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© TRANSPORT BY THE LACTOSE PERMEASE OF ESCHERICHIA COLI

MARY E. BREWER AND V. MOSES

Laboratory of Chemical Biodynamics and Lawrence Radiation Laboratory,
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SUMMARY

'FlUkés of galactosides into and:-out of Escherichia coli were
‘measured under various conditions of température and‘ﬁH.' The effects.
of glUébse on entry and.exit of lactose, methylthio-galactoside, and
gynitrOphényl—gélactoside were explored. |

'It'Was found that glucose and ashethy?glucosfde”ihhibited/entry
only whéh'both the lactose and glucose pefmeases were functional,

' and pnly in cdltures which had been recently eXposed.toiglu¢05e.

The induction of the lactoée permease could occur in the abseﬁce of
gldcdse_and still produce glucdside-sensitivé_enfry if the cells

wefe exposed to glucose immediately before or after the inductiqn}
of thé‘léctose operon. | |

”Exit of methyfthio-galactoside-was sensjtive t§ stimu]ation‘by
giqc05g3 but exit of lactose was not. Several rapidly-metébo1ized;
‘sugars could.stimulate tﬁe éxit of methy]thio-gaiactosideg but the

’nqn—metabolizabie d-methylg]ucoside could not.
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It ds conc]uded that the inhibition of galactoside entry by
Aglucosides is due to an interaction between internal glucosides (or
glucoside phosphates) dnd the 1actpse‘permease. The sensitivity of
the permease units to 'glucosides is due to the-physid1ogica1 state
of the membrane in which they are embedded It is also coné]uded
that the mechan1sm of glucose st1mu1at1on of exit 1s di fferent from
the mechanlsmvof glycoside inhibitien of entny, and that st1mu1at1on

of exit is independent ofvtheblactose permease.

- INTRODUCTION

Although the lactose permease was one of the f1rst bacterial
transport 5ystems to be recogn1zed], its mode of act1on has yet to be
sat1sfactor1ly exp]a1ned There have been two approaches to the study
of this system the 1solat1on and characterlzatwon -of the protein
product of the y-gene ‘of the lactose,opemn2 4, and the investigation

5-9

of tranSport kinetics in various mutant: stra1ns of E. col1 This

paper 1s the result of the 1atter approach.

5--a.nd Koch6 7. proposed models in which all galactosides

Kepes
crossed the membrane only when complexed with small, non-speci fic
“carriers“. The protein product of the y-gene was located on the
outer surface of the membrane and catalyzed the formation of carrier-
substrate complexes. _GTucose inhibjtion of entry and stimulafion of
exit were thought td be mediated by.the carriers, which carried

glucose as well as well as galactosides. -
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Fox and co-Worker52”4 have'postulated'bnly”that the y-gene
product (the M prote1n) binds ga]act051des on one side of the mem-

brane and releases them on the other. No detalls of the actual

'tranSpdrt were suggested,%and no explanation for the effects of

A glucose was offered

In th1s study, the art1f1c1a1 substrate oNPG has been used to
study the transport of a hydrolyzable substrate into the cells, and
the non-hydrolyzab?e substrate TMG has been used to study accumulation

and exit functions of the permease. A complication of this practice -

is thatiboth of these substrates cross the permeability barrier in

the absence of permease, and -such passive diffusion appears to account

for a substantial proportion of the overall transport observed in the
pkesence of permea3e10 A number of experiments were designed to com-
pare the effects of various experlmental conditions on transnort by

permease posit1ve and permease-negative bacterva
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The major studies of the lactose: permease’ ™" were completed

‘before the discovery of the phosphotransferase transport systems for

glucose and other carbohydrates]]']3. It now seems most un]ikely

that there are'any components common to the glucose and lactose per—

meases, .and alternatives must be sought to replace Koch's hypothesis;

. -The present study is devoted to the glucose inhibition of the lactose -

permease, and to some of the physical earameters of galactoside trans-
port. A mechanism is proposed for the effect of glucose on permease-

médiated entry of galactosides; it is'suggested that the activity of .

the permease and its, sensitwthy te inhibition by glucose, depends

upon the precise state of the membrane into whlch it is integrated.
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The: composition of the membrane is presumed to change as a conse-
quence of growth conditions, and hence physiological state, of the ' 1

MATERIALS AND METHODS

Bacterial. strains

The strains of bacteria used are listed in Table I. Five addi-
| tional mutant strains were used. These are derivatives of strain
XA 7010/F" pro ]ac, mutagenwzed e1ther with N- methy] -N'-nijtro-N-

mtrosoguamdme]4 or with ethyl methane suH‘onate]5

The mutants
'were seietted'for their ability to .produce B-galactosidase in the

: presence of glucose with lactose as the 1nducer Mutagenized cul-
tures were spread on minimal agar conta1n1ng glucose (1%), lactose
(0. 2%) and 5-bromo- 4-chloro-3 1ndo1yl B- D-galactos1de (40 ug/ml)]6
Co]onves contain1ng apprec1ab1e quantities of B- galactoswdase act1v1ty
appeared b]ue after 36 hours at 37° Those conta1n1ng only basal |
'level amounts of the enzyme were white. Blue co1on1es were then
,selected for inab111ty to grow on glucose m1n1ma1 med1um and con-
current ability to grow-on maltose. The five stra1ns were designated

E7; E38, E45, N52, and N78; the letters indicate the mutagen used.

Growthhconditions

v Cultures were grown on min1mal sa]ts Medium 63 (ref 17) con-

| taining a carbohydrate at 2g/liter, and supp]emented with 2. 3 uM

Abbrev1ations: ONPG, 0-nitrophenyl-g-D-galactoside; TMG, methyl-
thio;Q-D-galactoside; IPTG, isoprOpylthio-a-D-gaiactoside; MG, a-
‘methyliglucoside; CAP, chloramphenicol.
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v Koch

<5e
thiamihe For cultures of strain Cavalli. the medium was aiso subp]e;
mented with 0.33 mM meth1on1ne and 16 uM thymlne . When the bacteria
were to be 1nduced for the lactose operon, 0.10 mM IPTG was also

presen;‘in‘the medvum. A1l strains were grown aerobically with

- shaking at 37°.

_Assays of oNPG hydrolysis

The bacteria to be assayed were harvested at 3000 x g, and re-

suspended in M 63 containing no carbon source (M 63 NC). The bacteria

" were added to OoNPG (3.3 mM) in M 63 NC. At intervals, 1.2 ml aliquots

were withdrawn into 0.8 ml 1 M Na2C03 solution, which stopped the
reaction. The bacterial debris was later removed by centrifugation,
and the absorption of the supernatant was read at 420 nm. |

The assays were sometimes conducted invo,os M potassium-Tris-

| maleate buffers madeuup to the desired pH valwes]8 instead of in M 63 NC.

f Radioactive entnxfor ex1t exper1ments

The accumulation or ex1t of radiocactive sugar was measured as in
6, except that the samples (usually 1 ml) of bacteria were pipetted
onto a‘prewefted Millipore filter_(4?-mm diameter, 1.2 u pore size
filters were usually éhp]oyed). The batterfa,were washed two or
three -times with 4 ml of M 63 NC af 0° and sucked dry, ‘The f1lter
was immediate?y dvsso]ved in 18 m d1oxane sc1nt111at1on fluid

(Packard Fluor II formu]a), and rad1oact1vity in the cells measured

with a Packard Tri-Carb scintillat1on counter u51ng external standard1-' '

zation of counting_effi¢1encyo



Lactose hydrolysis assays

~ Lactose hydrolysis was measured in the same way as oNPG hydro-
lysis, except that 2 ml aliquots of the reaction mixture were with- -
drawn and'plunged into boiling water for 2 min. to stop the reaetion.

After. the bacterial debris was removed, 1 ml samples of the super-

~ natant were tested for galactose with Galactostat reagents (Worthington

Biochemical Corp., Freehold, New Jersey). Suitable blanks were used

to account for the slight reactivity of lactoselin_this'system,

*Chemicals and Radiochemicals
The oNPG and non- radioact1ve TMG were purchased from Ca]bxochem,
Los Angeles, Calif.; a—methylglucos1de was from Eastman Chemicals,
Rochester,‘New York; and_IPTG was»from Cyclo Chemical Corp., Los
7Angeies,'Calit;;‘radjoactive fMG_and glucose‘were pnrchased from New

7 Eng]and:Nuelear Corp;; BOSton Mass;:radioactive lactose was bought

from Amersham/Searle Des P]a1nes, Illino1s. These.products were
1used without further pur1f1cation. | _
AN qther chemicals were ordinary laboratory grades, and were

used withbyt'purifi;gtfgn; .:: {

RESULTS}.'__V o

Temperature dependence of transport#processes

1 There is a correlatvon between the temperature dependence of a v
flux of gaiact051de and the part1c1pat1on of a permease in that flux
(Table II). The entry of both oNPG (measured by the rate of hydrolv51s

‘in vivo)* and lactose into ML 3 is less dependent on the temperature

*The rate of hydrolysis of oNPG by ‘whole cells is much lower than the rate

in broken cells (Table III), so the rate-limiting step for hydrolysis -
in vivo must be tranSport into the ce]lsﬁ. ,
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than the entry of these substrates into ML 30. Since’ML'j differs
from ML 30'on1y in leeking tpe lactose permease, ene,meyvcenclude
that non-mediated transport, or diffusion, is less sensitive to the
.temperatnre than is permease-mediated transport..

" The aCCumu]afion of TMG by'ML 30 celTs is even_more'dependent
on the temperature than is oNPG hydrolysis. Simf]arly, the accumu-
Tation of lactose in the z y strain XA 21 is more- dependent on
temperature than is oNPG hydrolysis in ML 30. The observed rate of
]‘ lactose or TMG accumu?ation should not reflect any significant‘non-
mediated entry, because non-mediated entry cannpt produce a net flux

i against the concentration gradient The rate of hydroly51s of oNPG,

" on the other hand, reflects both mediated and non-mediated entry.
lehus, find1ng that the observed temperature dependence of oNPG hydro--
':lys1s 1s 1ntermed1ate between those of mediated and non- med1ated

entry,is.cons1stent with the bimodal entry of ONPG.

The tempefature dependence of-1ectose exit is low; indicating
that lactose exit is not appreciabiy,facilitated by the lactose per-
mease. This'agrees:with the observation of Winkler and wilsonlovthat _‘
the lactose permease has a very low affinity for internal-substrate;

- However, the high temperature dependence of”TMG'exit'is not consistent

with the pattern so far,estebiiehed; The inconsistency might be due

to'thetpartﬁaﬁ mediatipn of TMG exit by a permease other than the

lactose permease. Such a permease would not transport lactose.

Energy of activation of tfanépbrt proéééses

The. kxnetics of oNPG hydrolys1s in v cells can be f1tted by the .

classical Micnaelis-Menten equatvons. Kinetic experiments at several
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temperatures showed that changes in the rate of hydrolysis are due
to changes'in the valuelof Vmax'  The value of Kn remains approxi-
‘mately constant, while the value of V .  1increases by a factor of
twenty between 0° and 37°. The intreaSe in Vinax is eXponential, and

a fairly good fit of the data is obtained with'the Arrhenius equation:. .

o _AE¥/RT
vm‘ax T Ae '

The va]ue of AE*/RToanbe calculated from a plot of Vima .'T"]

_ (F1g 1) The values. obtained from two such exper1ments were 24 Kcal/
mole degree (strain ML 30) and 21 Kcal/mole degree (stra1n_Caya111).
A]thoughrthese values. are subject to variafipn depending on the physio-

' logica]iconditiontof-the cul tures used, they'indicate aporoximately
the 6rder of,magnitudeiof_tﬁe'activation enekgy for perméase-mediated
transppft. For comparison, the energy of activation required for the
three#fold increaée in hydroly51s rate betweéh 0° and 20° in ML .3 is

8.8 Kcal/mole degree.

' =Enhéﬁéement of gaiattbsfde'tranépoft by'a funét1onéi ﬁé}méasé

1 The cell mémbranéfof'gé_ggll is siightly'pefméable to galacto-

“sides‘ éVen when itkdbes not contain any galéctoside permeases (Table III).
Since the specific rate of entny for ML 3 was more than half the specific
rate for ML 30 (Table III), the rate of. non-med1ated entry into ML 30.
must be assumed to be large. The y-deletion strain, RV/MS 1054, showed

an anomalousiy high specific rate of enthy of ONPG, although tests (ggjb _

*The effect of the non-mediated component on Michaelis-Menten kinetics

is to increase the apparent value of Ky. Since V., is not affected by
non-mediated transport, the temperature-dependence study us1ng Vmax 1S
valid for permease-mediated tranSport. ,

@ .
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vfaflure to grow on melibiose at 42°) §hbWed that the cuiture wés'a'
pure y~ strain, (Howéver, this strain is éb]e to grow.s]ow1y.oh
" lactose medium which has been supplemented with IPTG. This is not
typica1 of y"stkains.)

The membrane of.RV/MS 1054 is much ]ess.permeab1e‘to lactose
than it .i's to oNPG (Table I1I). (In the y* strain XA 7010/F' pro lac
the rates of entry of oNPG and lactose were approx1mate1y equal.) A
comparabie exper1ment with ML 30 and ML 3 suggests that the rate of
lactose entry in ML 3 is about 5% of the rate in ML 30. In one ex~v
periment, the rate of lactose enthy was 0.0393 umo]e/min/mg dry cells
aﬁ 20° for ML 30, and 0.0015 ymole/min/mg dry cells for ML 3.

The rate of exit of TMG is affected by the presence of lactose
perheaéé to about thé same degree as the rate of entry of oNPG. Exit
'ha]f-timés for cultures of ML 3 were 1.5 to 3 times longer than half-

timesffor:parallel-cultures,of ML 30 (Table IV). | | |

The rate of Tactose exit from a y~ strain'was,not measured. The
rate of Tactose exit from a 27y" strain (XA 21) is Tower than the
rate 6f TMG exit from the.same strain. In one typical experiment
the half-time of éxit af 20° was’43 minutes for iactoseVand 6.4 minutes‘
for TMG' This suggests either that TMG d@ffuses through the membrane
.much more easily than iactose or that there is a TMG exitase, as

postu?ated‘earﬂier (see: above).

. Effects of pH and NaN, on oNPG hydfolysis
" The rates of oNPG_hydro]ysis'ig;vaO by y+ and y~ strains at
varfous pH values 'are shown in Fig. 2. The curve of rate vs. pH for

the y~ strains ML 3 and RV/MS 1054 shows the combined effects of
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1ntern§1 pH and general membrane permeability 6n hydfo]ysis. The curve
for ML, 30 is also influenced by the permeaSe‘activity; When the pH
curve for ML 30 is normalized by subtracting fhe corresponding ML 3

rate from each point (Fig. 3), the optimum pH for transport is shown

to be 6.0. 'The'optimUm_pH is the résu]tént of the pH'effects on both

the permease protein and proton gradient across the membrane,

]19

Mitchel has proposed that the energy for active transport is de-

r1Ved'from the electrochemical gradient of protons'across the membrane,

and there is some evidence® which suggests that this is true in the case

of the lactose permease. He has also suggested that sodium azide, an

‘inhibitor of active galactoside‘transport, destroys the impefmeabi]ityv

of the membrane to brotohs, and in fhis way removes the energy source

for active tranSport;v'In the Mitchell model, the proton concentration
must’bé highér outside the_ce]l membranekto'achieve the active transport

of sdgars 1nward]9; 'Thuéka slighf]y acid'eXterhalnmedium’shOUId, accord-

ing to this model, be optima] for 1nward transport

As shown 1n Fig. 3, permease-med1ated transnort is almost comp]etely
abolished by NaN, athH-S,Z‘ ‘This might be due to the reduced internal
pH caused by free movement of protons info'the.cell in the presence of

N5N3 However, this seems unlikely, as NaN3 had no signifitant effect

- on the hydrolysis of oNPG in the. y~ strain RV/MS 1054 at low pH values

(Fig. 4). Thus, the great effect of NaN3 on hydrolysis at low pH is

- due either to an interaction between the NaN, and the permease, or to

-the loss of the proton gradient.across the membrane, or to both.

Michaelis-Menten kinetics and the effects-of‘pH and NaN3 Oh hydrolysis

Kinetic studies of oNPG hydrolysis show that the value of V__ is
little affectedvby the pH of the medium (Fig..s). The differences in
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hydrdlysis rates are due to the effect of pH on the binding constant K.
(As mentioned above, the value of Km reflects both binding of substrate
to the permeasefand the contribution of non;mediated entry to the total
entry.) At pH 7, where the effect of NaN; on hydrdlysis is relatively
small, only the value of K is affected by the poison (Fig, 6). At pH
5.2,410’3,M:NaN3 abolishes permease-mediated transport;_and the kinetics
of poisdned transpdrt show direct proportionality between external con-

centration of substrate and rate of its hydrolysis (Fig. 6).

Effect of pH on the exit of TMG

The rate of exit of TMG from ML 3 is not sens1t1ve to the pH of
the external medium (Table V), which suggests that there is no general
1ncrease in membrane permeabillty to galactosides with increasing pH.
The exit from the permease-positive strains ML 30 and XA 7010/F' pro lac
does increase with pH. The external@proton,concentration.will be higher
in an acid external medium and lfower in a basic external med}um; we assume ..t :
that the‘internaﬂ pH of the cells remains constant. If, as mentioned
earlier, galactoside transport is fayored in the diréction from Jower
to ﬁiéher proton concentratipn, then entry shbd]d be favored in s]ightly:
acid medfa, and exit should be favored in s]ightly basic media. This i§,

in fact, observed in the pefméase-positi?e'cells (Table V and Fig. 3).

Glucose inhibition of ‘ONPG hydrolysis in vivo

The inhibition of ONPG hydrolysis by carbohydrates is limited to
- galactosides and glucosidesﬁ. (But seé Holmes, Sheinin and Crotkera, _
who found inhibition of entry by fructose, etc.) Inhibition by galacto-

sides 1s competitive, in that it affects the observed value of
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K, but not V. Glucoside inhibition, though non-competitives, is
stereospecific. - It is limited in our experience to glucose, oMG, 2-
deOXyQIUCOSe, and ma]tose. (However, it is possible that the inhi-
bition ebserved in the presence of maltose results from excess glucose
_.being'releesed when na]tose is hydrolyzed inside‘the cells faster -

than tﬁe'reSu]ttng'Q]uCose can begnti]iied.)ﬂ Of' the glucosides, aMG was
~ the most effective‘inhibitor. Other compounds which wereftested in-
cluded L-akabinose, fructose, mannoSe; ribose-and glycerol, but none

of these 1nh1b1ted oNPG hydrolys1s.

The 1nh1b1tion of ONPG hydro]ys1s was not due to 1nh1b1t10n of
BFgalactos1dasevitse1f, 'Crude_preparat1ons Qf the enzyme were made
by.sonfcallyfdisrupting cells of ML 30, and these displayed no inhi-
bitidn?of oNPG hydrolysis by nMGh in addifion,-such inhibition was
not observed in hydrolysis by 1iving cells of eight different permease-
negatfve'strains *  Four di fferent yf strains* were tested for inhi-
b1tion of hydro]ysis. and a]l of them were sensit1ve to oMG when grown

previously on glucose.,

Temperaﬁdfe depéndence of 1nhibition'of entry byﬁdMG

 Inh1b1tien exci ted by‘dMG_is most severe at 37°, fa]iing with de-
' creasing temperature, to disabpear et,0°. This phenomenon can be most
easily visualized by cbmparing ‘the ArrheniUS plots of Vma* values
measured in the presence and absence of MG (Fig. 7). It is apparent | o .
that dWG interferes with or abo1ishes that part of the transport mecha-

nism which has a high energy of act1vatvon. _

*The y~ strains tested were M. 3, 230 U, RV/MS 1054, AB 1105, GR 101,
JC 14 and C600 A~. The y* stra1ns were ML 30, Cavalll, XA 7010/F‘
pro lac, and ."wild-type" from J. Evans. - |
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-~ The aecumulation of TMG is also inhibited by glucose at 20°, but
not at 0° Fig. 8 shows the k1net1cs of TMG uptake at 0° and 20° i

_ strain XA 7010/F' pro lac, s1m11ar results were obtained with strain

ML 30. Lactose hydrolysis 12_v1vo shows the same temperature depen-

‘dence 5f 1nhibitfon-by aMG in strain ML 30 1ead1ng to the conc]us1on

that the permease ‘is not sensitive to glucosides at 0°,

Temperature dependenoe‘of'fnh{bitfon‘of'hggrolyéis'by TMG

By contrast to the case for inhibition by oMG, TMG inhibition of

'hydro?ysfs is completely independent of'temperature; This is to be ex-

pected, since TMG is a competitive inhibitor of lactose entry. Since

‘the value of K, for oNPG entry does not change with temperature, one

would expect the affinity of the permease for TMG also to remain constant.

Inductioﬁ>of glucoside sensitivity in oNPG entry

Cultures which have_growo on glycerol plus IPTG may show sensiti-.
vity to ihhfbftiOn of oNPG entry (as determined by hydrolysis in vivo)
by:91ucoside, but fhe degree of inhibition in such cells is less than

that in cells grown on g]ucose plus IPTG. In ML 30,'gr0wth on glycerof

fructose, arabinose, mannose or rxbose typically fails to produce sensi=-

twvity to. giucosides‘ growth on. glucose or ma]tose always produces

sensitivity.

- The time required for'ceils‘growing in glucose medium to develop

,sensitivity_to glucoside inhibition of oNPG entry is about 90 n__n'nutes9
for rather more than one mass doubling time. Sensitivity wi]l}nOt

develop in the presence of chloramphenmcol, protevn synthesis is there-fe~

fore required (Table VI)
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A]theugh the entry of oNPG ihto y~ strafns is not inhibited by
glucosides, the synthesis of the y-gene product need nof occur in
glucose medium for sensitivity to glucose to be present. Bacteria
grown in giyceroi'nedium'plus IPTG were washed and transferred to

g1uco§e'medium withbut‘IPTG. Within two hbdfs,dePG hydrblysis became

o sensitive to inhibition by glucose (Table VII).

Conversely, when un1nduced glucose grown cells were washed and

exposed to IPTG in a medium lacking a carbon source, the hydrolysis of |
foNPG whichagradual1y-developed asia_result of the synthesis of fhe , |
. lactose enzymes was'sehsitive to QMG fnhibition, and remained so for

at 1east,fwo hours (Table VII). When similar cells were.eXposed-io IPTG
‘ in avgiycero],medfum,‘sensitivity}to aMG was lost morevrapidly.‘ Since
'grOWth could occur. in the~presence of glycerol 'hut not in the absence
~ of a carbon source, it is concluded that some aSpect of the growth

H

process is necessary to remove sens1tiv1ty of the permease to aMG.

" Role of the glucose permease in MG inhibition of oNPG llvdrolysis.'
5-7 -

Although the common carrier. hypothesis ~is probably incorrect,
1t seemed possible that an active g]ucose permease is necessary to
bring the glucoside inside the cell before it can inhibit the ‘Tactose
permeasee A series of five gIUCOse negatvve lactose-posrt1ve mutants
derivedffrom XA 7010/F' pro lac were used to study this hypothesis.
Each mutant was tested for the effect of oMG on ONPG hydrolysis in
maltoseegrown cells, ahd for the rates'of'entny of []4C]glucose. The

results are presented'in,Table_VIII° In two strains, oNPG hydrolysis -
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in vivo was insensitive to aMG inhibition, and in those strains glucose

. op———

accumulation was only 10% as fast as it was in the parent.

Effect of glucose on exit of labelled THG

The presence of glucose in the external médium'cauSes a marked
increasecin thewrate of exit of TMG Several other metabolizable
sugars,.are also able to increase the rate of exit (Table IX). oMG
hqs no effect on exit. Thws g]ycoswde has been shown to enter the
cells viaithe glucose permease, but it is accumulated as the phosphate
and not;further‘metabolizedzo’z], Stimulation of TMG exit is thus
dependent on metabolism of the sugars, rather than bd their transport.

The concentration of glucose required to speed the exit’ of TMG is
sma]l (Table X). It is not possible to determine the inhibitor constant
exactly bécause‘thé gﬂucpse‘is continQOUSiy being removed from the
medfumvhy the bacteria, énd,~in the conceptration Eange of 10’4
‘ ]0 =5 M, the change of conCentration during the exper1ment is significant.

' Cultures grown on a variety of sugars ]ose the1r accumulated ™G

more rapidiy in the presence of glucose. In genera1, those sugars
which speed exit also induce sensitivity to gTucose., Glycerol and
.succinaté are not effectivé either as agenfs for speeding exit them—'
selves or for 1nduc1ng susceptibility to glucose Speed1ng of exit
(Iab]e xn)®.
A culture of ML 30 deve]ops sensmt1vvtv to glucose in about 2
_hours of growth on glucose. The presence of chloramphenicol preventsp
: development of sensitiyitys‘so'eﬁthervnew and Specific prdteins must.
be made, or general growth'ﬁs required for sénsitivity to develop

(Table XII).
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_fn_ma]tose-grown cells of the g]ucose-permeace negative strains
N52 and N78, neither glucoce nor maltose speedsr exit of TMG. In the
parent strain XA 7010/F' pro lac, glucose shows.: the typical stimu-
‘,]atdry effect on.TMG‘exit. |

EXit ofelactosev \

The exit of lactose accumulated by the z'yf strain XA 21 was com-

- pared with TMG exit from the same strain. The rate of lactose exit
was much lower than that of TMG, with‘a half—iife of‘35 minutes for
lactose and 12.5 minutes for TMG. In addition, the exit of lactose
was either unaffected or s1owed by the presence of glucose, although

the exit of TMG was stimulated by glucose (Table XIII).

DISCUSSION .

Temperature dependence and independent carriers

Kochslcbserved7that the témpé%&ture dependencé*cf a diffusion
R prbceéé'iQECOnsiderably 1e$sifhan'thet dbcerved for oNPGVtransport
into ML.3, or for the exit of ™G from any strain. For this reason
he concluded that the non-med1ated transport of ga]actos1des mus t

) depend on-a non- specvfic carrier within the membrane, rather than

' occur1ng by simple diffusion across the membrane. However, a simple
dwffusion process 'is not excluded by the high temperature dependence
of non-mediated tranSport. We know that galactosides are not very
soluble in lipids, and it follows that a molecule passing from the
aqueous external medium into the membrane must experience a large

| posit1velchange in chemicaiApotential. On passing from the membrane
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back into an aqueous phase inside the cell, the chemical potential
of the molecule will return to a lower level. This series of changes

is mathematically analogous to a chemieal reaction with a high

. energy of activation.

In a chemical reaction, the temperature dependence depends on
the magnitude of the energy of activation.  For diffusion across the
membrane, the. temperature dependence is determ1ned by the d]fference
between the chemical potentval of the galactoside inside and outside

the membrane.,

Nonespecific_membrane‘pefmeability to oNPG

The rate of ONPG hydrolysis by y~ strains has been reported to be

much lower than the rate of hydro]ys1s by y stramsGo We have not

been able to confirm this report in the permease-negat1ve strains

- which have been studied. From the data presented in this paper, one

' may conclude that about 20-30% of the hydrolysis observed in ML 30 is

due to npn-mediated entry of oNPG. (The proportwon of lactose entry

due to non-specific entry is lowerg being about 5%,) Thus the inhi-

bition of oNPG entry by -as much as 70% with oMG or NaN; reflects

EOmplete 1hh1bitfon of the permease-medfated entnyQ
' Thesevobservatﬁbns may eXplain why the accumulation (but not the
passive entry) of TMG is completely inhibited by a concentratioh of

NaN, which inhibits the rate of oNPG hydrolysis by only 50%. The rate

of TMG entry is slowed to ‘the point where non- SpEC1f1C (or TMG ex1tase-_i
'mediated) exit is Just as fast as entry, and thus there is no accumu=

Tation. - Permease- mediated oNPG entry is reduced by the same amount
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as the TMG entry, but the large'non-spetific component of oNPG entry
1s unaffected. It is not ne¢essary in this case to suppose that the
energy-yiéidihg part of the permease mechanism has been uncoupled

from the carrier part of the mechanism,

3

Temperatﬁre'dependenée:of inhibition by MG

| Thé faiiure of aMG to inhibit Hydrolysfs atVOf is probably due to
a lack of sensitivity of the permease to oMG at that temperature.
There cah be no doubt that'the'glucoSide'is“traﬁsported intd.the_cell‘
at 0°, since glucose enters at a Eate_suffiqfeﬁt to Stimuiate‘exft of |
TMG even at 0° (Table IV). Further, since oNPG hydrolysis at 0° can
be 1nh1bited by TMG,‘dne cbhcludes that the pefmeége’itSelf’functions
norma1ly.qt 0°. | |

- The senSitfvity_df thevpermeasejto gdlucosides may be determined
by the 1ipid matrix into whfch it fits fn the‘celi membrane. (This
{‘conclusionvis suggested by the-prbvisipnal nature of.the sensitivityvA
| which depends,on thevcarbon source in which the cells were grown.)
it‘is hot unreasonab]e to suppose ‘that the exaé% configuration of the -
'hembrané'lfpid is p&rtiy de termined by'temperature, and it is entirely
possibie that the‘giuéosidé-sensitiyg ¢onfigqration of the permease
proteiniis iost when the‘lipids in the membrané_éSsume their low-

temperatufe'cOnfigurations;

Relation'of the permease protein to the hembféne

4}has shown that unsaturated fatty acid must be present during

Fox
the induction of the lactose operon in order to produce functional

permease units. Although M (i.e. permease) protein 'is made in the
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absencé of the fatty acid, no increase in the transport of ga]éctosides
is observed in the absence 6f'un5aturated féfty acid, Fox* suggests
two hypotheses to eXplaih his observations: either new sites must be
mandfactured in the~membrane't0'accomodate the M protein as it is
syntheéized,~br'functioha1 M protein {s a lipbprotein which must be
bound to the correct fatty acid as it is synthesized®,

A1l of the strains used in this study were competent to synthesize

_ all their necesséry fdtty acids. The studies of induction of permease

sensitive to glucose inhibitibn of ONPG hydro]ysis jﬂ_vivo suggest o

that glucose metabolism creates a physiological condition which per-

‘sists after the glucose is removed. This condition, which may. be a

configuration of membrane lipids, is sufficient to create glucose-
sensitive permease protein, We have ﬁo evidence to determine whether
or not,new:permease ﬁrotein can be incorporated into previously syn-
thesized membrane. If thévpermeasé can be incorporated into oid
membrane; however, it seems likely thét membrane synfheéized-during
glucose metabolism determines a glucosensénsitiye configuration of the

M protein incorporated into it.

Effects of glucose and oMG on entry and exit

. The effects of glucose ahd oMG on entry and exit.of galactosides
are so differeﬁt‘thatvtwo separaté processes must be involved. First,
the specificities of the two proceéses are different: entry is sensi-
tive only to g’aucoség oMG, 2-deoxyglucose, and maltose; while exit {s.
sensitive to a ndmbek of metabdlizable'Sugarsg but not to aMG. Second,’

inhibition of entry does not occur at 0°, but the stimulation of exit

;is_noﬁ affected by temperatyre. Third, 1t is possible to induce
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sensitivity to glucose in only one process ét a time, .Entny can be
" made sensftive by growth on glycerol-in the:presence of MG, while
exit csnnot. Exjt is méde éens1tjve to glucose by growth on fructose, »
etc., but}qNPG entry is not. Lastly, the inhibition of entry by gluco-
sides occurs only in y* strains, yhile the speeding of exit occurs in - "

both_yf and y~ strains.

_Exit of TMG
'Tﬁexhigh temperature depehdence-of TMG exit suggests that this

process fslnot entirely passive, but the difference in exit rate between
y+ and y'-cells iS so small that the lactose permease cahnot play a very‘
Targe part in the exit of TMG. The very slow rate of lactose exit, and
the 1n§gnsitivity_ofﬂlactose exit to stimulation by glucose, suggest |
that exit bf 1actosé and exit of TMG.dovnot occur entirely by the same
pathway. The TMG II permease described by Rotman, Ganesan and Guzman22
might be responsiblg foi the diffgrence»between'exit of lactose and‘v
that of THG, as the ,:r?tgisff,1'1:...pémasfez-,daesreno’t;- transport. lactose.
CONCLUSIONS.

~ We conclude that the entry of oNPG into y* cells is bimodal, with

~an appreciable contribution of passive diffusion to the total. Lactose
- . . . i

entry(ﬂ§'1argely unimoda?, because passive'diffuéion'of lactosevis muéh 
| slower than diffusfon of oNPG.

, The;inhibition of galactoside entry by glucose is due to an inter- -
action between internal glucose and the lactose permease. Since glucose

and g?ucosides are phOSphonylated in the process'of entnyZI,
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'_TMG exitése (which may‘be the same as the TMG II permease

=21~
g]ucoside-ﬁ-phosphates are probably responsible for the inhibition.
The sensitivity of the permease. to inhibition‘by glhcosides depends
both on the growth medium and the temperature. Pre-formed permease
units can become sensitive to glucosides after exposure to glucose,
and permease units synthesized in the ‘absence of glucose are sensitive
to glucoside inhibition jfvthe célls‘have recently been exposed to that
sugar.,-we conclude that the sensitivity of the permease units to
glucosides is due to the physiological state of the membrane in which

they are embedded.

Exit.

TMGHprobab]y ieaves'thevCe1ls via three‘pathways: “the hypothetical

21); the lac-

'-tose permease, and by paséﬁve di ffusion.. Glucose stimulation of exiti

probably is due to interaction between glucese and the TMG exitase.

The mechanism of glucose stimulation of exit is entirely separate

'from the mechan1sm;of glucoside inhibition of entry. The stimulation

of exit appiies only to TMG and not fo‘lactose;'and the presence or ab-

| .
- sence of the lactose permease has no effect on the stimulation of TMG.

exit. The stimulation of exit can be effected by several rapidly-
metabolvzed sugars, but not by non -metabolizable g]ucosndes In con-
trast, the ?actose permease must be preeent for 1nh1b1tuon of galactosvde '

entry by giucosﬁdes, ‘and oniy giuc051dee fnh1b1t entry, though non-

-.~metab01izab1e glucosides are as effective as those that are metabolized. .
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CAPTIONS TO FIGURES

Fig. 1. .Arrhenius plot of the tgmperature dependence of Vmax for oNPG
hydrolysis in vivo in ML 30. Data for oNPG hydrolysis in vivo at

several temperatures was plotted in LineweaVer-Burk_plots. The

- values of"Vmax-from these plots were used in this ?%gure."

Fig. 2. oNPG hydrolysis in vivo in 0.05 potassium tris maleate buffers
as a function of pH. (0) ML 30 (y'); () ML 3 (y7); (e) RV/MS
1054 (y9€1). Assays at 37°. | -

Fig. 3. Calculated activity of the lactose pérmeasé as a function of
pH. tdgether with the effect of 1 mM NaN3.. Rates of oNPG hydrb-
lysis were detérmined at different pH values for para]lel cul tures’
of ML 30 and ML 3. The difference between the two sets of values
isvplotted agafﬁst pH; thiS'measures ohly the permease-mediated

~entry of oNPG. . (o) control; (e) NaN,.

i Fig. 4. The effect of 1 mM-NaN3 on ONPG hydrolysis .in RV/MS 1054 as a.
- function of pH. Assays at 37°. (o) control; (e) NaN .

Fig. 5. Lineweaver-Burk plots for oNPG hydrolysis jg_v{vo in 0.05 M
potassium tris maleate buffers at three pH values. ML 30 assayed

at 28°. (o) pH 8.6; (e) pH 5.2; (a) pH 6.8. .

Fig. 6. oNPG hydrolysis in vivo in M. 30 in 0.05 M potassium tris maleate
at:37°, pH 5.2 and 7.0, with and without 1 mM NaN. Lineweaver-

i

‘Burk plots.. (o) control; (e) NaN,.
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, CAPTIONS TO FIGURES (continued)

¢ _ b : o :
‘ Z Fig. 7. Effect of 1 mM aMG on Arrhenius plot of jn Vimax for oNPG
| hydrolysis in vivo in ML 30 grown on glucose + IPTG. (o) control;
(8) oMG. |
Fig. 8. Effect of.] mM oMG on accumulation of TMG in ML 30 grown on
, glucoée + IPTG at 20° (A) and 0° (B). (o) control; (e) aMG.
4 !
1
., |
{ !
|
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i
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|
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TABLE I -

| i
- STRAINS OF E. COLI USED - |
Name ; Lactose operon Origin -
M3 i Cooaty . J/:Monod
M3 e ity A. J. Clark
Cavalli | ! 1+z+y+ A. Simmons
230U ; i7z2'y" . J. Monod
RV/MS 1054 ‘ 1acde‘/i+ +odel, o M. Malamy
XA 7010/F* pro Iac 1de‘zg§} +/proA Blac i*z2'y" V. Moses
AB 1105 ' 1+z+y"v ' | E. A. Adelberg
GRI0T i*zty" M. Riley
S N A Jd. Clark
WI 4 ‘~'} i+z+y7. A. Novick’
€600 A" 1ty c ilson
""wﬂd"‘.‘ ’ E 1{’z+v.4L J. Evans
XA 21 f' iz g$;y+ J. G. Scaife
: ,
i
. "
i i !
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TABLE I1I

TEMPERATURE DEPENDENCE OF TRANSPORT PROCESSES

The cultures used Were all grown on glucose medium and induced

- with IPTG. The rates of transport processes were measured at

20° and 0° as described in Materials and Methods. The rate at

1 20° for each process was divided by the rate at 0° {n the same

culture of bacteria,

Process . Strain (y-gene indicated) | R;Egvgg 207
oNPG hydrolysis 5 o, v
Tinviw 0 M30 () | 13
oNPG“ﬁydfolysis . : B : |
~ in vivo M3 (yT) | 3.2
(Mclactose entry .- ML 30 (y') SR Y
A fLom3) 4.3, 3.4
"o " %'- oxayh 24
Moameextt |1 M3 () _ 19,16, 17.5
oow o M3 )10, 10, 145
womoow oxmagh . s
['%cltactose exit -~ xa 21 (y) . 2.9
CMCITHG accumu- . ML 30 () . 54

Tation
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TABLE III

EFFECT OF PERMEASE ON RATEVOF SUBSTRATE ENTRY

"Rate of Rate of

Strain y-gene | oNPG entry* Tlactose entry™”
ML 30 wild 2.69 x 1072
ML3 -poiht mutation - 140 x 10'?
XA 7010/F ' | -2
pro tac ~ wild 2.75 x 1072 3.72 x 10
RV/MS 1054  deletion 2.2 x 1072 7.87 x 1073

*  Rate of oNPG hydrolysis in whole cells divided by the rate of
| hydrolysis in sonicated cells from the same culture.

**  Rate of []4C]lactose-entny in ﬁmolé/min.rdivided by rate of

hydrolysis (umole/min.) in corresponding sonicated cells.

, ‘§1 :vT

|
|

L
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TABLE IV B
EFFECT OF INHIBITORS OF THE LACTOSE PERMEASE ON EXIT
OF TMG FROM ML;30-AND ML 3 AT 23° AND 0°
 The bacteria were grown on glucose + IPTG; the concentrations of -
inhibitorﬁ'were 1 mM in the exit media for the experiments at 0°,

~and 2 mM for those at 23°.

Strain = Sugar in Half-time.of exit (min) Half-time as ¥ of control

~exit medium &t 0° at 23° at 0° at 23°
M. 30 None RS V1 4.5 100 100
~ Galactose 73 2.2 61 49
MG 6l 3.3 51 73
" Lactose 58 1.9 48 42
M3 . None o - 7.2 - 100
N ‘ . . R ) . » ' . .
" ™ e 7.9 | - 1o
Lactosei . -- 8'4.f ’ . 17
G)ucosei, - 4.20 . | e 58
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TABLE V.

EFFECT OF pH ON TMG EXIT AT 23°

Exit media were 0,05 M potassium-Tris-maleate buffers

Exit half-times, in minutes

pnggisaft Strain ML 30 3 *ztgggg.,‘ﬁ Strain
| Control  md NaNy mtNact X8 70) ofF M3

5.2 82 . 12.4 7.4 7.9
5.3 mew een — 192
6.0 e e e 224
6.4 87 74 93 - 17
6.8 emm e .. 6.0 -
7.6 1.6 5.2 6.3 7.0 7.7
8.0 —. e e 1.3
8.5 4.4 37 36 - 7.9
8.6 “-- - - 7.7 —--
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TABLE VI
~ GROWTH CONDITIONS AND SUSCEPTIBILITY TO
~ GLUCOSE INHIBITION OF HYDROLYSIS
In vivo hydrolysis of oNPG becomes sensitive to severe inhibition by

aMG bn]y when the permease 15 synthesized in the presence of glucose

- or eMG,  The %irst three sections of this table are results obtained

.with'ovérnight cultures of ML 30 grown in M63 + glycerol + IPTG. One
cultuﬁé‘Was poured.into 300 m! of M63 + glucose; the sample for section

#1 was removed into chloramphenicol (CAP) (2 ml of 1 mg/ml CAP for an

18 m Samp]e of culture) after 20 seconds. The samples listed in.

- section #3 were later withdrawn in the same way. The samples were

' Espun down within a few minutes of their withdrawals, then‘re$uspeﬁded
¥§1n M63 NC,andiassayéd for oNPG hydrolysis with and without 1.5 mM |

léglucose at 37°. .

_Exposure to glucose L Rate in glucose
o - ~as % of control

1. Control: glucose and CAP added‘SimMTtaheous1y;

;u}ture ch?]led at once. _ - 70, 100

2. Glucose added with CAP; culture incubated two .
- hours at 37° before chilling. ‘ 109

3. G?ucoseiadded x min before CAP; culture chilled
- {mmediately after the addition of CAP"
e = 30 min, . . : " - 100, 124

X
-~ X = 60 min. : ' , 69
x =90 min v L -84
x = 120 min. L Y

'4..Glucose-grown, uninduced culture harvested and
~ resuspended in M63 NC with IPTG for two o
- hours at 37°, - , - 3 82
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TABLE VIT
 GROWTH CONDITIONS PRODUCING. SENSITIVITY OF oNPG HYDROLYSIS TO aMg

' j 1. Bacteria grown énd induced with IPTG in the absence of glucose

Incubation medium 'Hydrolysis rate . °~  Hydrolysis rate
after induction>. «0f:control "~ in oMG
- Glucose ; ' © 100 R : 29.4
Glycerol - C o 89.5 - 67.8

2. Bacteria grown in glucose, then induced in NC or glycerol media

Samplie time | v aMG S
after addition C?§§;°] G gy Gontrol g oM
of IPTG A of control ‘9'YC/ gly
100 1100 025 12,5  1.00 0.183  18.3%
200 . 1.3 027 1.2 1.5 0.200 16.0
40' 107440113 152 167 0.375  22.5

1200 0.620- 0.113  18.2  8.00 5.25  65.6
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TABLE VIII

SENSITIVITY OF GLUCOSE-NEGATIVE MUTANTS TO «MG INHIBITION
OF oNPG HYDROLYSIS IN VIVO

ONPG hydrolysis in vive

Strain ‘SPe¢1fiC glucose

uptake ‘ rate + oMG
: rate - oG
XA 7010/ % | o -
pro lac 1 100 | : 0.25
. L |
E7- 0.83 C0.32
E 38 | 0.50 B -7
Ees | 0.50: 0.2
N 52 - 0.091 o
NT78 . 010 | 1.08
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TABLE IX

SUGARS OTHER THAN GLUCOSE WHICH INCREASE THE EXIT RATE OF TMG

a

ML 30, grown on several carbohydrates + IPTG, was tested for sen-

sitivity.. All'the experiments were done at 23°, | - ¢

Sugar in’

Sugar in

Half-time of exit  Half-time
growth medium. . exit medium ~ as % of control (min)
Lactose Lactose‘ 14 - 0.9 -
Lactose Galactose . 25 1.6
Galactose © Galactose 40 3.4
Glucose Maltose 105 6.0
Maltose Maltose 52 3.7
Glucose Fructose 90 5.2
- Fructose. Fructose'l o 56 3.1
Glucose | Mannbse_. 75 4.3
Mannose * . Mannose ,  - 89 2.4
Glucose _ Arabinose . - 92 . 5.3
Arabiﬁose o Arabinosév. _ }v.69 4.0
Glucose . . - ' Glucose~6-P ,ﬂxo7: . 6.6
Glucose -  Ribose 84 5.1
| - 50 2.6
Ribose Ribose '

2.7
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TABLE X

CONCENTRATION OF GLUCOSE REQUIRED TO CAUSE INCREASE
©_IN EXIT RATE OF TMG | |
M. 30 grown in glucose + IPTG. Exits at 23°

Conc. of glucose Half-life Exit half-life

in exit - of exit as ¥

medi um ~ (min) of control
Nome | 6.04 00
108w 5.96 99

§ . ' ’
107 M ! 498 83
w0hm .31« s5 |
R T 305 st
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TABLE XI

CONDITIONS INDUCING TMG EXIT SENSITIVE TO GLUCOSE

B Bacteria wére grown on the sugar listed + IPTG except where other-

- wise statéd. Exits at 23°.

fStrain | Carbohydrate

Half-time of exit

- in growth
~ medium (min) (% control)
ML 30 ©  Glycerol 3.3 94
" Glycerol + MG 3.6 100
" Glucose 2,32 45
L 2,25 52
3.1 50
. 2.8 " 67
w0 Lactose 3.8 90
o 3.4 54
w  Galactose 9.0 107
"o Maltose 3.4 65
% U Ribose 3.7 48
l-”‘%ﬁif;' }'Frucfose e 34 - 56
‘we S Arabinose. | 5.1 88
o Mannose : 2.7 n
"o . Na gluconate 3.8 99
S - 3.9 69
u GVucoséﬁ' E -
| (no IPTG) 2.1 34
Cavallf ~  Glucose . 1.6 57
M. 3  Glucese 4.2 59
230 U .Glucose 1.5 33

B
R
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TABLE XII

KINETICS OF DEVELOPMENT OF SENSITIVITY TO GLUCOSE FOR TMG EXIT

ML 30 was grown overnight in 100 ml of M 63 + glycerol + IPTG. At

the beginning of the experiment the culture was poured into 500 ml
of M 63 + glucose. Samples were withdrawn into CAP as before, cen-

trifuged'and Ioaded with TMG. The rates of exit were then measured

- as described in the Methods section.

Length of , Half-time of ~ Half-time of exit with glucose
cgpmre o edtaithout i) (3 contron)
20 sec ., 4.08 | 407 101
5mn é . 446, 827 9%
15 min .'é 2 R 7 A
30 min - §< 5.46 . - Is.za SR 60
45 min: J.}-§ s47 - ass 00
somn | 5.6 498 _ 88
omn . 98 578 . 61

120 min’ 1278 . 's.e7 4
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TABLE XIII *
EXIT OF TMG AND LACTOSE IN STRAIN XA 21 !
rThe exi ts‘_were at 23°, as described in Materials an‘d Methods
Expt. - - v.T7 'Half=time ~ Half-time
Ng *  ..Substrate ‘. .- for exit for exit -~
‘ toocw(control) i(+' ‘gl ucose,
. : (min). 0" M) ’
1 ™6 64min 43 min
2 Lactose - . 42.5 min - 58  min
3 Lactose 36  min 33 ‘min
4  Lactose - '3 wmin. . 35 min
- ]
P
b
N ;
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'BREWER & MOSES: Fig, 1.
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& MOSES: Fig, 2,
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BREWER & MOSES: Fig, 6.
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. BREWER & MOSES: Fig. 8(A)
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* BREWER & MOSES: Fig. 8(B).
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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