trans- 
port system may function and, indeed, may be selected even if they confer little or no 
direct nutritional benefit by transporting metabolites. 
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The wild-type /3-ketoadipate transport system is unusual in that its direct nutritional 
contribution is marginal at best. The inability of induced Pseudomonas cultures to respire 
with exogenous #I-ketoadipate served as a classical demonstration of a permeability barrier 
(Stanier, 1947), and the limitation is illustrated by the fact that wild-type cells grow with 
P-ketoadipate more slowly than with aromatic precursors of this compound. The limited 
nutritional contribution of the P-ketoadipate transport system raised possibilities that 
,!3-ketoadipate is not its natural substrate and that the transport system does not confer a 
selective benefit in the niche of fluorescent pseudomonads. Our approach to these questions 
was (i) to determine experimental conditions that favoured optimal activity of the trans- 
port system, (ii) to distinguish between the /3-ketoadipate system and the other known dicar- 
boxylic acid transport systems of Pseudomonas and (iii) to explore the biological distribution 
of the P-ketoadipate transport system. 

Conditions favouring optimal transport activity. The p-ketoadipate transport system pos- 
sesses several properties that normally are associated with electrochemically driven mem- 
brane transport systems. Maximal transport was observed at the relatively low pH of 5.5 
(Fig. 2), suggesting the contribution of a high external proton gradient to the driving of 
transport. The K, of the system at pH 5.7 was 0.23 mM (Fig. 4), close to the value of 0.2 mM 
observed with the same transport system at pH 6.8 (Ornston & Parke, 1976). High ionic 
strength is required for maximal transport activity (Fig. 3). A variety of ions (Table 1) 
will satisfy this requirement indicating that, while a proton gradient is essential, no one 
particular cation or anion is required. Also, the most efficient inhibitors of adipate transport 
are agents which promote the transfer of protons across the membrane and thus destroy the 
proton gradient (Table 2). Therefore, the adipate transport system probably is an electro- 
chemically driven system in which protons are co-transported with adipate to maintain 
elect roneutrality . 

Under optimal conditions the /3-ketoadipate transport system acts effectively on the sub- 
strate analogue adipate. Cultures of the transport-constitutive mutant strain PRS2178 
can concentrate adipate with a Vmal of 40 nmol min-l (mg dry wt)-l to achieve intracellular 
concentrations that exceed extracellular concentrations by more than 100-fold (Ornston & 
Parke, 1976). It should be noted that adipate accumulation is not favoured under con- 
ditions that favour the growth of Pseudomonas cultures: under normal growth conditions, 
the activity of the transport system in induced wild-type P. putida cultures is less than 5 % 
of that found under optimal assay conditions. This observation strengthens the inference 
that the primary physiological function of the transport system probably is not the uptake 
of p-ketoadipate as a growth substrate. Indeed, the data raise the possibility that optimal 
transport activity is observed under extreme physical conditions that may dissociate the 
transport system from normal regulation. 

Characteristics that distinguish the /3-ketoadipate transport system. Transport of radioactive 
adipate by the #I-ketoadipate transport system is inhibited by a number of dicarboxylic acids 
and, on the basis of these observations alone, the system might be regarded as a general 
transport system that acts on a range of dicarboxylic acids. Evidence to the contrary, 
identifying ,8-ketoadipate as the specific substrate of the system, has been physiological and 
genetic (Ornston & Parke, 1976). To this may now be added the observation that 1-keto- 
adipate is a powerful competitive inhibitor of adipate transport by the system: its apparent 
affinity for /I-ketoadipate is Sfold greater than its affinity for adipate. The apparent affinity 
of the transport system for succinate is one-sixth of its affinity for adipate and one-thirtieth 
of its apparent affinity for P-ketoadipate. Therefore, kinetic evidence buttresses the earlier 
conclusion that the system is specifically associated with 18-ketoadipate. 

Adipate transport is reversibly inhibited by thiol reagents, a common feature of mem- 
brane carrier transport in prokaryotes (Kaback & Barnes, 1971 ; Berger & Heppel, 1974). 
Activity of the 13-ketoadipate transport system was recovered in membrane vesicles, and on 
this basis the system may be distinguished physically from the shock-sensitive dicarboxylic 
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acid transport system of Pseudomonas aeruginosa (Stinson et al., 1976). Membrane vesicles 
from mutant strain PRS2 178 contained elevated levels of the p-ketoadipate transport 
activity, yet transported succinate no more rapidly than vesicles from the wild-type strain 
(Table 3). Hence, the P-ketoadipate transport system is distinct from the inducible P. 
putida malate-succinate--formate transport system described by Dubler et al. (1974). 

Biological distribirtion of the jl-ketoad@ate transport system. Earlier observations (Parke 
& Omston, 1976) indicated that the /3-ketoadipate transport system is induced only a few- 
fold in wild-type P .  putida cultures. Since p-ketoadipate elicits a 50-fold induction of enzymes 
of the P-ketoadipate pathway, the evidence prompted the speculation that the transport 
system is an evolutionary vestige that has been inactivated by mutation because it no longer 
is selected in the niche of fluorescent pseudomonads. On the other hand, if the transport 
system were selected it would be conserved, even in fluorescent Pseudomonas species in 
which genes for the fl-ketoadipate pathway have diverged considerably. It was possible to 
explore this question because immunological studies (Patel & Ornston, 1976) give a measure 
of the evolutionary divergence of the structural gene for y-carboxymuconolactone decar- 
boxylase, an enzyme that shares a regulatory gene with the P-ketoadipate transport system. 
The decarboxylase subunit contains about 110 amino acid residues (Parke, 1979), and the 
respective decarboxylases of P. Puorescens and P. putida differ in at least four antigenic 
determinants (Patel & Omston, 1976). Most mutations have deleterious effects and, in 
the absence of selective pressure, the amount of mutation reflected in the divergence of the 
decarboxylase structural genes might be expected to have inactivated the P-ketoadipate 
transport system, in at least some representatives of the fluorescent Pseudomonas species. 
In fact, the inducible transport system was conserved in all members of P .  putida and P .  
.fl~curc~sc~em that were examined (Table 4). Furthermore, the low level of adipate transport in 
uninduced P. j?zIorescens cultures allowed a 50-fold induction of the transport system to be 
demonstrated (Table 4). These observations favour the conclusion that both the transport 
system and genes governing its biosynthetic regulation continue to be selected in the 
natural environment of fluorescent pseudomonads. 

Since the direct nutritional contribution of the transport system is slight, it appears that 
its selective advantage might lie with its possible participation in chemotaxis and in its 
potential ability to regulate intracellular concentrations of the inducing metabolite, 1- 
ketoadipate. There is reason to believe that the transport system may be associated with 
both functions. Dr M. Karimian (unpublished results) has shown that /?-ketoadipate serves 
as a chemoattractant for wild-type P. putida cells. The chemotactic response is inducible, 
and mutations causing overproduction of the transport system render cells more sensitive 
to p-ketoadipate as a chemoattractant. This evidence suggests that the 1-ketoadipate 
transport system may be a component of an inducible chemotactic system of the type found 
by Moulton & Montie (1979) in Pseudomonas aeruginosa. In keeping with its postulated 
regulatory role, the fl-ketoadipate transport system itself is highly regulated. Readily meta- 
bolized growth substrates both repress the synthesis and inhibit the activity of the transport 
system. Transport activity is highest in starved cells which adapt rapidly to growth with 
aromatic growth substrates via 1-ketoadipate (Stanier, 1947). Thus, as has recently been 
suggested for Pseudomonas lysine transport systems (Weill-Thevenet et al., 1979), the p- 
ketoadipate transport system is likely to participate indirectly in the control of enzyme 
synthesis by governing the intracellular concentration of the regulatory metabolite, p- 
ke toad i pate. 
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