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A model is proposed for the D-galactoside-H+(-OH) transporter of Escherichia coli that accounts for essentially all 
the experimental observations established for this system to date. In this model, the functional unit is postulated 
to be a dimer (consisting of two copies of lacY-specified polypeptide) which spans the membrane with a 
2-fold symmetry axis in the membrane plane (Lancaster, J.R. (1978) J. Theor. Biol. 75, 35-50).  The functional 
dimer is assumed to possess a single pore flanked by an inner gate (gi) and an outer gate (go) and encompassing 
two oppositely oriented galactoside binding sites, designated m and #. When go is open and gi is closed under non- 
energized conditions, binding site m adopts a configuration defined as State A (i.e., mo A) exhibiting high affinity 
toward Class G a galactosides (thiodigalactoside, melibiose, a-p-nitrophenylgalactoside) but low affinity for Class 
G b galactosides (lactose,/3-o-nitrophenylgalactoside, j3-isopropylthiogalactoside), whereas binding site/~ adopts 
State B (i.e.,/~o B) displaying relatively high affinity toward Class G b galactosides but comparatively low affinity 
for Class G a galactosides; further, each mo A : Ato B dimer contains one thiol group whose reaction with N-ethylmale- 
imide inactivates the transporter unless blocked by galactoside binding at site mo A, while the second homologous 
thiol of the dimer is unreactive toward thiol reagents. Translocation of the mo A :/lo B dimer involves closing of go 
followed by opening of gi, and causes the two thiols (as well as sites m and/a) to interchange roles in a symmetri- 
cal fashion: moA: #o B ~ miB: tti A. In the presence of a substantial (negative) transmembrane A/~h~, the m: /a  dimer 
is postulated to undergo an electrogenic protein conforrnational change to a second form, *(m :/~), in which both 
sites m and/~ possess low affinity toward internal Class G b substrates; galactoside transport in both m •/a and 
• (m :/a) is assumed to be coupled to H+-symport (-OH-antiport) with a stoichiometry of approximately 1 : 1.  

Finally, five characteristic predictions of the half-sites model are outlined for further tests of its validity. 

* Present address: NTK Research Institute, 602 E. Elk Ave- 
nue, Glendale, CA 91205, U.S.A. 

Abbreviations: 13-ONPG, o-nitrophenyl t3-D-galactopyranoside; 
thiodigalactoside, #-D-galactopyranosyl 1-thio-#-D-galacto- 
pyranoside; c~-PNPG, p-nitrophenyl a-D-galactopyranoside; 
melibiose, 6-0-(~-D-galactopyranosyl)-D-glucose; lactose, 4-0- 
(#-D-galactopyranosyl)-D-glucose; allolactose, 6-0-(~-D-galac- 
topyranosyl)-D-glucose; galactobiose, 6-0-(13-D-galacto- 
pyranosyl)-D-galactose; IPTG, isopropyl 1-thio-t3-D-galacto- 
pyranoside; TMG, methyl 1-thio-~-D-galactopyranoside; Dns- 
(dansyl-), 5-dimethylaminonaphthalene-l-sulfonyl-; Dns2-S - 

Since its discovery in 1955 [1,2], the lactose trans- 
port system of Escherichia coli has been studied 
intensively (reviewed in Refs. 3 -6 )  and has served as 
a paradigm for bacterial secondary active uptake sys- 

Gal, 2'-(N-dansyl)aminoethyl 1-thio-f3-D-galactopyranoside; 
Dns6-S-Gal, 6'-(N-dansyl)aminohexyl 1-thio-~-D-galacto- 
pyranoside; APG0, 2-nitro-4-azidophenyl 1-thio-O-D-galacto- 
pyranoside. APG2, 2'-N-(2-nitro-4-azidophenyl)aminoethyl 
1 -thio-B-D-galact opyranoside; CCCP, carbonyl cyanide 
m -chlorophenylhydrazone. 
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tems [6] following verification of Mitchell's hypothe- 
sis [7] that the system functions as a galactoside-H ÷ 
symporter (or --OH antiporter) [8-13].  On the struc- 
tural level, a membrane protein required for/3-galac- 
toside transport (M protein) was identified by Fox 
and Kennedy [14] by means of a specific labeling 
procedure using radioactively labeled N-ethylmale- 
imide. Subsequent work showed that the M protein is 
a product of the Y-gene of the/ac operon [15] and 
exhibits a molecular weight of approximately 31 000 
when examined by sodium dodecyl sulfate-polyacryl- 
amide gel electrophoresis without prior boiling in 
detergent [16]. On the other hand, the recently 
determined lacY DNA sequence [17] specifies a sin- 
gle polypeptide of molecular weight 46 500, and Vil- 
larejo [18] has presented evidence for two NcY- 
derived polypeptides, of molecular weights 33 000 
and 15 000, in samples boiled in the presence of 
sodium dodecyl sulfate. These results indicate that 
the electrophoretic behavior of incompletely 
denatured M protein in sodium dodecyl sulfate is 
anomalous and, provided the 33-and 15-kdalton spe- 
cies are present prior to heating in detergent, suggest 
possible post-translational cleavage of some or all of  
the 46.5 kdalton polypeptide chains. Ehring et al. 
[19] have recently shown that integration of lacY- 
determined protein into the cytoplasmic membrane 
occurs without proteolytic removal of a hydrophobic 
N-terminal peptide [20]. 

In 1966 Winkler and Wilson [21] showed that the 
affinity (1/Km) of the galactoside transporter for 
lactose or/3-ONPG uptake via facilitated diffusion in 
energy-poisoned cells was similar to that observed for 
concentrative uptake by fully energized ceils. More- 
over, the apparent maximum velocities for galactoside 
efflux and uptake (via exchange) were not markedly 
different in the energypoisoned cultures as compared 
to controls [21]. In contrast, the affinity for intracel- 
lular lactose was 100-fold lower in the actively meta- 
bolizing culture than in energy-poisoned cells, the lat- 
ter displaying an affinity indistinguishable from that 
observed for external lactose. Winkler and Wilson 
concluded that the primary effect of energy-coupling 
on the uptake system is to lower its affinity for intra- 
cellular galactoside [21]. These results and conclu- 
sions were confirmed for the most part by Lancaster 
et al. [22] and are consistent with the recent demon- 
strations that the transport system is functionally 

symmetrical within the membrane under non-ener- 
gized conditions [23-25].  

The model of Winkler and Wilson, in conjunction 
with the H+-symport/-OH antiport concept of Mit- 
chell [7] as developed by West [8] and Harold 
[4,26], provides for transport of the type I galacto- 
sides [3] lactose, 13-ONPG, IPTG and TMG in terms of 
A~n÷-dependent modulation of a single galactoside 
binding site, where A~H÷ is the transmembrane elec- 
trochemical potential gradient of protons. As shown 
by Kennedy et al. [14-16,27], however, the sys- 
tem also displays evidence under non-energized condi- 
tions for a site possessing high affinity toward sub- 
strates designated type II galactosides (including thio- 
digalactoside and the c~-galactosides a-PNPG [28] and 
melibiose) which confer protection against inactiva- 
tion of the system by thiol reagents [29]. Moreover, 
the type I galactosides lactose and ~3-ONPG at 5 mM 
concentration do not protect against N-ethylmale- 
imide inactivation under non-energized conditions 
[15] and fail to reverse the protection afforded by 
type II galactosides [3] even though the Michaelis 
constants determined for lactose and/3-ONPG uptake 
in energy-poisoned cells are on the order of 1 mM 
[11,2l]. On the other hand, much higher concentra- 
tions of lactose (>0.1 M) are effective in protecting 
the transporter against N-ethylmaleimide inactivation 
in non-energized preparations[30]. These observa- 
tions suggest the presence of two distinct binding 
sites exhibiting widely different affinities toward the 
various galactosides. However, genetic studies have 
shown that loss of lactose transport in mutants is 
invariably accompanied by loss of lacY-dependent 
melibiose uptake [31] and vice versa [32], indicating 
that there is only one lacY-determined galactoside 
binding site. 

Several models attempting to reconcile these ob- 
servations have been put forward in recent years, each 
based in one way or another on a A/~H+-induced 
change in the binding and/or translocation properties 
of the porter, where 

A/JH+ = A I , ~  - -  2.3(RT/F) ApH = A~ - Z ApH (1) 

in which A~ is the transmembrane electrical potential 
difference (interior minus exterior), ApH is the trans- 
membrane pH gradient (internal pH (pHi) minus 
external pH (pHo)), R is the gas constant, T the abso- 



lute temperature, F the Faraday, and Z is 59 mV at 
25°C. Thus, in a series of models from Kaback's labo- 
ratory, the transporter is proposed to exist in two 
asymmetric forms which undergo facile interconver- 
sion by way of electrogenic translocation reactions 
[33], rate-determining protonation-deprotonation 
[34,35], or electrogenic subunit oligomerization 
[36]. However, these models are not compatible with 
the demonstrated symmetry of the system under 
energy-uncoupled conditions [23-25],  nor with the 
observations that lactose at concentrations below 
5 mM does not competitively inhibit melibiose or 
a-PNPG binding in non-energized preparations [3,30] 
but is nevertheless bound and transported under these 
conditions [35]. 

A second type of model proposed by Wright et al. 
[30] envisions a symmetrical carrier with a single 
binding site exhibiting high affinity for type 1I galac- 
tosides but low affinity for lactose under non-ener- 
gized conditions. In the presence of a substantial 
A/TH+ , the model postulates the equivalent of a 
A/~H÷-dependent alteration in the binding site which 
causes it to acquire high affinity for lactose in addi- 
tion to type II galactosides. Although the concept of 
a AffH*-induced change in binding specificity is a use- 
ful one (see below), the model of Wright e ta l .  does 
not account for high-affinity uptake of lactose or 
/3-ONPG under non-energized conditions, as demon- 
strated convincingly by Winkler and Wilson [21], 
Cecchini and Koch [11], and Lancaster and Hinkle 
[2425]. 

A third model proposed by Lancaster [37] em- 
bodies an important conceptual advance in postu- 
lating that the transport system functions as a dimer 
composed of two identical protomers symmetrically 
disposed within the membrane. The model is consis- 
tent with the modern gated pore concept of active 
transport [38] and incorporates the key experimental 
finding by Lancaster and Hinkle [25] that the type II 
galactoside c~-PNPG at a concentration (0.3 mM) 
greatly exceeding its affinity for the transporter as 
judged by its ability to protect against N-ethylmale- 
imide inactivation [27] nevertheless fails to inhibit 
the facilitated diffusion of lactose in inverted vesicles. 
However, Lancaster's model does not provide for 
high-affinity binding of type II galactosides under 
non-energized conditions [27]. 

It is the purpose of this report to show that essen- 
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tially all the binding, transport and genetic properties 
established to date for the E. coli galactoside trans- 
porter are readily interpretable in terms of a new 
model that combines and extends the concepts of 
Winkler and Wilson [21], Lancaster [37] and Wright 
et al. [30]. This model derives from the addition of 
three supplementary concepts to those described 
above. First, studies on the human erythrocyte 
hexose transporter [39,40] support the notion that a 
single asymmetrically disposed binding site located 
between the inner gate (gi) and the outer gate (go) of 
a pore may exhibit a different binding specificity 
when exposed to the internal compartment (gi open, 
go closed) than when facing the exterior (gi closed, go 
open) by virtue of differing interactions of various 
moieties in the bound substrate with the transporter 
in the two configurations of the pore. Second, placing 
two equivalent asymmetric binding sites in opposing 
orientations between the inner and outer gates of a 
single pore formed by the symmetrical dimer of Lan- 
caster [37] provides a simple solution to the riddle of 
the two binding sites for the E. coli galactoside trans- 
porter, and is equivalent in this system to half-of-the- 
sites stoichiometry for high-affinity substrate binding. 
Third, the results of Winkler and Wilson [21] and 
Wright et al. [30] on the effect of imposing a large 
asymmetric A/~H+ on this inherently symmetrical sys- 
tem are rationalized by postulating a major A/YH ÷- 
induced change in binding specificity in one or both 
of the binding sites, analogous in some respects to 
voltage regulation of transport activity in the action 
potential Na ÷ channel of nerve cell membranes [41]. 
A preliminary report of some of these concepts was 
presented previously [42]. 

Observational requirements to be satisfied by models 
for the galactoside transporter 

To facilitate comparison of the half-sites model 
with known characteristics of the transport system, 
the major experimentally established properties of 
the transporter are collected and numbered below. In 
the following, the earlier classification of various 
galactosides into type I and type II substrates by 
Kennedy and coworkers [16] is retained in principle, 
but the groupings are renamed and extended in 
accordance with more recent findings to embrace 
three Classes of galactosides as follows: 
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Class G a substrates (equivalent to Kennedy's 
type II galactosides), including thiodigalactoside, vari- 
ous dansylated galactosides [33], and the a-galacto- 
sides melibiose and a-PNPG; 

Class G b substrates (equivalent to Kennedy's 
type I galactosides), including the /3-galactosides 
lactose,/3-ONPG, TMG and IPTG; 

Class G c substrates, including the azido-galacto- 
sides APGo and APG2 [43,44]. 

Ob. 1. The properties of the transport system in 
inverted membrane vesicles are essentially indistin- 
guishable from those observed in vesicles of native 
orientation when Aft = ApH = 0, or in response to 
artificially imposed A/YH÷'S , showing that the trans- 
porter is functionally symmetrical within the mem- 
brane [23-25].  

Ob. 2. Genetic evidence suggests that: 
(a) the galactoside transporter specified by the 

/acY gene functions without the direct participation 
of any other protein [17]; 

(b) there is most probably only one galactoside 
binding site specified by the lacY gene [31 ]. 

Ob. 3. Under non-energized conditions two types 
of lacY-determined binding sites are demonstrable: 

(a) a site which mediates high-affinity binding 
[27,30,33,45-47] and translocation [45] of Class G a 
galactosides, leading to protection of the transport 
system against inactivation by thiol reagents, but 
which exhibits only low affinity for Class G b or 
Class G c galactosides [27,29,30,43,45]; 

(b) a site that catalyzes facilitated diffusion of the 
Class G b galactosides lactose and /3-ONPG with 
moderately high affinity [21,11] and with a mea- 
sured galactoside-H ÷ stoichiometry near 1 : 1 [9,48], 
but which is not inhibited by the Class G a galacto- 
sides a-PNPG and Dns6S-Gal at comparatively high 
concentrations [24,25]; 

(c) moreover, when Aft =/XpH = 0, the transporter 
mediates a very rapid exchange diffusion of lactose 
[34,35] under conditions in which lactose is present 
at high concentrations (~>10 mM) on both sides of the 
membrane. 

Ob. 4. In highly energized cells or vesicles bearing 
a large (negative) AflH ÷, the transporter exhibits pro- 
foundly different properties from those observed 
when /xff = ApH = 0, as reflected by changes in both 
the kinetics and substrate specificity of galactoside 
transport listed below. 

(a) The apparent affinity for internal lactose is 
reduced 100-fold or more [21,22,49]. 

(b) The maximum velocity of lactose uptake 
appears to increase somewhat [21], and there is a 
small or modest increase in the affinity for external 
lactose [30,35,36]. 

(c) Uptake of thiodigalactoside [21] and c~-PNPG 
[45,50] is now subject to competitive inhibition by 
low concentrations of lactose and other Class G b 
galactosides [45], and comparatively low levels of 
lactose now protect against N-ethylmaleimide inacti- 
vation [51 ]. 

(d) Lactose uptake is subject to competitive inhibi- 
tion by low concentrations of the Class G a galacto- 
sides a-PNPG [45,52] and Dns6S-Gal [33] in ener- 
gized cells or vesicles. 

(e) Exchange diffusion of lactose now proceeds at 
the same rate as net lactose uptake or efflux [21,22], 
and is slower than the low-affinity exchange observed 
when Aft = ApH = 0. 

(f) The maximum velocity of uptake observed 
under energized conditions varies markedly from 
galactoside to galactoside [29]. 

(g) In the presence of a substantial AflH+, low con- 
centrations of a-PNPG [53] and of the azido-galacto- 
sides APGo and APG2 [43,44] competitively inhibit 
lactose uptake and are able to cause specific photo- 
inactivation of the transport system; under non-ener- 
gized conditions, specific photoinactivation has been 
observed with c~-PNPG [53] but not with APGo or 
APG2 [43,44]. 

(h) The experimentally determined galactoside-H÷/ 
-OH transport stoichiometry in energized cells is near 
1.0 [12], but steady-state accumulation levels of 
lactose are always somewhat lower than predicted on 
the assumption of thermodynamic equilibrium 
between A#lac and Ax/7 W with 1 : 1 stoichiometry 
[54,55], indicating the existence of low-affinity 
[21,22] galactoside 'leak' pathway(s) in which galac- 
toside translocation is not coupled to H÷-symport/ 
-OH-antiport; since efflux of lactose from preloaded 
cells is blocked nearly completely by thiol reagents 
[51,56], the lactose leak is probably mediated by the 
galactoside transporter itself. 

Finally, among the results to be accounted for by 
models of the transporter are the measured binding 
and transport affinities (half-saturation concentrat- 
tions) of the system toward various substrates under 



b o t h  n o n ~ n e r g i z e d  and highly energized condi t ions .  

In view o f  the  evidence indicat ing only  a single genet-  

ically de t e rmined  galactoside b inding site (Ob. 2b) ,  

the  Observat ions  out l ined  above suggest tha t  this site 

exists in at least four  dis t inct  s ta tes ,  as fol lows:  
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State A, def ined  as tha t  state o f  the binding site 

occurr ing in non-energized  prepara t ions  in which  

Class G a galactosides are preferent ia l ly  b o u n d ;  

State B, def ined  as tha t  state o f  the b inding  site 

occurr ing in non-energized prepara t ions  in which  

TABLE I 

EXPERIMENTALLY MEASURED AFFINITY OF THE E. C O L !  GALACTOSIDE TRANSPORTER FOR VARIOUS 
GALACTOSIDES 

Half-saturation constants determined from binding (KD), transport (K T) or competitive inhibition (KI) experiments. For defini- 
tions of the State symbols (A, B, C, D, E, F), see the text. 

Galactoside Galactoside 
class 

K D, KT, or  K I (mM) measured in 

Non-energized preprations Energized preparations 

State A State B State C (or E) State D (or F) 

Value Ref. Value Ref. Value Ref. Value Ref. 

G a c~-PNPG 0.007 (27) a >>0.3 (25) f 0.006 (52) m >0.3 (52) P 
0.009 (52) b 0.004 (47) m 
0.021 (45) c 
0.021 (47) b 

thiodigalactoside 0.067 (27) a ~0.7 (24) g 0.040 (30) n 
0.048 (46) b 
0.055 (30) c 

Dns2-S-Gal 0.030 (45) c >>0.3 h (25) f 0.035 (30) n 

G b Lactose >>5 (61) d 0.9 (21) i 0.26 (22) o 16 (21) o 
18 (30) c 0.95 (24) i 0.20 (62) n 25 (49) q 
18.9 (35) e 1.2 (35) k 0.05 (30) n ~o (22) o 

fl-ONPG >>5 (61) d 1.0 (11) 1 0.5 (21) o >20 (21) o 

G c APG0 - - 0.075 (43) n _ 

a KD determined in sonicated membranes from strain K12 A-3245. 
b KD in membrane vesicles from strain ML308-225. 
c KD measured with cytoplasmic membranes o f strain T31RT [45 ] or strain T185 [ 30]. 
d Based on failure of 5 mM sugar to protect against N-ethylmaleimide in ML308-225 (£X~H* = 0). 
e KT for facilitated diffusion in CCCP-treated ML308-225 membrane vesicles. 
f Based on failure of 0.3 mM galactoside to inhibit facilitated diffusion of lactose in inverted vesicles from strain ML308-225. 
g Calculated from data [24] showing that 17 mM thiodigalactoside produced 81% inhibition in the initial rate of 4.7 mM lactose 

uptake via facilitated diffusion in inverted vesicles from strain ML308-225, assuming competitive inhibition. 
h Based on observations with Dns6-S-Gal [25]. 
i KT determined in ML308-225 cells poisoned with azide + iodoacetate. 
J K T for facilitated diffusion in inverted vesicles from strain ML308-225. 
k KT for efflux (A~ = ApH = 0) in K*-valinomycin-equilibrated ML308-225 vesicles. 
I KT for facilitated diffusion in CCCP-treated ceils of strain ML308. 
n KI for inhibition of D-lactate-stimulated lactose uptake in ML308-225 vesicles. 
n KT for D-lactate-stimulated uptake in ML308-225 membrane vesicles. 
o KT determined in respiring cells of strain ML308-225. 
P Based on the ability of >0.3 mM a-PNPG to inhibit dilution-induced efflux of 4 mM intravesicular lactose from ML308-225 

membrane vesicles. 
q K T for temperature-induced efflux from ML308-225 membrane vesicles in the presence of D-lactate. 
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Class G b galactosides are preferentially bound; 
State C (or E), defined as that state of  the binding 

site existing in highly energized preparations in which 
galactosides of  Classes G a, G b and G c are bound with 
high apparent affinity; 

State D (or F), defined as a form of the binding 
site occurring under highly energized conditions 
which exhibits comparatively low affinity for all 
galactosides. 

Table I presents a compilation from the literature 
of  the experimentally determined affinities mani- 
fested by the transport system toward various galac- 
tosides under both non-energized and highly ener- 
gized conditions. The values quoted in Table I are 
functions of  external pH (pHo), internal pH (pHi) and 
A~,  and for the non-energized preparations were 
determined in the range pHo = pHi --~ 6 .5-7 .0  (A~ = 
0); for the columns representing energized prepara- 
tions the values given are for A~ ~-- - 8 5  to - 1 4 5  mV 
or more [57], pHi --~ 7.8 [48 ,58-60] ,  and pHo in the 
range pH 6 .5-7 .5 .  

Half-sites model for the E. coo galaetoside transporter 

The properties of  the transporter are simpler and 
more clearly defined experimentally for circum- 
stances in which A~ = ApH= 0. Accordingly, the 
half-sites model is described first for these non-ener- 
gized conditions. Extension to systems bearing a sub- 
stantial transmembrane dXfln+ is discussed in a later 
section. 

Postulates o f  the model (for Aqj = ApH = O) 
Po. 1. The functional unit in the E. coli galacto- 

side transporter is proposed to be a dimer containing 
two copies of  lacY-specified polypeptide which spans 
the membrane and possesses a 2-fold symmetry axis 
within the plane of  the membrane [37]. 

Po. 2a. The functional dimer is assumed to possess 
a single pore containing two galactoside binding sites 

(designated m and /x) which are oriented with oppo- 
site polarities, the dimer being represented by the 
notation m :/x in biological membranes of  native 
orientation or in reconstituted systems [63] and by 
# : m in biological membranes of  inverted orientation 
[641. 

Pc). 2b. The portion of  the pore containing the two 
binding sites in the m : #  dimer is flanked by an 
outer gate (go) and an inner gate (gi). 

Po. 3. In the m : /,t dimer under non-energized 
conditions with go open and gi closed, binding site m 
is in State A (i.e., mo A) and exhibits high affinity for 
Class G a galactosides but only low affinity toward 
Class G b or  G c galactosides (as defined above) while 
binding site # is in State B (i.e., /,t{ B) and manifests 
relatively high affinity toward Class G b galactosides 
but comparatively low affinity for Class G a and G c 
galactosides (Table I). Similarly, when go is closed 
and gi is open in the m : /,t dimer, binding site m 
assumes State B (i.e., mi ~) and binding site /x adopts 
State A (i.e., #a ) .  Accordingly, translocation of the 
(unoccupied) binding sites may be written 

A B ~ B mo ";~o ~ m~ • ~ A  (2)  

in which both orientations of  the m : /x dimer exhibit 
half-of-the-sites stoichiometry for high-affinity sub- 
strate binding with either a Class G a o r  Class G b galac- 
toside. 

Po. 4. Associated with each of  the galactoside 
binding sites within the pore is presumed to be a sub- 
site, represented in the case of an H+-symporting 
mechanism by the symbolic notation -X, whose pro- 
tonation is markedly enhanced by binding of  a galac- 
toside at the associated primary site. Translocation in 
the m : # dimer normally occurs when a galactoside 
binding site is either (i) unoccupied and its associated 
-X group unprotonated, or (ii) occupied and its asso- 
ciated subsite protonated,  -X • H +, i.e., 

moA[--X " X - ]  #o B ~ m t i - x  • X - ] / l  t + miBI--x " X ] , A  

A + m* X - ]  /Ji A m o [ X H ,  G X-] ~o B-~ [XH +, G X-I Ut ~ m~B[XH -÷, G: 

moAI--X "G,+"Xl.oB~m*I---X ~ £~.~HE]~*~mp[--X 'G,+hx~{ '  

A + m ¢ m o [X H_, G :  G, +HX] #o B ~ [XH ÷, G :  G, +HXI/J+ ~ miB[XH +, G :  G, +HX] U A 

(3) 

(4) 

(5) 

{6) 



where G denotes a galactoside molecule, [ ] repre- 
sents the pore within the m : g  dimer, upper and 
lower horizontal bars depict the inner gate (gi) and 
the outer gate (go) respectively, and the superscripts t 
and * denote the transition states for translocation in 
which both inner and outer gates are in the closed 
configuration. (Alternatively, for an -OH-antiporting 
mechanism, each galactoside binding site would be 
associated with an -OH-binding subsite in which bind- 
ing of -OH would be markedly impeded by galacto- 
side binding at the associated primary site.) In order 
to prevent the transporter from acting as a proton- 
(or -OH-) conducting uncoupler in the absence of 
bound galactoside, it is assumed that protonation of 
group -X (or, alternatively, dissociation of -OH) 
within a subsite blocks formation of the transition 
state for translocation (indicated by t) unless a com- 
pensating change is brought about by binding of a 
galactoside to the associated galactoside binding site 
(indicated by *). The translocations in Eqns. 3 -6  
(reading from left to right) are accompanied by the 
effective inward translocation of No,o, Nl,o, No,l, 
and NI,x positive charges, respectively, where in 
accordance with Mitchell's proton-well concept [65] 
the various N values are not necessarily integers [66] 
since the m : /.t dimer would presumably bear charged 
groups and electric dipoles in addition to -XH ÷ which 
would undergo net transmembrane displacements as a 
result of translocation. The data of Kaczorowski and 
Kaback [34] suggest the following qualitative predict- 
tions for the various N values: 

NI ,, ~- 0 (Ref. 34) (7a) 

N1,0 "~No,l < 0 (Ref. 34) (7b) 

No,o ~--Nl,o +No,l < < 0  (7c) 

Po. 5. Associated with each functional dimer is a 
single thiol group whose reaction with -SH reagents 
causes inactivation of the transport system unless 
blocked by galactoside binding. The second homolo- 
gous thiol group of the dimer is unreactive toward 
these reagents, and the two thiols are assumed to 
interchange roles after each translocation of the 
dimer. Thus, absorbing the explicit -X and -XH ÷ sym- 
bolism of Eqns. 3 - 6  (as well as the transition state 
species) into the adjacent m og, /.to B, mi B and /.t A nota- 
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tion, the translocation reactions may now be 
expressed (with W-symport/-OH-antiport implicitly 
understood) as follows: 

moA[-SH : ](HS-) Uo B= mB(--SH)[ " HS-I ui A 
(8) 

moA[-sH, G : l (HS-) uoB ~ m~3(---~-) [G : H S - I u  A 
(9) 

moA'[uSH : G ] ( H S ~  B = m B ( _ s H ) [  . G, HS-]  A 

A(10) 
moN[-SH_, G:  G](HS-)  t~ B = m B ( - s H ) [ G :  G, HS-I  ui 

(11) 

in which HS- or -SH denotes the reactive form of the 
thiol (protected by galactoside binding) and (HS-)or 
(-SH) represents the unreactive form of the thiol. 

Kinetic  Representat ion ( A ~  = ApH --- 0) 
Fig. 1 shows minimal schematic representations of 

binding and translocation posited by the half-sites 
model for the m : ~ functional dimer in the presence 
of a Class G a galactoside (Fig. 1 A) or a Class G b galac- 
toside (Fig. 1B) when A~ and ApH are near zero in 
membrane structures of native orientation. More 
complex schemes involving interactions with two dif- 
ferent galactosides of the same or different Classes 
may also be constructed, though the minimal schemes 
in Fig. 1 generally provide an adequate intuitive basis 
for qualitative predictions. In Fig. 1, solid and dashed 
branching arrows designate intrinsically high-affinity 
and intrinsically low-affinity binding, respectively, of 
the indicated galactoside together with binding of 
one H + ion (Eqns. 3 -6)  or dissociation of one -OH 
ion, with the binding order unspecified. Each com- 
posite galactoside-H+/-OH step is associated with a 
pH-dependent microscopic dissociation constant 

o i (K),k, K),k, Fig. 1) given by the ratio of the composite 
dissociation and association rate constants for the 
step, 

o - k / , f f k i ,  k ' K},k -i +i K ) , g -  -o ÷o = k/,k/ki, k (12) 

the ratios having dimensions of galactoside concentra- 
tion (raM); the effects of variation in pH on the t-1 +- 
binding/-OH-dissociation component are absorbed 
into the overall pH-dependence of the constant. Pairs 
of vertical arrows in Fig. 1 designate translocation 
reactions (Eqns. 8 -11)  whose relative rates are indi- 
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A, Class G a Galact0sides (n = -1, -2, -3 . . . .  ) 
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n , n  
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G n" H + - i (+ i / -OHi )~  ~ K i \ I 

mB.(-SH) [ 
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k + 
0~0 

moA[-SH 

/ aGn( + - t n , n  ZZ i +Hil-OHi) ~ - /  

: HS-]P A < t / \ m~(-SH)[ :Gn,HS-]u A k- k + 

K~, n \ ~ 

k:,o k:,o ~ /  k + i l k -  
/ \ o , n  I o , n  
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<o s - -  - \ 
n , o . < /  \ V K ° 

~'~ G:(+H+/_OH:) ~ ~ "n,n 
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$ ) m~[-SH,Gn:Gn](HS-)p~ 

~:(+q/_o,;/ 
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cated in a rough fashion by  the lengths of  the arrows. 
The lengths of  the two opposing arrows of  a pair also 
provide a qualitative indication of  the equilibrium 
constant for partitioning of  the species in question 
between inward facing (i) and outward facing (o) 

orientations,  the equilibrium constant being given by 
the ratio k~,k/k~,k (Fig. 1). The dashed diagonals with 
single barbs in Fig. 1 are included to suggest the possi- 
bi l i ty of  trans-site migration of  the sequestered galac- 

toside(s) within the pore during translocation, but  
will not be considered further here. 

The schemes in Fig. 1 show that the half-sites 
model  satisfies the observational requirements for 
functional symmetry o f  the transport  system (Ob. 1) 
and for a single genetically determined galactoside 
binding site (Ob. 2). Moreover, in form m : /2 the site 
in State A binds thiodigalactoside, c~-PNPG, 
melibiose, and dansylated galactosides with high 
aft"mity leading to protect ion against N-ethylmale- 
imide inactivation (Ob. 3a) whereas the binding site 
in State B catalyzes comparatively high-affinity facili- 
tated diffusion o f  lactose or 3-ONPG in a manner that 
is not subject to competitive inhibition by 0.3 mM 
c~-PNPG (Ob. 3b). 

A quantitative test of  the half-sites model is ob- 
tainable in principle by assuming values for the 
microscopic rate constants in Fig. 1 and Eqn. 12, 
then calculating the observable transport  K m and 
Vma x values and comparing with experiment.  How- 
ever, the calculations are nontrivial, since the full 
steady-state rate equations for the kinetic schemes in 

Fig. 1 are complicated expressions containing terms 
up to third order in the concentration of  internal and 
external galactoside [67]. Approximate  simplified 

expressions have been derived (Lombardi ,  F.J.,  un- 
published data) which allow comparison of  the cal- 
culated parameters with experimental  values ob- 
tained for lactose transport  in non-energized ML308- 
225 cells [21] and membrane vesicles [34,35]. Thus, 
assuming the following values for the microscopic 
constants in Fig. 1 and Eq. 12 n _  1_ (Go - Go - Lactoseo, 
G n=G~ =Lactosei ,  A f f = A p H = 0 ,  pH ~ 7 ,  23--  

25°C), 

ko,o = ko,0 ~ 1000/Jmol/min per g wet cells (13a) 

k~,o = ko,l ~- 1700/amol/min per g wet cells (13b) 

ko,l = kl,0 -~ 40/ lmol /min  per g wet cells (13c) 

k~,l = kl,1 > 400/amol/min per g wet cells (13d) 

KlOo = k l, -°0 
+O kl ,o  

1700/amol/min per g wet cells 

(170/Jmol/min per g wet ce l l s ) (mMf i 

k - i  -,~ 0~1 i 
k~i, 1 =K0,1 -~ 10 mM (13e) 

Ko ° 1 - ko,--~ ~ 20/amol/min per g wet cells 

k~,°l (85 / lmol /min  per g wet cells)(mM) -1 

_~ k l - ~ i o  
k~i, ° = K~,o ~ 0.235 mM (13f) 

K~,I - kl,--~ ~ 2000/amol/min per g wet cells 
- 

k 1~,'1 

k~-i,1 

(85 gmol/min per g wet cells)(mM) -1 

-- g~,~_ ~ 23.5 mM (13g) 

Fig. 1. Kinetic representation of symmetrical binding and translocation schemes postulated by the half-sites model for the E. coli 
galactoside transporter in the presence of the nth galactoside (G n) of Class G a (A) or Class G b (B) in membrane structures of 
native orientation when £x¢ = ApH = 0. The proposed dimeric pore containing two oppositely oriented binding sites (m and ~t, 
each binding one galactoside plus one H ÷ (Eqns. 3-6) or, alternatively, one galactoside or one -OH) in the m : ~ functional dimer 
is represented by [ : ], while upper and lower horizontal bars designate the inner and outer gates of the pore. The subscript i or o 
denotes accessibility of the binding sites to galactosides and H+/-OH in the inner or outer compartment, respectively, correspond- 
ing to an open configuration for the inner or the outer gate. Each binding site exists in State A or State B (indicated by super- 
scripts) corresponding to preferential binding of galactosides of Class G a or Class G b, respectively. Solid and dashed branching 
arrows denote intrinsically high-affinity and intrinsically low-affinity binding, respectively, of the indicated galactoside; binding of 
H+/-OH is not shown explicitly, but expresses itself kinetically through the pH-dependence of the galactoside dissociation con- 
stants, i.e., K~, k and K i k (see text). Pairs of vertical arrows designate translocation steps and are characterized by the rate con- 
stants k +- k and k-k; dashed diagonals with single barbs suggest the possibility of trans-site migration within the pore during trans- /, ,/, . . 
location. The thlodlgalactoslde-protectable thiol group is represented by -SH or HS- in the reactive configuration, and by (-SH) or 
(HS-) in the unreactive configuration (Eqns. 8-11). 
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/K-i'n, 1 = " ~ " =  - - k l ' ~ ]  40/~mol/min per g wet cells 

- k~-,~ (72/lmol/min per g wet cells)(mM) -1 

k1-~1 
- - i 

k~i, 1 - K I ,  1 ~ 0 . 5 6  m M  (13h) 

which are consistent with microscopic reversibility, 
v i z . ,  

+ - o ÷ - o + - i ko,oko,aKo,a ko , lk l , lKL1 kx, lkl ,oKl,x  
- -  + i - + i - - + o ko,oko,lKo,1 ko, l k l A K L l  kl,lkx,oKl,l_ 

+ - i k J ,  o,oK,,o r(t ctose),] 
- + o -  - = K e q  

kl,oko,oKl,o [_(Lactose)oJeq (14) 

( w h e r e  K e q  = 1 for A~k = ApH = 0), the high-affinity 
K m ,  ( ' ) ' ) o . s ,  and the high-affinity V m a x ,  V, under zero- 
trans conditions are given by the approximate expres- 
sions 

(~/O)0.5 ~ 1 i + i - ~ ( ~ , o )  + 6co°,~)} _ 1  - ~  ( f f8 ,1)  f f l , o ) )  

"" (Ti)o.s --~ 0.90 mM (15a) 

+ 1 + + v ~- ~(Vl,o + Vo,1) =1 ~(Vo,1 + V~,o) 

"~ v- ~- 19.2/~mol/min per g wet cells (15b) 

where [68] 

(l+ Oo rl( 
ql°°)~v~'° ko,oLkl,o 1 k?,o! k~ l  1,o 

( ~ ( + k + 0 1 ~  1 ] i =oo,,+tr-', 
ko,olLkoA , k-~,l] ko,1 

(f~,l) "~ 0.89 mM' (16a) 

• (  o,olr ( o (f3°,l)~Vo,l 1 + 1 + Ko,1 
ko,o/Lko,1 \ kQ,1] ko,--°l 

=v~,°( l+-k@'°]r  1 ~ (  l + k ~ ' ° t +  1 1 i 
ko,oJLk~,o k~ I ~ J q , o  

--~ (f~,o) "~ 0.91 mM (16b) 

1 1 1 k - l , o [1L  +k~o,o) - +  ~ + + - - +  . 

Vl,o kl,o ko,o t~o ~k+l,o 

- - -  + + + 

ko I ~ , ko, l  Vo,l 

± (16c) 
18.9/amol/min per g wet cells 

~ - - ~ - 7 - -  + - - +  . + 
00,1 ko,1 ko,o  ko~l , , 

1 1 k~.~0( l 1 ] 1 
- - - + - -  + - o  - ~ +  k-l,o ko,o k l ,o \k l ,o  k-~,o] v-l,o 

--~ (16d) 
19.4/amol/min per g wet cells 

It should be noted that although sites /.to R and mo A 
possess respectively high and low intrinsic affinities 
for lactose binding as embodied in the dissociation 
constants K~,I and/C~l,0 (Fig. 1B and Eqns. 13e and 
13f), lactose transport mediated by either site /.t or 
m in the singly-occupied m :/.t dimer exhibits rela- 
tively high affinity (Eqns. 16a and 16b) due to the 
fact that the rapid equilibrium assumption does not 
apply to the composite dissociations depicted by the 
branching arrows in Fig. 1, since such steps may well 
encompass rate-limiting protein isomerizations linking 
galactoside dissocition to H*-dissociation/-OH-bind - 
ing. Similarly, the low-affinity Kin, (F)o.s, and low- 
affinity Vmax, V, predicted by Fig. 1B under zero- 
trans conditions are given by the approximate expres- 
sions 

( r O ) o . ~ _ ,  o + o _ 1  i _  + ! - ~ ( ( f l_ , l )  0F1,1_) } - ~- ( 0el, 1) ( f l ,  1)} 

i -- (F)o.s  -~ 17.8 mM (17a) 

V + ~ I  + + _ I  - -~(v~_,l + vl,~_)-~(vl,~_+ v~,l) = V- 

~- 25.7 #tool/rain per g wet cells (17b) 

where [68] 

( f 1 , 1 ) - ~ 0 1 , 1  + _ . ~  1 + K 1 , 1  
- - ko, ,]Lkl, i  k~',] kL-°l - 



671 

- ÷ 1 i 
="r,'-(l + (1 + k"l  + o,Lk] 1 k~,,l_' 

- -  ( f i , 1 )  ~ 12.7 mM (18a) 

( A , 1 ) - o l , l  I + o _  
- - / < 1 , o / 1 _ ~ c 1 , t  k ~ ,  1_/ ,_ K i , 1  

:01 ,1  ( 1 k ~ l ~  ] _l_kl,l~ 1 i 
_ +k;,1 ]Ckl,~ (1 ~,1 ] +k~,-~] gl,1 

i (fL1) ~ 22.9 mM (18b) 

.+ ~ ' ~ + - - +  : + 
01_,1 k~, l  ko , l  ki~1 , , 

- + - - 7 - - +  -o  -~-- + ~ k],l kl,o k1,1_14c1,1 k]_l], v],l 

1 
(18c) 

18.3 pmol/min per g wet cells 

- - " ~ - ~ -  + - -  + + 
~;,,  k~,~ ~7,o k ~ l t k ~ , ,  , 

1 . 1 k ~ l /  1 + 1 ) 1 
= - -  T , w -  + - o / , . - 7 -  ~ -  

k],a '~o,1 k1_,1WX, l,1 ~ Ol,1 

1 
"" (18d) 

33.1 pmol/min per g wet cells 

in which lactose transport mediated by either site m 
or p in the doubly-occupied m :/,t dimer now dis- 
plays comparatively low affinity (Eqns. 18a and 18b) 
even though the binding of lactose to site mi B or/.to B is 
intrinsically of high affinity (Eqn. 13h), again due to 
partially rate-determining galactoside-H* dissociation/ 
--OH binding. 

The K m and Vma x values predicted by Eqns. 15 
and 17 may be compared with the experimental val- 
ues obtained for lactose transport in non-energized 
ML308-225 cells [21] and membrane vesicles 
[30.34.35]. For this purpose, the Vma x values 
reported for the latter system (in units of nmol/min 
per mg membrane protein) [34,35] must be divided 
by a factor of 3.0 for comparison with values 

reported for intact cells (expressed as/.tmol/min per g 
wet cells) [21]; using this conversion factor, both 
intact cells and vesicles yield identical maximum 
velocities for high-affinity lactose uptake under ener- 
gized conditions of 36-40 units [21,35]. From Eqns. 
15 and 17, lactose transport in non-energized systems 
under zero-trans conditions would be predicted to 
exhibit a high-affinity Km of approx. 0.9 mM (Eqn. 
15a) and a Vmax around 19-26 units (Eqns. 15b and 
17b), while the experimental values for these param- 
eters are 0.9-1.2 mM (Table I) and 19 units 
(reported for high-affinity lactose efflux via facili- 
tated diffusion, Fig. 8A in Ref. 35). Under zero-trans 
conditions, the low-affinity transport Km (Eqn. 17a) 
would normally be obscured by the high-affinity 
component (Eqn. !5a) because of the similarity in 
Vmax values for the two processes (Eqns. 15b and 
17b), although reports of low-affinity lactose efflux 
in CCCP-treated membrane vesicles [34,35] indicate 
that the low-affinity component may be observable 
under some conditions. On the other hand, low- 
affinity lactose binding is readily demonstrable in 
N-ethylmaleimide protection studies [30] and from 
the ability of lactose at high concentration to displace 
bound a-PNPG or dansylated galactosides from site 
mo A or gP [30,33]. 

In the presence of high levels of unlabeled lactose 
in the trans compartment, the velocity curve pre- 
dicted for [14C]lactose transport would be altered 
markedly from that observed under zero-trans condi- 
tions, due to the relatively high values postulated for 
kl ,1  and k~,l (Eqn. 13d). Thus, a plot of initial rates 
of [14C]lactose transport against [14C]lactose con- 
centration under infinite-trans conditions in non-ener- 
gized systems is predicted to be biphasic, manifesting 
a high-affinity counterflow component ( K  m ~ 1 mM, 
Vmax ~ 15-30 units) (Lombardi, F.J., unpublished 
data) and a second, low-affinity component with a 
K m of approximately 20 mM and a maximum veloc- 
ity, V x, of 

1 

V x 

or 

V x > 143/amol/min per g wet cells (19) 

in accord with the very rapid exchange diffusion ob- 
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served in ML308-225 membrane vesicles under these 
conditions (Ob. 3c) [34]. 

To summarize this section, the kinetic picture that 
emerges from Eqn. 13 and Fig. 1B for interaction of 
external lactose with the m :/2 dimer in non-ener- 
gized systems consists of a high-affinity binding to 
the /.to B s i t e  (K~,I --~0.235 mM, Eqn. 13f) accompa- 
nied by a 25-fold reduction in the intrinsic transloca- 
tion rate relative to the unoccupied dimer (Eqns. 13a 
and 13c) or, alternatively, low-affinity binding to the 

A o m o site (Kl,o = 10 mM, Eqn. 13e) accompanied by a 
small increase in the intrinsic translocation rate (Eqn. 
13b). Because of the postulated rate-limiting dissocia- 
tion of the transported lactose-H*/-OH couple in the 
latter alternative, however, lactose transport medi- 
ated by the singly-occupied m :/2 dimer would mani- 
fest a high affinity for lactose regardless of which site 
the sugar occupies during the transport cycle. Simi- 
larly, binding of a second molecule of lactose to the 
singly-occupied porter would again proceed with high 
affinity at site /2o B and with comparatively low 
affinity at site mo A, but net lactose transport mediated 
by the doubly-occupied m :/2 dimer would exhibit 
low affinity for lactose regardless of wkich site the 
transported sugar vacates during the catalytic cycle, 
again due to rate-limiting dissociation at step k~i,1 
(Eqn. 13h). This slow dissociation step would also be 
responsible for the fact that the maximum velocity 
for low-affinity lactose transport under zero.trans 
conditions is only marginally faster than that for 
high-affinity transport (Eqns. 15b and 17b), whereas 
with high concentrations of lactose present on both 
sides of the membrane (~>10 raM) this step would be 
bypassed in the exchange mode (Fig. 1B) thereby 
allowing very rapid low-affinity exchange diffusion of 
lactose under these conditions (Eqn. 19). It is appar- 
ent, therefore, that interactions between sites m and 
/x in the present model are envisioned as affecting 
primarily the translocation rate constants, and only 
minor effects are attributed to changes in binding 
affinity. Finally, the behavior of Class G b galactosides 
other than lactose is expected to be qualitatively 
similar to that described above (Table I), whereas 
Class G a galactosides are predicted to manifest high- 
affinity and low-affinity binding components at State 
A and B sites, respectively (Table I), though thiodi- 
galactoside may be somewhat exceptional in posses- 
sing an intermediate affinity for the State B site [24]. 

Extension to systems bearing a substant&l transmem- 
brane A~t r 

The coupling of lactose transport to H*-symport/ 
-OH-antiport in the half-sites model assures that the 
m :/2 dimer would be thermodynamically competent 
to carry out concentrative uptake of both Class G a 
and G b galactosides in the presence of a transmem- 
brane A/Yn*, for which the accumulation ratio of 
galactoside G n at thermodynamic equilibrium 
(assuming no m :/2 -independent leak pathways) is 

L(Gn)o] eq = Keq = exp { -n  (FIR T) A~rj+ } 

= exp{-n[(F/RT)  A f  - 2.3 A pHI} (20) 

(cf. Eqn. 14) where n, the galactoside :H+/-OH 
stoichiometry, is assumed to be the same for all galac- 
tosides (but see Ref. [69]) and to be near 1.0 [9,48]. 
On the other hand, the m :/2 dimer would not seem 
to be well suited kinetically to active galactoside 
accumulation, due to the high affinity of sites mi B and 
/2A for internal Class G b and G a substrates, respec- 
tively, as well as the probable negative values for NI ,o 
and N0,1 associated with net electric charge transport 
during inward translocation of the singly-occupied 
m :/2 dimers (Eqn. 7b) which would favor outward 
rather than inward translocation of such singly occu- 
pied species in the presence of a negative ,Sf .  
Although the various binding and translocation con- 
stants in Fig. 1 and Eqn. 13 would be expected to 
vary with changes in Aft, pHi and pHo (and thus with 
ApH) subject to the conditions given in Eqns. 14 and 
20, it seems unlikely that gradual changes in these 
constants with variation in A#H+ could alone be 
responsible for the profoundly altered properties 
exhibited by the transporter in highly energized sys- 
tems (Ob. 4a-h).  These changes are readily 
accounted for, however, by postulating a A#H+- 
induced modification of the m : /2 dimer analogous 
in some respects to voltage-induced changes in the 
sodium channel of nerve cell membranes [41] result- 
ing in a new form designated *(m :/2) whose binding 
and translocation properties are distinctly different 
from those of form m :/2. Because the limited exper- 
imental data available at the present time do not 
allow a unique specification of the kinetic properties 
of form *(m :/2), four alternative binding and trans- 



location schemes are outlined below. Whatever the 
detailed kinetic scheme, however, extension of  the 
half-sites model to highly energized systems entails 
the following postulates in addition to Po. 1 - 5  
described above. 

Po. 6. The form of  the functional dimer that 
predominates near A~  --- ApH = 0 (i.e., form m :/.t) is 
assumed to undergo facile interconversion with two 
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other forms by way of  an electrogenic protein confor- 
mational change, 

÷ + 
rTHo + (m : kt)* ~ m :/.t "~*(m : kt) + rlHi (21) 

where *7 is not necessarily an integer, and where a 
positive Aft shifts the above reaction to the left while 
a negative Aft causes a shift to the right. Thus, in the 

A, *(rnCo:l~Eo ) . D F (mi: h) 

*(mT[Gn: 

n + - 
Gi(+Hi/- OFI: ~ - ~ / 1 ) /  /~ t 

. D F | 

* ( m C o l G n :  

/ 
*(m~[ : 

FORM *(m:~) - G n 

. D n n F ] F) <-~ f ~ (milG :G ]lai) 

n + - \ G (+Hi/-OHi)~--- . . . . . / d  

¢ ¢ 

G a or G b or G c 

, D n (tnilG : 

. C. B' . D A' 
B ,  (mo.B o ) < ) (mi:~ i ) 

~ ( + H i / - O H T ) %  . D GnGn A' 

Gi(+Hil-OHi), ~. 

I i ' * 
Gb or c + - / Gi(+Hi/-OH i) 

' ~ * (m117 [ :Gn] ~i~) 
\ /¢ 

\ f  

<c+</-0,;> , b o o  

) *(mC[ :Gn]~ E) lug) <. 

. c .(mD: h i )  C, (mo: h i )  • > 

<c+,T/-0,i) 
*(m~[ I:[~1) < - - x . -  - - - - > * ( ~ [  G ~ l : b l )  

;l 
*(m~ol /:1~11 < ~ > *(m~oI G ~ 1:I~1/ 

¢+</-0.;> 

*(m~[ : 

*(m~[ : 

~G~(+Hi/-O,;) ~ 

/ \  
+ a 

/ /  G~(+H /-OH-)<-.. (G) 
o 0 \0 ~ 

*I41G : 1<1 . . . .  ,- . . . .  

/7  *' Go a or GC(+H+/-OHo ) 
* \ 
P '4 
L  ./m ot 

</+,+/-o,;l+-/ 

n A '  
:G b i ) 

I(G b ,G c ) 

i . X . ( m C ~ n  G n laB '  

n + + - Gi( Hi/-OH i ) 

*(]mt:[ b~) ~ - -  ~-  - --~*(Iml:t G" Ip~) 

*(Im[:[ bEo) < ~ + ~ * ( I m [ : I  G ~ bEo) 

Go(+Ho/-OH o) 

Fig. 2. Four altenative binding and translocation schemes consonant with the half-sites model for transport mediated by the 
*(m : /~) dimer (Eqn. 20) in membrane structures of native orientation bearing a substantial (negative) A~I-! ÷. As in Fig. 1, solid 
and dashed branching arrows designate intrinsically high-affinity and intrinsically low-affinity binding, respectively, of a galacto- 
side of  the indicated Class together with binding of  one H ÷ or dissociation of one -OH ion; pairs of  vartical arrows represent 
translocations. Other symbols are as defined in Fig. 1 and the text,  except that the symbols depicting the thiodigalactoside-pro- 
tectable thiol group (Fig. 1) are omitted in this representation. The postulated ZX~H÷-induced m :/z ~ *(m : /z)  transition (see 
Eqn. 20) brings about changes in one or both binding sites such that a high affinity for external Class G a, G b and G c galactosides 
together with a low affinity toward internal Class G a, G b and G c galactosides is exh~i ted  by: A,  both the m and the xt binding 
sites; B and C, the m binding site alone; or D, the a binding site alone. In alternative B, the /z  binding site remains essentially un- 
changed relative to its properties in form m : /z. In variant C, the /1 binding site has been inactivated by the m : /~ ~ *(m : Xt) 
transition (i.e., I/~ ~, while in version D this transition inactivates binding site m (i.e., Im ~. 

:Gnb~ ' ) 
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presence of a A/~H+ of normal (negative) polarity, the 
transporter is assumed to undergo a A~- and/or ApH- 
induced hysteresis between forms m : At and *(m : At). 
The midpoint potential at which forms m : At and 
*(m:At) would be present in equal concentration 
(A*/TH ÷) is difficult to estimate from available data, 
but may lie in the range -30 to -60  mV [36] or 
more. 

Po. 7. In form *(m : At), either the m or the At 
binding site (or both) would be altered to assume new 
States in one of at least four alternative patterns con- 
sistent with Ob. 4a-h. 

(a) With the outer gate (go) open and the inner 
gate (gi) closed, both sites m and At might be modi- 
fied into functionally similar but distinct States (too c 
and Ato E) possessing high affinity toward both Class G a 
and G b galactosides (Table I) as well as additional 
galactosides such as APGo and APG2 which are bound 
poorly in States A and B [43,44] and are therefore 
designated Class G e galactosides (Table I); with go 
closed and gi open, on the other hand, sites m and At 
would adopt States (mi D and U~') displaying low 
affinity for all galactosides (Fig. 2A). 

(b) Alternatively, binding site m in form *(m : At) 
might adopt States mo c and mi D as def'med above, 
while binding site At would remain essentially un- 
changed relative to its behavior in form m : At, mani- 
festing States /.to B' and AtA' (Fig. 2B); the complemen- 
tary pattern in which site At would be altered but site 
m would remain essentially unchanged in form 
*(m : At) is ruled out by the observation that lactose 
at low concentrations protects against N-ethylmale- 
imide inactivation in highly energized systems (Ob. 
4c). 

(c) In the third alternative, binding site m might 
adopt States mo c and mP as defined above, whereas 
site At would be rendered nonfunctional in form 
*(m : At) (i.e., IAtl in Fig. 2C). 

(d) Finally, binding site At might adopt States At E 
and Ativ as defined above (Table I), while site m would 
be nonfunctional in form *(m : At) (i.e., [ml in Fig. 
2D). 

Po. 8. In form *(m : At), translocation of a galacto- 
side bound to either site m or At is again presumed to 
require protonation of an associated -X subsite (Eqns. 
3-6) (or, alternatively, dissociation of -OH from its 
subsite), leading to a galactoside-H+/-OH transport 
stoichiometry near 1.0 [12]. Absorbing the explicit 

-X notation as before into the adjacent symbols and 
representing translocation by the implicit symbolism 
of Eqns. 8-11 (except for suppression of the -SH, 
HS- notation as explained below), then translocation 
of the unoccupied *(m : #) dimer in the four alterna- 
tive schemes of Fig. 2 may be written 

* C . E (too[ . ] " o )  ~*(mD[ " ] "iF), *No,o < 0  (22a) 

*(moC[ " l tJo u') ~*(m~["  ] ua ' ) ,  *No,o < 0  (22b) 

* ( m o C [ ] l . I ) ~ * ( m D [ l l . I ) ,  *No,o<0 (22c) 

*(Im!: [ l"oE)#*(  Im[' [ ] , i v ) ,  *No,o<O (22d) 

where [ ] represents the pore within the *(m : At) 
dimer, upper and lower horizontal bars depict the 
inner gate (gi) and the outer gate (go), respectively, 
and the *N0,0 is the effective inward charge transport 
(not necessarily an integer) associated with inward 
translocation of the *(m : At) dimer. Similarly, trans- 
location in the singly occupied *(m : #) dimer may 
be represented by 

.(moClG. ]~E) .~.(mD[G . l "iF), *N,.0 --~0 

*(moC[ "GI/1o E) ~*(miD[ Cl ,iv), 

*(moCk_ • l~oB')~ - *(miD[G l . a ' ) ,  

*(moC[ G].oW)-~*(mD[ G ] . A ' ) ,  

*No,1 "~ 0 
(23a) 

*N1,0 ~ 0 

*No,  1 ~ 0 
(23b) 

*(moC[Gl: lUi)~*(mD[GI I . [ ) ,  

*(Iml : [Gl_uo  E)~-*(hnl: [G] UF), 

*Nl,o > 0  
(23c) 

*No, 1 > 0 
(23d) 

and translocation in the doubly occupied dimer by 

*(m~]~ ' G]_I U E) ~ *(m p [G 'G]  u f ) ,  

*(moC~ " G1 UoB')~ *(mP[C : GI uA'), 

*Nl,1 ~ 0  ; 
(24a) 

*Nx, 1 > 0 ; 
(24b) 

where G represents a galactoside molecule, and the 
*Ni, k again denote the effective charges translocated 
inward in association with translocation of the corre- 
sponding species (reading from left to right). 



Po. 9. Apart from the observation that low con- 
centrations of lactose as well as thiodigalactoside 
protect against N-ethylmaleimide inactivation in ener- 
gized systems [51], the available experimental data 
do not seem to allow the characteristics of the 
protectable thiol group in form * ( r e :b  t) to be 
defined in a diagnostically useful manner. Accord- 
ingly, the detailed properties of this thiol in form 
*(m :/.t) are left unspecified at this time. 

Kinetic properties {A~n* < <  0) 
As indicated above, the four alternative binding 

and translocation schemes for form *(m :/x) in Fig. 2 
are all consonant with the half-sites concept, and all 
are compatible with the experimental results when 
A~H+ <<  0 (Ob. 4a-h).  Thus, the four schemes all 
exhibit high affinity toward external lactose but low 
affinity for internal lactose (Ob. 4a, b), mutual com- 
petition among galactosides of Classes G a, G O and G c 
for high-affinity binding and uptake (Ob. 4c, d, g), 
and exchange rates similar to net rates of uptake or 
efflux (Ob. 4e). Moreover, the widely varying maxi- 
mum velocities for uptake observed with different 
galactosides (Ob. 4 0 are readily incorporated into the 
schemes in Fig. 2. Finally, by assuming that outward 
translocation of a bound galactoside may occasionally 
occur with the associated -X group unprotonated 
(Eqns. 4 - 6 )  (or, alternatively, with a corresponding 
-OH group undissociated) in site m or /s of form 
*(m : g), a simple explanation is provided for the 
apparent transporter mediated galactoside leak path- 
way (Ob. 4h). Pronounced enhancement of such leak 
pathways is presumably responsible for the properties 
of the accumulation-deficient (uncoupled) mutants 
ML308-22 and K12 X71-54 described by West and 
Wilson [70]. 

The four alternative kinetic schemes for the 
*(m :/.t) dimer in Fig. 2 are probably readily dis- 
tinguishable on the basis of binding, transport, and 
N-ethylmaleimide-inactivation studies. Thus, experi- 
ments using a broad range of Class G a, G b find G c 
galactosides in energized systems would be predicted 
by the schemes in Fig. 2A and Fig. 2B to uncover 
some substrate pairs displaying incomplete or neglig- 
ible competition for high-affinity uptake, whereas the 
mechanisms in Fig.2C and Fig. 2D would predict 
essentially complete competitive inhibition. The 
nature of the inhibition observed with various sub- 
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strate pairs needs to be carefully established in order 
to distinguish competition for binding from possible 
non-competitive effects occasioned by the low maxi- 
mum velocity of transport for certain galactosides 
(Ob. 4f). Furthermore, the schemes in both Fig. 1A 
and Fig. 1B predict rapid accumulation of Class G b 
galactosides, but only the former is consistent with 
rapid accumulation of Class G a transport substrates, 
since the high affinity of site /~A' for internal Class 
G a galactosides in the latter mechanism would cause 
significant transporter-mediated efflux of these sub- 
strates, thereby producing a major kinetic reversal of 
the uptake flow via the m site. 

Specific predictions of the half-sites model 

As well as satisfying the observational require- 
ments listed in Ob. 1-4,  the half-sites model specifies 
the following unique predictions. 

Pr. 1. The model predicts half-sites stoichiometry 
for high-affinity binding of a-PNPG, thiodigalactoside 
and dansylated galactosides in non-energized systems 
[27,30,33,45-47]. 

Pr. 2. The model suggests half-sites stoichiometry 
for rapid reaction of the protectable thiol group with 
N-ethylmaleimide under non-energized conditions. 

Pr. 3. The model predicts two topologically dis- 
tinct locations of the protectable thiol, as reported by 
Yariv et al. [71 ]. 

Pr. 4. Under non-energized conditions, the trans- 
porter is predicted to mediate high-affinity facilitated 
diffusion of Class G a galactosides such as c~-PNPG and 
thiodigalactoside in a manner not susceptible to 
inhibition by lactose at concentrations below 5 mM 
[3251. 

Pr. 5. The model predicts that the very rapid low- 
affinity exchange diffusion observed in non-energized 
systems when lactose is present at ~>10 mM concen- 
tration on both sides of the membrane [34] will be 
found to be inhibited by low concentrations (<50 
/aM) of the Class G a galactoside c~-PNPG, due to bind- 
ing of the latter at the State A site and consequent 
slowing of the translocation rate (Figs. 1A and 1B, 
Eqn. 13). 

It should be noted that reports have recently 
appeared suggesting possible interactions of the galac- 
toside transporter with E. coli f3-galactoside [72,73]. 
Accordingly, experiments aimed at testing models for 
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the transporter using intact cells would be most easily 
interpretable with strains lacking the fl-galactosidase 
protein. 

Discussion 

Fig. 3 illustrates in a speculative pictorial fashion 
the basic principles of the half-sites model governing 
binding and translocation in the postulated m: / . t  
functional dimer. As shown (Fig. 3, bottom), high- 
affinity binding of a Class G a galactoside (plus H ÷) to 

A together with high-affinity binding of a Class site m o 
G b galactoside (plus H ÷) to site /.to B may be followed 
by closing of the outer gate to form the transition 
state for translocation (Fig. 3, right center). Subse- 
quent opening of the inner gate and accompanying 
shifts in the binding States to m A and /.ti B would 
greatly enhance dissociation of the transported galac- 
tosides and H ÷ ions (assuming no trans-site migration 
during translocation) (Fig. 3, top). Finally, return of 
the unoccupied binding sites to the exterior without 
concomitant H ÷ transport is ensured by appropriate 
juxta-position of the postulated H÷-carrying subsites 
(-X') with charged groups of the inner and outer gates 
in the symmetrical transition state for translocation 
(Fig. 3, left center). Similar considerations would 
govern interaction of Class G a, G b and G c galactosides 
with the form of the transporter postulated to pre- 
dominate under highly energized conditions, i.e., 
*(m :/.t) (not shown). 

The galactoside transporter of E. coli is the only 
uptake system for which a symmetrical half-sites 
model has been suggested to date. However, the 
advantages of such a structure for systems of broad 
substrate specificity would seem to be manifold, 
offering the potential for two related transport sys- 
tems at the genetic cost of one. Moreover, recent 
results on the integration of proteins into biological 
membranes [74] suggest that dimerization of newly 
synthesized lacY protein prior to incorporation into 
the membrane would represent a reasonable sequence 
of events. 

The evolutionary implications of the half-sites 
interpretation for the galactoside transporter are par- 
ticularly interesting. It may be presumed that the sys- 
tem originated as a symmetrical dimer mediating 
facilitated diffusion of some fl-galactosides via two 
independent channels each containing a single binding 
site. Subsequent interaction and fusion of the two 
channels into a single gated pore would have created 
two distinct galactoside binding sites per dimer, there- 
by allowing expansion of the range of transportable 
substrates to include some a- as well as additional 
fl-galactosides. However, utilization of this broad 
range of substrates as carbon and energy sources 
requires hydrolysis by intracellular a- and fl-galacto- 
sidases, but the affinity of  these enzymes for some of 
the transported substrates would have been low, thus 
providing a selective pressure for increasing the intra- 
cellular galactoside concentration. Coupling of galac- 
toside transport to H÷-symport/-OH-antiport was pre- 
sumably adopted in response to this pressure, and 
would probably have been followed by development 
of the m :/.t ~ *(m :/.t) transition for decreasing the 
affinity of the transport system toward internal 
Class G b galactosides. Finally, the employment by 
E. coli of allolactose and galactobiose, produced by 
the transgalactosidase activity of fl-galactosidase, as 
natural inducers of the lac operon [75] may have 
been a later evolutionary development to reduce the 
frequency of gratuitous induction due to accumula- 
tion [76] of naturally occurring unhydrolyzable 
galactosides. 

Conclusion 

Verification of the half-sites model for the E. coli 
galactoside transporter will require confirmation of 
Predictions 1-5 as well as further structural work 
including radiation inactivation studies [77]. It is 
hoped that the recent development of techniques for 
solubllization and reconstitution of specific transport 
activity in tiposomes [63] will allow a definitive test 
of the half-sites model in the near future. 

Fig. 3. Speculative depiction of binding and translocation postulated by the hall-sites model for the E. coli galactoside transporter 
as mediated by the m : u functional dimer (Eqn. 20) in the presence of a Class G a galactoside (e.g., melibiose) and a Class G b 
galactoside (e.g., lactose). The symbols -X" denote H*-symporting groups (Eqns. 3-6); o designates the 2-fold axis of rotational 
symmetry present in the transition state for translocation in the unoccupied dimer (left center). Other symbols are as defined in 
Fig. 1 and the text (Discussion). 
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