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1. Introdnetion

Enteric bacieria convert external ghuconate 1o in-
termediates of ceniral metabolic patbways by a pro-
cess that invelves at least fowr sieps. Gluconate must
first be taken up by the cells. There iz evidence that
This uptake is catalysed by an inducible process that,
n vesicles rrepared from £, 2odf, can be coupled 10
the oxidation of D-lactate {1} ;i1 has also been briefly
mepoerted [2] that this process can be catalbysed by
two distinct trangport systems that differ in their af
finity fon gluconate. Gluconaie Kinase (BC 2.7.1.12)
catalyses the phosphoryiaticn of The gluconate thus
takzn np with concomitant conversion of ATP to ADP
[3) ;i1 has been reported 12, 4] that £ colf also con-
tain two gheeonats kinnses. 5-Phosphogluconaie thus
formed can then be catabolized viz pentose phos-
phates, and vis the Eniner—Doudorcff pathway [5]
which has been shown [6} o be of predominant -
portance for gluconate dissimilation by L. coli

Although the isolation and properties of mutanis
impaired in one o wore component steps of &-phos-
phoghzconate caiabolism have been described {797,
mutants impaired in the upiake and phosphorylation
of gluconate have been reporied only in brief ab-
stracts [2,4]. [Lis the main purpose of fie present
paper 1o 1emedy this deficieney. A simple procedure
ig deseribed For the isolation, recognition and analy-
sis of muianis that are mpzired in one ginconate ugp
take sysiem alinough they can be mduced 1o form &
second: we propose 1o designate the genetiec marker
specifying this missing uptake system for glugonate
usgA. These mutants alse form gluconats Kinase to a
somewhat Yower specific activity than do wild-type
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cells: 11 is possible that the process used for their iso-
lation Tavours the selection of polar mutanis or of
organisms carrying deletions of uzgd and one of the
two postulated glueonsate kinases.

2. Experimental

The organisms used in this work ae listed in table
1. The procedurss used for thelr growth, for measurs-
ment of the rates of wpiake of labelled substrates by
washed cell suspensions, and for genebe analyses,
weTe gz previously described [10—12]. Methods for
the isolation of mutants impaired in gluconate utiliza-
fior are reporied in the following sectlion.

3. Resulis and discnssion

3.1, Isplation of mutanis

The addition of ghuconaie {or of other substances,
such as glucuronate or galacturonate, that are also
metabolicelly converted to phospho-2-ksto-3-deoxy-
ghrconate} to mmients devoid of the aldolase thal
catalysss the cleavage of phospho-2-keto-3-deoxygho-
conate 1o pyruvaie and glyceraldehyde 3-phosphate
[13]. Jends to the accumulation of the phosphory-
lsied ketoacid and consequent growth stasis {8, 9, 14]
For the same reason, such Aded muiants do nol
prow on solid media if these contain gluconals as
well as another, normaily utilizable, carbon source.
Howvever, when such plates, of media contaiming 20
mla piycerol and 5 mM gluconate, were inoculated
with ca, 108 cells of kdgd-mutant A314 {table 1)
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Table 1
Orpanisms used in this stady.
Response

Derivation 1w

or . stzepio- Maing
Strain reference Genetic markers mycin trpe
P4X 1213 me1B 5 Ny
A31a 121} merE, kelza s ET S
PF1 A314 mel B, 125gA 5 Hir
Al1201 PA30Y grglFHy, trp, x¥1, mald, gol, R T~

kdgA

A0 IPA5DS X Pildez] ) metB, ivp, his, crg{iTUBE) R B

139, 20] thr, dew, mgld, Aldet—kdgl)

* Where possible, the sbbreviations used are thase isted by Taylor | 18]. In addition, wsg ndicates the insbility o take up gluco-
mate deseribed in this paper; Rded and kdgK speeify, respectively, the structuzal genes for phowphe-2-keto-3-deoxygluconate al
dplase and 2-keto-3-decxyeluconate kinase; aldci—kagK] 2 delction sxtending from the de? to the Adgh’ markers on the K. colf

EENOIE.

and weze incubated 2t 307 or 37° for 23 days, ap-
prox. 102 colonies appeared that were now resistant
10 the presenc: of glnconate but were siill devoid of
vhospho-2-k 10-3-deoxyglicenate aldolase aciivity,
as shown Fy their iInability to grow on hexuronstes
as sole cerbon scurce. Indeed, these organisms resis-
tant to the presence of gluconaie were st sensitive
to the presence of hexuronates: growth on 20 mM
glycerol was armrested by the addition of 5 1M glucur-
onate or galacturonaie although 1t was unaffected by
the addition of 5 mM ghiconate. The change under-
gone by strain A314 In acqniring this resisiance to
ghiconate thus invelved a mutation that prevented
the formation of the {still toxic) phospho-2-kete-3-
deoxyghiconate from glugonate in the medium.
There are a number of ways in which the pathway
from external gluconate to intracellular phospho-2-
keto-3-deoxygluconate via &-phosphogluconate, can
be interrupted; mulants affeeted in one or more of
1nese stepscan be resdily recognized by an adapia-
tion of the technique first described by Zwaig and
Lin [35] and snbsequenily used for the detection of
muiants impaired in the nptake of methy] a-plucoside
[16] or constitutive for the spiake of hexose phos-
phates {17]. In this procedure, snutants are screened
tor their ability te take up [1¥C]gluconate during
their growth on plates of nutriant apar that also con-
tain the isotopic material in low concentration (<< 10
HM). By the use of this technigue, many colonies

were obtained from strain A314 that did not take up
[14C] gluconate under these conditions. One of these
was gonverted to idgA™ by phage Pl-mediated trans-
duction [8] and the resultant organism, designated
PF1, was used for further study. { A cuiture of strain
PF2 has been deposiled with the £, cofi Genetic
Stock Cente:, Depariment of Microbiclogy, Yale
University Mathoal School, New Haven, Conn., USAL

3.2. Properties of the mutan: PEI

As expected from the method used for its recogni-
tien, the mutant PF1 was markecly impaired in its
abilisy 10 tuke up ]1¥Cjeluconate. When incubated
with 0.1 1M sodium [U-34C)gluconete a: 307, a
washed snspension of the mutant. that had been
grown for many generations on a medivm containing
20 oM glycerol and 10 mM sodium ghiconate, ook
wup less than $4% of the isotope that was faken up by
a simpilarly-treated suspension of the wildtvae B, eoli
{fig. 1}. Sine this experimental procedure measures
boih ths entry of labelled gluconate inio the cells
and its ineorperation into stable cell components, it
was possible that this impairment of uptake was as-
epciated with a dysfunction of transpori, of glusonate
kinase, or both.

The presence of 2 lesion in sizain PF1 that affecis
more than one parameter of gluconate J1dization is
indicated by the growth properties of fae mutant,

- and by the specific activities at which enzymes of
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Fig, 1. Upiake of 0.1 mM sodmm [U-"?C]gluconate by
washed snspensions of £, ool sirsins P4X (9) and PF1 (o).
The organisms had been frown ovesnight on media contain-
ine 20 mM glycerol plus 106 mM gluconaie as carbon s0UTCE.

oipconals catabolism are formed during growth.
Although, like wild-iype £, coff, the mmutant PF] grew
readily on glucose, plveerol, glucironate or on 2 vari-
ety of gluconeogenic subsirates, cultures of strain PF
required over 7 hwr for ome cell doubling to oceur
when the organism was transferred to asrobic growin
at 37° with ghuconate as sole carbon souzce. However,
a progressive acceleration of growth rate was observed
thronghout this period, which continvned until, after

a day or more, the doubling time of ihe cells had ap-
proached that of wild-type F. coli. This was not the
conseguence of selecting a further utant, or a rever-
Tant to witd-typ=, bat was associaved with the indus-
tion of a glueonaie npiake system with properties dif-
ferent from those normally predominating in wild-
type B ¢oli grown on gluconate {fig. 2). In contrast
to snuch swpensicns of wild-fype cells, which readily
rake up [14C]gluconste from solutions in the micro-
mratar magy fapgacent K, 21K P R, suspenstons
of gluconate-grown PF1 reguire much higher gluco-
nate econcentrations for uptake at significant rates,
and the appeient Ky, of this process is of the order of
0.1 mM.

The slow adaptativa {0 an alternative and appzreni-
1y more concentration-dependent mode of gluconale
uptake is indicated also by the induction of enzymes
of gluconate catabolism (1able Z). Wkereas the wild-
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Fig. 2. Effect of gluconaie concentration o the raves of gzlo-
conate vptake by washed sugpensions of pluconaie-grown

E. eoli sirains P4X {#) and PF1 {©). The 1ates of uptake were
exlenlared from the amounts of ¥e ingorporated by washed
mspensions of cells {0.34 mg dry wi) in the First 30 see of in-
cobation with the isotopic material; the reciprocals of thess
rates ere plotted against the reciprosals of the ghiconale con-
weniralion =1 those polats.

type stzain P4X, which forms litile glueconate kinase
and H-phosphoghconate fehydiatase in the abssncee
of glueunate, nducibly synthesizes both enzymes dur
ing erowth on glycerol in the presence of ghiconate,
or o glaconate alone, the mulant PF] forms only

fhe Jehydraiase in normmnal anounts undey these con-

o gitfrougtr grocomate Rimase acitvity iy tndwosd

to high levels, 11s specific activity doss 1ot exceed
half that observed with wild-type cells, even after pro-
longed growth on gluconate. On the other hand, the
variations with growin substrate in the Jevels of other
enzyr-gs of gluconate cotabolism are not grossly dis-
similar in mu.ant and wild-type cells. Tiese observa-
tions support the view [2,4] that E. coli contains
two allcles that specify transport systems, and two
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Table 2
Effect of growth substrates on intraceliular levals of enzymes of gluconate catabolism. L

Specific activity " of:

o

- 6-Phospho- Phospho Tketo " 6-Phospho-
Carbon source Gluconate gluconate - 3-decoxygleconate gluconare
for growth Organism kinase dehydratase aldolase dehydrogenase
20 mM Glycerol Pax <1 20 250 78
PF} <1 27 290 20
20 mM Glycerol
plus S mM P4x 110 150 780 95
gluconate PF1 50 110 500 36
20 mM Gluconate Pax 130 300 1100 120
PF1 70 330 630 70

The methods used for assay of thess enzymes are as described by Pouysségur and Stoeber [21].

: nmoles-min~'-mg™? of protein
Calculated from dry wt. of cells used.

that specify kinase activity; it would appear that mu-
tant PF1 is impaired in a region of the genome that
governs the formation both of one (high-affinity, low

K, ) uptake system and onc form of gluconate kinase.

This pleotropic lesion might be associated with a po-
lar mutation or a small deletion: the extraordinarily
low reversion rate of mutant PF1 favours the latter.

3.3. Location of the usgA-marker on the £ col:
genome

The Hfr-strain PF1 was crossed with a reciprent
stram A1201, recombinants were selected for the uti-
lization of appropriate sugars or for the loss of auxo-
trophie markers, and these were tested for gluconate
uptake »y the2 film techmique. It was found that, of
50 recombinants able to grow on xylose, 18 had ac-
quired the UsgA~-phenotype, whereas 58 out of 76
recombinants selected for growth on maltose had
done so. Analysis of one usgA-recombinant still un-
able to utilize maltose or xylose supported the loca-
tion of the usgA-marker between those specifying re-
sponse to streptomycin (64 min on the linkage map
[181) and the ability to grow on xylose {70 min), and
close to the mald-marker (66 min). This location was
confirmed by transduction in which phage P1, grown
on a recombinant carrying the usgA and xp! markers,
infected a recipient carrying mald and a deletion
known to be 30% co-transducible with xp! [19] of
the der-allele [20]. Of the transductants

phenatypically Maltose*, about a quarter were 1m-
paired in gluconate uptake; m contrast, none of the
210 transductants seleated for growth on C,-acids
(and hence dert) were affected n gluconate uptake.
It 15 thus probable that the high-affinity uptake sys-
tem for gluconate specitied by the usgA -allele 1s lo-
cated at about 66 min on the & coli linkage map,
close to the mal4 marker. It is also evident that the
properties of mutant PF1, its ability apparently n-
ductbly to form a second (low-af:mity) uptake sys-
iem for pluconate, and the genetic location of the
usgA-marker, are so closely sumlar to those briefly
reported by de Zwaig et al. [2] z. to make 1t Iikely
that they are mutants of the same system.
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