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Two mechanisms for growth inhibition by elevated transport of sugar 
phosphates in Escherichia coli zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ROBERT J .  KADNER," G. PATRICK MURPHY and CRAIG M. STEPHENS? 

Department of Microbiology, School of Medicine, University of Virginia, Charlottesville, VA 22908, USA 

(Received 24 February 1992; revised 24 June 1992; accepted 2 July 1992) 

The Escherichia coli uhpT gene encodes an active transport system for sugar phosphates. When the uhpT gene was 
carried on a multicopy plasmid, amplified levels of transport activity occurred, and growth of these strains was 
inhibited upon the addition of various sugar phosphates. Two different mechanisms for this growth inhibition were 
distinguished. E x p u r e  to glucose-6-phosphate, fructose-6-phosphate or ma~ose-6-phosphate, which enter 
directly into the glycolytic pathway, resulted in cessation of growth and substantial loss of viability. Cell killing was 
correlated with the production of the toxic metabolite, methylglyoxal. In contrast, addition of 2-deoxyglucose-6- 
phosphate, galactose-6-phosphate, glucosarnine-6-phosphate or arabinose-5-phosphate, which do not directly 
enter the glycolytic pathway, resulted in growth inhibition without engendering methylglyoxal production or cell 
death. Inhibition of growth could result from excessive accumulation of organophosphates in the cell or depletion 
of inorganic phosphate pools as a result of the sugar-P/Pi exchange process catalysed by UhpT. The phosphate- 
dependent uptake of glycerol-3-phosphate by the GlpT antiporter was strongly inhibited under conditions of 
elevated sugar-phosphate transport. There are thus two separate toxic effects of elevated sugar-phosphate 
transport, one of which was lethal and related to increased flux through glycolysis. It is likely that the control of 
uhpT transcription by catabolite repression exists to limit the level of UhpT transport activity and thereby prevent 
the toxic events that result from elevated uptake of its substrates. 

Introduction 

The uhpT gene of Escherichia coli encodes an active 
transport system for sugar phosphates (Weston zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& 
Kadner, 1988). UhpT acts as an electroneutral phos- 
phate antiporter to mediate the entry of a variety of 
organophosphates, including the phosphate esters of 
many sugars and sugar alcohols ranging in size from 
three to seven carbons, and glucosamine-&phosphate 
(reviewed in Dietz, 1976; Maloney et al., 1990). The 
driving force for active transport of sugar phosphates is 
the outward movement of Pi down the transmembrane Pi 
gradient, which is normally maintained by the proton- 
motive-force-dependent Pit transport system (Sonna et 

al., 1988). Production of the Uhp transporter is induced 
specifically by extracellular glucose-6-phosphate 
(Glu6P) or 2-deoxyglucose-6-phosphate (2dGlu6P) 
(Dietz & Heppel, 1971) in a process mediated by the 
products of three regulatory genes, uhpABC (Weston & 
Kadner, 1987). UhpA, which bears sequence relatedness 
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to many transcriptional activators, including OmpR and 
NarL, appears to activate transcription of uhpT. Expres- 
sion of UhpA from qmulticopy plasmids subverts the 
normal regulatory control by Glu6P and UhpBC 
function, and results in elevated and constitutive 
production of UhpT (Shattuck-Eidens & Kadner, 1983). 

Expression of UhpT is subject to catabolite repression 
and is reduced 2- to S-ifold when cells are grown in the 
presence of both Glu6P and glucose. This decrease is 
reversed by addition of cyclic AMP, and it has been 
found that the uhpT promoter contains a typical binding 
site for the cyclic AMP receptor protein (CAP) (Merkel 
et al., 1992). Deletion of the CAP-binding site in the 
uhpT promoter or of the crp gene resulted in an 8- to 10- 
fold decrease in uhpT transcription and loss of the 
response to glucose. The susceptibility of uhpT expres- 
sion to catabolite repression was surprising. Glu6P itself 
is a potent catabolite repressor of unknown mechanism 
for numerous other systems (McGinnis & Paigen, 1969) 
and it seems unlikely that its utilization should be 
repressed in preference for some other carbon source. A 
likely reason for the catabolite repression of uhpT 

expression is to limit the amount of transport activity to 
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prevent overloading the metabolic pathways with sub- 
strate. Ackerman et al. (1 974) showed that the presence 
of Glu6P was lethal for wild-type E. coli when cyclic 
AMP was added to overcome catabolite repression. They 
showed that the toxicity was associated with elevated 
levels of methylglyoxal, as observed during deregulated 
metabolism of other carbon sources. 

It was of interest to see whether similar toxicity could 
result from elevation of Uhp transport activity without 
interfering with catabolite repression. During studies of 
the genetic basis of uhpT regulation, we observed that 
strains carrying uhpT+ plasmids were sensitive to the 
presence of Glu6P in the medium. On solid media 
containing Glu6P, these strains grew poorly in the 
densely inoculated portion of streak plates but well as 
isolated colonies. Growth inhibition was even more 
dramatic in liquid media. This paper describes the 
deleterious effects of addition of sugar phosphates to 
strains overexpressing uhpT, and examines the genetic 
and environmental parameters influencing susceptibility 
to inhibition by sugar phosphates. Two distinctive 
effects of sugar phosphates are described zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: namely, lethal 
production of the toxic metabolite methylglyoxal due to 
overloading of the glycolytic pathway; and growth stasis 
elicited by sugar phosphates that are not directly 
metabolized through glycolysis. These results demon- 
strate the physiological importance of maintaining a 
limiting rate of transport during sugar phosphate 
catabolism and provide a clear rationale for the negative 
regulation of uhpT expression by catabolite repression. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Methods 

Bacterial strains. The Escherichia coii K 12 strains were derived from 
strain RK4353 [A(argF-lac)U169 araD139 relA1 rpsL1.50 thi gyrA219 

non] ; strain RK5000 also carried the A(iluB-uhpABCT)2056 deletion 
(Kadner & Shattuck-Eidens, 1983). All host strains were recA56, unless 
otherwise specified. Plasmids were derived from pBR322. Plasmid 
pDSEl carries a 19 kb insert from the Clarke-Carbon plasmid pLC17- 
47, which includes pColE1 and the entire uhp region; pDSE6 carries 
the 9.5 kb insert from plasmid pLC40-33 and encodes only uhpC and 
uhpT (Shattuck-Eidens & Kadner, 1983). Plasmid pRJKlO carries a 
6.5 kb HindIII-BamHI fragment with a portion of the ilvBNoperon and 
the entire uhp region (Weston & Kadner, 1988). Four derivatives of 
pRJKlO were made by insertion of a 1.5 kb kanamycin-resistance 
cassette into a restriction site in each of the four uhp genes. 

Growth conditions. Cells were grown in MOPS medium (Neidhardt et 

al., 1974) or medium A (Davis & Mingioli, 1950), with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.5% glycerol as 
carbon source, thiamine zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1 pg ml-l), and required amino acids (100 pg 
ml-l). The nominal Pi contents of MOPS medium and A medium are 
1.3 mM and 93.3 mM, respectively. When specified, casein hydrolysate 
(Difco) was added to 0.5%. The salts media of different pH contained 
the same total concentration of phosphate and other ingredients as in 
medium A, but were adjusted to the desired initial pH with KOH. 
Ampicillin was added to 25pg ml-l to maintain plasmid presence. 
Cells were grown at 37°C with rotary shaking. Cell growth was 

measured as OD,zo. Viable cell counts were measured by dilution and 
plating on LB agar plates. 

Measurement zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof methyigiyoxalproduction. Production of a toxic factor 
by cells was detected by suspending cells in water at the time of 
addition of 300p~-Glu6P. After 60min at 37"C, the cells were 
removed by centrifugation and the medium was passed through a 
0.22 pm filter and then concentrated by lyophilization. Serial dilutions 
of this material were pipetted onto a lawn of RK4353 on minimal agar 
plates, and zones of killing were observed after overnight incubation. 
Portions of the lethal extracts were incubated for 60min with 
glutathione or glyoxylase I (Sigma) or both, and were then likewise 
pipetted onto RK4353 plates. The amount of S-lactyl-glutathione 
produced in the glyoxylase reaction was measured colorimetrically 
(Gawehn, 1983). 

Methylglyoxal production and release from cells was measured by 
reaction of the growth medium with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2,4-dinitrophenylhydrazine 
(Cooper, 1975). Cells were incubated for various periods of time with 
sugar phosphates and the cells were removed by centrifugation. 2,4- 
Dinitrophenylhydrazine (665 p1 of 0.25 mg ml-' in 2 M-HCl) was added 
to a 500 p1 sample containing various volumes of the growth medium 
(2.5-500 pl). Following incubation for 15 min at 30 "C, 835 pl 10% 
(w/v) NaOH was added and Asso determined. An absorbance of 16-4 
corresponds to 1 pmol methylglyoxal (Cooper, 1975). The chromato- 
graphic mobility of the 2,4-dinitrophenylhydrazone formed was 
compared to that derived from commercial methylglyoxal by ascending 
chromatography on dimethylformamide-soaked Whatman # 1 paper 
with a solvent system of n-butyl ether/ethanol/water (50 : 5 : 50). 

Assay of transport activity. Transport of [ 4C]-labelled glycerol-3- 
phosphate or glucose-6-phosphate was measured as previously de- 
scribed (Shattuck-Eidens & Kadner, 1981). Uptake is expressed in 
units of nmol substrate accumulated per p1 of cell water. 

Results 

Efect of glucose-6-phosphate on cell growth and viability 

E. coli strains carrying plasmids pDSE1 or pRJK10, 
which contain the entire uhpABCT gene cluster with 
various extents of flanking sequence, exhibit high-level 
constitutive expression of uhpT. This amplification was 
shown by assays of Glu6P transport and of uhpT: :lac2 
reporter fusions in vivo (Weston & Kadner, 1988), and by 
determination of the level of Uhp transport activity 
following in vitro reconstitution into proteoliposomes 
(Sonna et al., 1988). When 3.5 m~-Glu6P was added to 
cultures of these strains in minimal saltslglycerol 
medium, growth was strongly inhibited after a short lag 
and viability began to decline within 30 min (Fig. la). 
Cell killing proceeded with a half-time of about 12 min 
and led to a reduction in viable cell count by at least four 
orders of magnitude within 3 h. Growth of the same host 
strain bearing the vector plasmid was unaffected by 
addition of Glu6P. The same cessation of growth and loss 
of viability was seen upon addition of 1-75 m~-Glu6P 
(Fig. 1 b), whereas 0.7 m~-Glu6P caused an inhibition of 
growth for 30-60 min followed by resumption at normal 
rate. 
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Fig. 1. Growth of E. coli strains carrying uhp plasmids and exposed to sugar phosphates. Culture OD,,, was measured at the indicated 
times after addition of the specified compounds at zero time. Experiments (a-c) used medium A; (d-g) used MOPS medium with 
1-3 mM-P,, unless otherwise specified. (a) Effect of Glu6P on growth and viability. Strain 4353 carrying pDSEl ; turbidity after 0, no 
addition or zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0, 3.5 m~-Glu6P addition; ., colony-forming units after 3.5 m~-Glu6P addition. (b) Effect of different concentrations of 
Glu6P. Strain RK4353 carrying pDSEl : 0, control; 0, Glu6P at 0.7 mM; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa, 1-75 mM; or V, 3.5 mM. (c) Effect of Glu6P on an 
inducible strain. Strain RK4353 carrying pDSE6; symbols as (6). (d) Effect of different sugar phosphates. Strain RKSOOO carrying 
pRJKlO; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0, control; 0, Glu6P or Gal6P; 7, Fru6P; V, glucosamine-6P; 0, 2-deoxyGlu6P; ., ribose-5P; all sugar phosphates at 
2.5 mM. (e) Effect of Gal6P on strains carrying transposon insertions in the uhp plasmid. Strain RK5000 carrying pRJKlO with no 
addition (0) or with 2.5 m~-Gal6P (0); or carrying a kanamycin resistance cassette in uhpA (V), uhpB (V), uhpC (0) or uhpT(.) and 
exposed to Gal6P. v) Effect of PI growth medium concentration on response to 2.5 m~-Gal6P. Strain RK5000 carrying pRJKlO in 
MOPS medium; 0, control; plus Gal6P in Pi at .,Om26 mM; \7, 1.3 mM; V, 6.5 mM; or 0, 13 mM. (g) Effect of growth medium on 
response to 2.5 m~-Gal6P. Strain RK5000 carrying pRJKlO in MOPS medium; 0, control; 0, 2.5 m~-Glu6P in 1.3 mM-PI; v, 
2.5 m~-Gal6P in 1.3 mM-P,; 0 , 2 . 5  m~-Gal6P in 2.6 mM-P,; ., 2:.5 m~-Gal6P in 7.8 mM-P,; a, 2.5 m~-Gal6P in 1.3 mM-Pi grown with 
0.25% glucose; V, 2.5 m~-Gal6P in 1.3 mM-P, grown with 0.25% galactose. 

different response to Glu6P was seen in cells phenicol (data not shown). Chloramphenicol (100 pg 
carrying plasmid pDSE6, which contains uhpT but not 
uhpA. Expression of the plasmid-borne uhpT gene is 
dependent on the chromosomal copy of uhpA and is 
inducible by Glu6P (Shattuck-Eidens & Kadner, 1983). 
The addition of 1-75 or 3.5 m~-Glu6P resulted in 
complete inhibition of growth (Fig. lc) and the same 
degree of cell killing as in RK4353(pDSEl) (data not 
shown). However, there was a lag of 60-80 min before 
the onset of killing and a longer lag before the cessation 
of cell growth. The additional lag presumably represents 
the time required for induction of transporter expression 
to the level at which inhibitory levels of Glu6P 
accumulated in the cell. This view was supported by the 
effect of the inhibition of protein synthesis by chloram- 

ml-l) caused a rapid cessation of growth in strains 
carrying either pDSE1 or pDSE6, but no loss of viability 
for at least 4 h. Simultaneous addition of chlorampheni- 
col and Glu6P (3.5 mM) to constitutively expressing 
strains carrying pRJK 10 or pDSE 1 resulted in cell killing 
which was identical in extent and kinetics to that seen 
upon addition of Glu6P alone. In contrast, the inducible 
strain carrying pDSE6 was completely protected from 
killing by Glu6P when formation of the transport 
system was prevented by chloramphenicol. These 
results indicated that the observed lethality occurs in 
response to amplified transport of Glu6P, rather 
than to the amplified production of the transport 
protein itself. 
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Table I .  Efect zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof sugar phosphates on growth, Viability, and methylglyoxal production 

Cells of strain RK5000(pRJKlO) were grown in MOPS minimal medium with glycerol as carbon 
source and 1.32 mM-Pi. Sugars and sugar phosphates were added to 2.5 mM, and after 120 min, the 
relative change of culture turbidity or of colony-forming units was determined. Methylglyoxal was 
determined at this time as described in Methods. 

Culture turbidity Viable counts Methylglyoxal 
Addition (relative change) (relative change) (mM) 

Control 
Glucose-6P 
FructosedP 
MannosedP 
Glucosamine-6P 
2-Deox yglucose-6P 
Ri bose-5P 
G alac tose-6 P 
Arabinose-5P 
Glucose 

2.36 
1.21 
1.33 
1.89 
1.08 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

< 1.05 
3.18 

< zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1-05 
< 1-05 

3.78 

2.3 
0.06 
0.06 
0.27 
1.97 
1 *65 
2-7 1 

< 1.15 
< 1.05 

ND 

0.06 
3.45 
3.3 1 
0.67 
0.13 
0.06 
0.09 
0.07 
0.06 
0.06 

ND. not determined. 

Response to other sugar phosphates 

The effect of other sugar phosphates on growth 
and viability was examined (Fig. Id;  Table 1 ) .  

In RK5000(pRJK lo) ,  2.5 m~-fructose-6-phosphate 
(Fru6P) killed cells at the same rate and to the same 
extent as did Glu6P. Cells exposed to 2.5 mhl-mannose-6- 
phosphate showed a similar increase in culture turbidity 
to the control culture, but there was a decrease in the 
number of colony-forming units that showed more daily 
variability and a lesser degree of killing than was seen 
with Glu6P or Fru6P. In contrast, 2-deoxyglucose-6- 
phosphate (2dGlu6P) and galactose-6-phosphate 
(Gal6P) at 2.5 mM inhibited growth but did not cause cell 
death. Addition of 2.5 m~-glucosamine-6-phosphate 
stopped growth for about 120 min but with no apparent 
cell killing, and ribose-5-phosphate stimulated growth. 
Arabinose-5-p hosp hate also inhibited growth without 
cell killing. If the cells had been previously grown in the 
presence of arabinose, the growth inhibition by 
arabinose-5-phosphate was reduced or eliminated (data 
not shown). These results suggest that the effect on cell 
viability of the elevated transport of a sugar phosphate 
depends on the metabolic fate of that compound, such 
that lethality occurs only if the sugar phosphate enters 
the glycolytic pathway directly. 

In the inducible strain RK4353(pDSE6), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.5 mM 
Fru6P, which is a poor inducer of uhpT expression, did 
not inhibit growth over the time period of this 
experiment (data not shown). 2-Deoxyglucose-6-phos- 
phate is an effective inducer and caused a moderate 
growth inhibition but no killing. Arabinose-5-phosphate, 
which is not an inducer of the uhp system, had no effect 
on this strain. 

To determine the genetic requirements for this 
response to sugar phosphates, the effect of 2.5 mhl-Gal6P 

on uhpABCT deletion strain RK5000 containing 
pRJK 10 derivatives with mini-Tnl0 insertion mutations 
in each of the uhp genes was examined. Gal6P caused 
growth inhibition in the uhpB and uhpC mutants, but 
not in strains with uhpA or uhpT insertions (Fig. l e ) .  

Identical behaviour was seen in response to Glu6P, 
except that cell killing occurred along with growth 
inhibition (data not shown). The requirement for UhpA 
is consistent with previous observations that it is 
necessary for uhpT expression, as transport activity is 
virtually undetectable in the absence of uhpA even when 
uhpT is in multicopy (Weston & Kadner, 1988). When 
uhpA is present on a multicopy plasmid, uhpT expression 
in the absence of inducer is greatly increased and the 
uhpB and uhpC products are no longer necessary (Weston 
& Kadner, 1988), consistent with the observation that 
Glu6P was lethal to uhpB and uhpC insertion mutants. 
Amplified expression of UhpT transport activity is 
clearly necessary for the toxic effect of sugar phosphates. 

Eflect of medium conditions 

The effect of the composition of the growth medium on 
the response to Glu6P was examined. Considerable 
protection was provided by 0.5% casein hydrolysate at 
low Glu6P levels (data not shown). In its presence, 
0.7 mhl-Glu6P did not inhibit growth to any obvious 
degree, and 1.75 mhl-Glu6P elicited only a 90 min lag, in 
contrast to the extensive killing in the absence of casein 
hydrolysate. The addition of 3-5 mM-Glu6P resulted in a 
similar degree of killing irrespective of the presence of 
casein hydrolysate. The protective effect could result 
from a reaction of amimo acids with a toxic agent 
generated upon metabolism of sugar phosphates. 

A possible mechanism for the growth inhibition could 
be the acidification of the cytoplasm as a result of 
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elevated proton entry coupled directly or indirectly to 
uptake of sugar phosphates. However, the initial pH of 
the medium had only a slight effect of the susceptibility 
of strains to growth inhibition. The lag in growth that 
resulted after the addition of 0.7 m~-Glu6P was about 
40 min longer at pH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.5 than at pH 7-5, but growth was 
completely inhibited by 1.75 m~-Glu6P at both pHs 
(data not shown). The concentration of Pi in MOPS 
medium had a significant effect on susceptibility to sugar 
phosphates. Increasing [Pilout from 1-3 mM to 6.8 mM 
reduced the inhibitory effect of 2.5 m~-Gal6P (Fig. 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf) 
and 2dGlu6P, but did not prevent the growth inhibition. 
Further increases to 13 mM or 65 mM-Pi did not provide 
any additional protection. This result could indicate that 
external Pi blocks entry of the growth-inhibitory sugar 
phosphates, or that higher external Pi levels could 
partially overcome the depletion of internal Pi pools by 
the action of the UhpT antiporter. 

The presence of glucose in the medium blocked killing 
by Glu6P (data not shown) and reduced the inhibition 
caused by Gal6P (Fig. lg), most likely as a result of 
catabolite repression of uhpT expression. Pregrowth of 
the cells with galactose did not relieve the inhibition 
caused by Gal6P. 

Formation of methylglyoxal 

Exposure of uhp-plasmid-bearing cells to Glu6P under 
conditions leading to lethality resulted in the production 
of a toxic factor which could be assayed by the killing of a 
lawn of sensitive cells. The toxic factor was inactivated 
by incubation with glyoxylase I plus glutathione but not 
with either alone. This result suggested that the toxic 
factor was a ketoaldehyde, most likely methylglyoxal 
(MG). In support of this proposal, cells exposed to Glu6P 
released material reactive with 2,4-dinitrophenylhydra- 
zine (DNPH). The derivative formed with the growth 
medium of Glu6P-treated cells was identical in absorp- 

Fig. 2. Level of methylglyoxal in culture medium of 
strains exposed to sugar phosphates. The cell-free 
culture medium was obtained at the indicated times 
after addition of sugar phosphates and methylglyoxal 
measured by the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2,4-dinitrophenylhydrazine assay 
(1 pmol= 16.4 Ass0 units). Strain RK5000 carrying 
pRJKlO was grown in MOPS medium. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(a) Glu6P 
was added at 0 , O  mM; 0 ,O.g  mM; v, 1.8 m ~ ;  and 
v, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3-5 mM. These concentrations of Glu6P resulted 
in killing after 120 min of 82%, 97.3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA%, and 97-5 % of 
the cells. (b) Cells were exposed to sugar phosphates 
at 2 . 5 m ~ :  0, control; 0, Glu6P; V, Fru6P; 0, 

120 mannose-6P; or v, any of glucosaminedP, 2- 
deoxyglucose-6P, Gal6P, or ribose-5P. 

tion spectrum and chromatographic mobility with the 
corresponding derivative formed with commercial MG 
(data not shown). MG has been shown to accumulate in 
cells in which the metabolic flux through the glycolytic 
pathway has been increased through some mechanism to 
subvert the usual regulation of metabolism (reviewed in 
Cooper, 1984). 

To demonstrate the linkage between high-level sugar 
phosphate transport, MG production and cell death, 
MG levels in cultures were measured at various times 
after addition of Glu6P. MG levels rose rapidly after 
Glu6P addition, and the amount of MG produced was 
related to the concentration of Glu6P added (Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2a). 
Even non-lethal concentrations of Glu6P engendered 
MG excretion, but the levels in the medium decreased to 
a basal level, at which time growth resumed. Incubation 
with 3.5 m~-Fru6P resulted in the production of MG at 
the same rate and extent as in cells incubated with Glu6P 
(Fig. 2b; Table 1). In contrast, there was no detectable 
synthesis of MG upon incubation with sugar phosphates 
(2dGlu6P, Gal6P, glucosamine-6-phosphate, or ribose-5- 
phosphate) that inhibited growth but did not cause 
killing (Table 1). Thus, cell killing following amplified 
uptake of some sugar phosphates was correlated with the 
formation of MG. 

Function of GlpT under conditions of high-level UhpT 
activity 

The basis for the growth inhibition resulting from 
excessive transport of the sugar phosphates that did not 
engender MG production is less obvious. It was possible 
that excessive transport of sugar phosphates resulted in 
depletion of the intracellular Pi pool to a growth-limiting 
level. To examine this possibility, the transport of 
[ 14C]glycerol-3-phosphate by GlpT, a phosphate anti- 
porter related in sequence and mechanism to UhpT 
(Eiglmeier et al., 1987), was examined with or without 
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Fig. 3. Effect of 2deoxyGlu6P on glycerol-3P uptake and of Pi on 
Glu6P uptake. Cells of strain RK5000 carrying pRJKlO were grown in 
MOPS/glycerol medium. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(a) To one of duplicate cultures was added 
2deoxyGlu6P to 2.5mM for 88min before assay of uptake of 
[14C]glycerol-3P (200 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp ~ ;  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.2 pCi ml-l); zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0, no addition; .,2dGlu6P. 
(b) Cells grown in MOPS/glycerol medium with Pi concentrations of 0, 
1-3 mM or .,26 mM. Uptake of [14C]Glu6P (200 p ~ ;  0.2 pCi ml-l) was 
measured. 

exposure of cells to Gal6P or 2dGlu6P. Transport of 
glycerol-3-phosphate was strongly inhibited by addition 
of 2dGlu6P (Fig. 3a); similar inhibition was seen upon 
addition of Gal6P (data not shown). Inhibition of 
transport occurred within 10 min after addition of the 
hexose phosphate and was relieved when cells resumed 
growth following prolonged incubation (data not shown). 

The partial reduction in growth inhibition that results 
from increased Pi in the growth medium (Fig. If) was 
also consistent with the view that amplified sugar- 
phosphate transport might deplete intracellular Pi pools. 
However, it was possible that high external Pi might 
competitively inhibit sugar phosphate uptake and 
thereby relieve the growth inhibition by decreasing the 
accumulation of sugar phosphate in the cell. To 
investigate this explanation, the rate of uptake of 
[14C]Glu6P was measured in media with 1-3 mM and 
26 mM-Pi (Fig. 3 b). High external Pi had only a slight 
effect if any on the rate of Glu6P uptake under these 
conditions. These results are consistent with the proposal 
that the nonlethal inhibitory effect of amplified sugar 
phosphate transport is dependent on the accumulation of 
the internal sugar phosphate, acting by depletion of the 
internal P, pool or accumulation of osmotically active, 
charged metabolites. 

Discussion 

The results presented here show that elevated transport 
of sugar phosphates in E. coli strains overproducing the 
UhpT hexose-phosphate transport protein is deleterious 
to the cell by at least two mechanisms. Some sugar 

phosphates caused extensive cell killing, whereas others 
resulted only in growth inhibition. Lethality was corre- 
lated with the ability of the transported sugar phosphate 
to enter the glycolytic pathway of metabolism and to 
engender MG synthesis. Glu6P and Fru6P are interme- 
diates in glycolysis and rapidly caused a drastic drop in 
cell viability. In contrast, 2dGlu6P, which cannot be 
converted to Fru6P and is not metabolized further, and 
other sugar phosphates (galactose-, arabinose-, and 
ribose-phosphates), which are utilized by alternative 
catabolic pathways, did not lead to MG synthesis and 
were not lethal. 

Previous studies have shown that elevated metabolic 
fluxes through the glycolytic pathway can engender cell 
killing by generating excessive levels of methylglyoxal 
(Freedberg et al., 1971; Ackerman et al., 1974). These 
abnormally high metabolic rates were achieved in two 
ways. Growth of wild-type cells in the presence of an 
inducing sugar, such as xylose or Glu6P, and cyclic AMP 
overcame catabolite repression and resulted in high level 
synthesis of the corresponding transport system (Acker- 
man et al., 1974). High rates of glycerol metabolism 
required use of mutant strains which both expressed the 
glycerol-catabolic enzymes at a high, constitutive level, 
owing to loss of the GlpR repressor, and also possessed 
an altered glycerol kinase activity that was insensitive to 
feedback inhibition by fructose- 1,6-bis-phosphate 
(Freedberg et al., 1971). Amplified copy number of the 
uhpT gene provides another mechanism to increase 
glycolytic flux. MG production can explain some of the 
curious phenotypic properties of strains carrying Uhp 
plasmids. Growth on agar plates containing sugar 
phosphates as sole carbon source was healthy in regions 
of lower inoculum size but was sparse in the regions of 
high cell density, and growth in liquid medium in the 
presence of Glu6P was very poor. The growth of isolated 
colonies is probably explained by the diffusion of MG 
away from cells into the agar medium; at high cell 
density in liquid or solid medium, MG accumulates to 
toxic concentrations. 

MG is formed from dihydroxyacetone phosphate by 
the enzyme methylglyoxal synthase and is converted to 
lactate by glyoxylase I in the presence of glutathione 
(reviewed in Cooper, 1984). A physiological role for MG 
synthesis has yet to be firmly established, however, MG 
toxicity in E. coZi has been extensively documented. 
Toxicity appears to result primarily from inhibition of 
protein synthesis, though DNA synthesis may also be 
affected (Fraval8z McBrien, 1980). It appears from this 
and previous work (Freedberg et al., 1971 ; Ackerman et 
al., 1974) that 'proper' regulation of metabolic flow 
through glycolysis (i.e. that which is sufficient to avoid 
overproduction of MG) is dependent on the rate of entry 
of substrates into the pathway being limited at the 
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transport step, and can be subverted by elevated 
transport activities. It should also be noted that the 
potentially low intracellular levels of Pi developed during 
Glu6P/Fru6P transport as a result of the phosphate 
antiport activity of UhpT would also favor MG 
production as MG synthase is inhibited by Pi and the 
alternate, normal route of glycolytic formation of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
glyceraldehyde-3-phosphate is Pi-dependent. 

The observation that mannose-6-phosphate resulted in 
lower MG production and less cell death than seen with 
Glu6P and Fru6P, while glucosamine-6-phosphate re- 
sulted only in transient growth inhibition is interesting, 
considering that both sugars can be enzymically con- 
verted into Fru6P, and thus could potentially enter 
glycolysis. Both compounds also have biosynthetic roles, 
with mannose-6-phosphate being involved in capsular 
polysaccharide synthesis and glucosamine-6-phosphate 
in peptidoglycan and LPS synthesis. It is possible that 
glucosamine-6-phosphate is shunted preferentially into 
the synthetic pathway, which is essential for cell growth, 
rather than the dissimilatory pathway. Capsule synthe- 
sis, in contrast, is a dispensable function which may not 
be expressed under the growth conditions employed 
here. The delayed effect of mannose-6-phosphate may 
have been due to limiting levels of phosphomannoiso- 
merase, the enzyme which converts mannose-6-phos- 
phate into Fru6P. 

The physiological significance of the regulation of 
uhpT expression by catabolite repression must be to 
reduce the flux of sugar phosphate transport to limiting 
levels. Rates of transport must be limited because the 
feedback controls of glycolytic activity are obviously not 
sufficient to avoid deleterious consequences of elevated 
substrate presentation. The detrimental effects resulting 
from excessive transport cannot be ascribed solely to 
toxic levels of MG arising from excessive production of 
dihydroxyacetone phosphate. Substrates that do not 
elicit MG production still caused very significant growth 
inhibition. This inhibition could be related to the very 
familiar growth inhibition caused by the accumulation of 
sugar phosphates in mutant strains that are blocked in 
their further metabolism. The basis for this effect is not 
clear, but might involve a salting-out effect owing to the 
sequestration of intracellular water by the high levels of 
organophosphates zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(> 10 mM). 

The fact that increased transport of sugar phosphates 
strongly inhibited glycerol-3-phosphate transport is 
consistent with a depletion of the internal P, pool by the 
antiport action of UhpT. This model is consistent with 
the protective effect of increased [P,],,, against the 
addition of Gal6P or 2dGlu6P. This protective effect of 
higher [PJout was not due simply to competition of Pi with 
Glu6P for entry on UhpT, since the directly measured 
rate of Glu6P uptake was not significantly inhibited at 

this concentration of external zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPi. Assuming that the Km 
for Pi for GlpT is similar to that for UhpT (1.2 mM), it is 
likely that the level of internal Pi could be reduced to a 
level low enough to affect antiporter activity. Consistent 
with this view is the puzzling finding that the level of 
Glu6P uptake in uhpT-plasmid-bearing cells is only 
increased 2-4 fold over that of an induced haploid strain, 
despite the fact that reconstitution assays showed that 
the amount of active UhpT protein was increased more 
than 20-fold (Sonna et al., 1988). This discrepancy may 
be explained by the suggestion that sugar phosphate 
transport in whole cells is not limited by the number of 
transporters, but by some physiological factor, potenti- 
ally the capacity of the Pi pool. The inhibition of GlpT by 
UhpT substrates is consistent with this view. However, 
given the Km values observed for UhpT, it is unlikely that 
the level of intracellular Pi could be reduced by the action 
of UhpT to below 5 p ~ ,  at which growth inhibition 
occurs. Thus, the mechanism for inhibition of growth by 
accumulated sugar phosphates remains to be defined. 
These findings provide evidence for multiple mechan- 
isms of growth inhibition by elevated rates of carbohy- 
drate transport and reinforce the need for careful 
regulation of transport activity as a primary site of 
metabolic control. 

This work was supported by research grant GM38681 from the 
National Institute of General Medical Sciences. 
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