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Abstract. In a previous study, we characterized a lactoselransported solutes include amino acids, metabolic in-
permease mutant (K319N/E325Q) that can transpdrt Htermediates, inorganic ions, and a variety of sugars. The
ions with sugar. This result was surprising because othelactose permease discherichia coliis an extensively
studies had suggested that Glu-325 plays an essentigtudied symporter that has provided a model system for
role in H" binding. To determine if the lactose permeasethe study of structure and function in transport proteins
contains one or more auxiliary tbinding sites, we be- [51]. The lactose permease is a cytoplasmic integral
gan with the K319N/E325Q strain, which catalyzes amembrane protein that couples the transport 6fard
sugar-dependent’Heak, and isolated third site suppres- |actose into the bacterial cytoplasm with a stoichiometry
sor mutations that blocked the"Heak. Three types of of 1:1 [54, 55]. The gene for the permease has been
suppressors were obtained: H322Y, H322R, and M299l¢|oned and sequenced, and it encodes a polypeptide of
These mutations blocked the"Heak and elevated the 417 amino acids with a predicted molecular weight of
apparentk, value for lactose. The M299I and H322Y 46 504 Daltons [6, 48]. Studies using purified lactose
suppressors could still transportHwith B-p- Jpermease indicate that it functions as a monomer [29].
thiodigalactoside (TDG), but the H322R strain appeare The lactose permease is a member of the Major Fa-
uncoupled for H/sugar cotransport. o cilitator Superfamily (MFS) geereference 38 for a re-
Four mutant strains containing a nonionizable sub-cent review). Most members of the MFS are predicted to

stitution at codon 322 (H322Q) were analyzed. None of.htain twelve membrane-spanning segments by hydro-

these were able to catalyze uphill accumulation of 'ac'pathicity analysis [15, 21]. In the case of the lactose
tose, however, all ShOW.ed some level of SUbStrate'permease, this model has been confirmed by gene fu-
induced proton accumulatl_on. The level seemed to var ions with alkaline phosphatase apejalactosidase [7,
based_on the _substrate b_elng analyzed (lactose or TDG ]. TheN- and C-terminal segments are cytoplasmic as
Most interestingly, a triple mutant,.K319N/H322Q/ shown by antibody binding studies [10, 24, 46]. The
E325Q, catalyzed robust*Hransport with TD.G - These eneral homology of the two halves of the family mem-
novel results suggest an alternative mechanism of Iacto%

permease cation binding and transport, possibly involv- ers suggests an early evolutlona}ry gene dgpl|cat|on,
ing hydronium ion (HO"). which led to the current superfamily of proteins [35].

Analysis of the MFS for hydrophobicity, amphipathicity,
loop length, and potential salt-bridges between helices of
the lactose permease has led our laboratory to propose a
tertiary structure model [21]. This model shows the two
halves as distinct domains which may move relative to
Introduction one another to transport lactose [21, 25]. Other tertiary

models have been proposed based on the proximity of

Integral membrane proteins, known as cation/substratgmino acids suggested from biophysical and crosslinking
cotransporters or symporters, facilitate the uptake ok gies [52, 53].

many solutes necessary for cellular function [12, 37]. All 417 amino acid residues within the lactose per-
mease have been altered by site-directed mutagenesis,

- and this approach has made it possible to identify resi-
Correspondence toR.J. Brooker dues that may play an important role in the mechanism of
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H*/lactose symport and active lactose transpsee(ef. uphill lactose transportE. coli strain T184 was used, which lacks
21 for a review). Six ionizable residues within the lac- functionallacZ andlacY genes [47]. The plasmids used in this study
tose permease have been implicated to play a centrdl® derivatives of théacY-carrying plasmid pLac184séeref. 16).

rol r an auxiliary role. in the mechanism of Hct Plasmid DNA was isolated by the NaOH-sodium dodecyl sulfate
Ol€, oran auxiliary role, € mechanism ot/iactose method [2] and introduced into the appropriate bacterial strain by the

coupling [4, 9, 11, 16, 23, 27, 31, 32, 42, 49]. TheseCaCL transformation procedure of Mandel and Higa [34].

residues are Asp-240, Glu-269, Arg-302, Lys-319, His- Stock cultures of cells were grown in YT media [36] supple-

322, and Glu-325. In addition, Glu-126 and Arg-144 mented with tetracycline (0.01 mg/ml). For transport assays, cells were

may form an essential salt bridge [19, 44]. grown to midlog phase in YT media containing tetracycline (0.005
With regard to the actual cation recognition site in mg/ml), and 0.25 m isopropylthiogalactoside to induce the synthesis

the lactose permease, nonionizable substitutions &t ! lactose permease.

codons 240, 269, 302, 319, and 322 have been shown

previously to catalyze Hlactose symport, indicating SUGAR TRANSPORTASSAYS

that they are not absolutely required fof Hinding or _ , .

transport [4, 9, 16, 23, 27, 31, 32, 42, 49]. Single, rmn_M|dIog cells were washed in phosphate buffer, pH 7.0, containing 60

ionizabl bstituti d > | mv K,HPO, and 40 nm KH,PO, and resuspended in the same buffer
ionizable substitutions at codon-325 can catalyze a N0l 4 density of approximately 0.5 mg protein per ml. Cells were then

mal_exc_hang_e _Of |<':1_Ct059, but are almost completely degquilibrated at 30°C and radioactive sugar was added at the designated
fective in unidirectional transport [9, 16]. Due to the concentrations. At appropriate time intervals, 0.2 ml aliquots were
very low rate of net transport, these previous studies haveithdrawn and filtered over a membrane filter (pore sized.45pm).

not definitively determined if codon-325 substitutions The external medium was then washed away with 5-10 ml of ice-cold

can catalyze net Htransport. However, the efflux reac- Phosphate buffer, pt 7.0, by rapid filtration. As a control, theY
tion appears pH insensitive. sugoesting that Codon_32§traln, HS4006/H~Z"Y /pACYC184, was also assayed for radiola-
PP P ! 99 9 eled sugar uptake to obtain an accurate value for nonspecific sugar

mutations are unable to recognizé&idns [16]. In avery uptake.

recent study, we obtained the surprising result that an

acidic residue at position 325 is not obligatorily required

for H* transport via the lactose permease [26]. When d<INETIC CALCULATIONS

nonionizable substitution at codon-325 was coupled W'thApparenth andV,,,, values for lactose transport were determined by

a nonionizable substitution at codon-319, the velocity forobserving initial rates of downhill transport at four lactose concentra-

unidirectional net transport was substantially restoredtions. Since the pH is constant, the transport velocity follows Micha-

and the double K319N/E325Q mutant was able to cataelis-Menten kinetics with respect to lactose concentration [45]. The

|yze l—rlsugal’ symport to near Wild-type levels. In |ight apparenKm_ha_s al_so been previou_sly showrl Fo vary with a change in

of these results, we speculated that one or more oth gar specificity, i.e., a change in the affinity of the permease for
. . - oL - . actose [50]. Results were plotted by the method of Hanes-Woolf,

feS'P'_Ues mlght aCt_ as auxme_lry_l-blndmg _SlteS V\_’hen graphing [S]/v versus [S] [45]. Data from three independent trials were

position 325 contains a nonionizable amino acid. Theayeraged to give a final value for apparéhy andV,,,, plus or minus

goal of the current study was to identify such a putativesem.

auxiliary H" binding site and/or to understand how the

K319N/E325Q strain is able to cotransport with lac-

H* TRANSPORT
tose.

For the H transport experiments of Figures 1 and 3, cells were grown

. to mid-log phase and washed twice with 120 mM KCI. The cells were
Materials and Methods then suspended in 120MrKCI and 30 v potassium thiocyanate to a

density of approximately 5 mg protein per ml. 2.5 ml of cells were

placed in a closed vessel with a lid containing tight-fitting openings for

the insertion of a pH electrode, the introduction of argon, and the

Lactose (OB-D-galactopyranosyl-[1,4§-p-glucopyranose) and meli- insertion of (gas-impermeable) Hamilton syringes. Cells were made
biose, (Oe-p-galactopyranosyl-[1,6-b-glucopyranose) were pur- anaerobic under a continuous stream of argon for at least 30 min. To
chased from Sigma (St. Louis, MO)*[]-lactose was purchased from initiate sugar-induced Htransport, an anaerobic solution containing

Amersham. Restriction enzymes were purchased from New Englandpctose or TDG was added to a final concentration of @.rithe
Biolabs. The remaining reagents were analytical grade. change in external pH was measured with a Radiometer pH meter

(PHM82) and electrode (GK2401C). Changes in pH were continu-
ously recorded on a Radiometer chart recorder which had been modi-

BACTERIAL STRAINS AND METHODS fied to expand the scale of pH changes to a range where a 0.1 unit pH
change caused a 10 cm deflection in the chart recording.

REAGENTS

For downhill lactose transportzscherichia colistrain HS4006/
F'1°Z*Y~ was used. It islacZ positive butlacY negative [5]. For
CONSTRUCTION OFPLASMIDS CARRYING

MUTANT PERMEASES

The abbreviations used are: TDG, thiodigalactoside, and TMG, methyldn a previous study, we have described the construction of mlaayit
B-p-thiogalactopyranoside. strains carrying single mutations at codon 319 (K319N), codon 325
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(E325Q), and the double mutant strain, K319N/E325Q [26]. Usingaddition, the K319N/E325Q strain catalyzes a sugar-
mutagenic PCR primers, we generated a mutation at codon 322, WhiCHependent Hleak. The leak occurs by the cotransport
changed histidine to glutamine. The mutagenic primers also eliminate%f H* and sugar into the cell in conjunction with the
a uniqueNdd site and produced a uniqiRst site. To make this single
H322Q strain, a mutagenic primer running in the clockwise dirr—)ctionunCOUpIed export of SUQ_a’S‘fe ref. 13)' The sugar-
was used with a second nonmutagenic primer that anneals across@ependent Hleak also indicates that the K319N/E325Q
uniqueSad! site within the plasmid. The template DNA was the plas- Strain catalyzes robust ‘sugar cotransport. When
mid, pLac184, carrying the wild-typlacY gene. This PCR reaction streaked on YT plates containing the nonmetabolizable

produces a 3.8 kbp fragment carrying codon 319. A mutagenic primersugar TDG, the growth of the K319N/E325Q strain is
across codon 322 running in the counterclockwise direction was alsq T T .
used with a nonmutagenic primer across $aal site to produce a 2.8 Severew inhibited due to the rapld import of libns.

kbp fragment carrying codon 325. Ligation of the 3.8 kbp and 2.8 kprhiS collgpses the HE|eCtr9Chemical gradien.t. Fu.rther—
fragments to each other produces a pLac184 derivative that has coddiore, this phenotype provides a method to identify sup-
322 changed from histidine to glutamine and also hasNhd site pressor mutations that do not catalyze the sugar-
changed to @st site. dependent Hleak, as described below.

The same mutagenic PCR primers used to make this single Starting with the K319N/E325Q strain, there are

H322Q mutation were also used to make double mutants K319N/ | that dditi | (third tati in th
H322Q and H3220/E3250 except that the single K319N or E32505€Veral ways that an additional (third) mutation in the

mutant DNA was used as the template DNA. The triple mutant!@CY gene could prevent an'Heak. One possibility is
K319N/H322Q/E325Q was made by digestion of the correspondingthat @ mutation could prevent*Hbinding and/or trans-
double mutants wittSadl and Pst and the ligation of the 3.8 kbp  port. Such a mutation may identify residues that play a
fragment from the K31S_)N/H322Q strain to the 2.8 kbp fragment from rg|a in H* binding or transport. This is the category of
the H322Q/E325Q strain. mutations that were sought in the current study. Sec-
ondly, however, a mutation could block the sugar-
DNA SEQUENCING dependent Hleak by preventing sugar binding or trans-
port. Finally, a mutation could prevent lactose permease

The presence of the mutations within the plasmids was confirmed byexpression and thereby stop thé Idak. To distinguish
the sequencing of double-stranded plasmid DNA isolated using the . e ’
PERFECTPREP plasmid isolation kit (Eppendorf, Westbury, NY) and among these various possibilities, MacConkey plates can

sequenced according to Kraft et al. [30]. be used. MacConkey plates contain a pH indicator dye,
a sugar (as the sole fermentable substrate), and nonfer-
mentable energy sources. Al colistrains can grow on
these plates, but only strains that take up and ferment the

For Western blot analysis, T184 cells containing the appropriate plas-SUgar will form red colonies, because thEy excrete acidic

mid were grown as described above for the sugar transport assay¥vaste products and thereby lower the pH. Those strains
Ten ml of late log phase cells were pelleted by low speed centrifugathat are unable to transport the sugar form white colo-

tion, and resuspended in 8p0 MTPBS buffer (in ma: 150 NaCl, 16 nies. Therefore, mutations in the lactose permease that
Na,HPO,, 4 NaH,PO,) with protease inhibitors PMSF (25 mg/ml) and - nrevent sugar binding or transport or prevent lactose per-

TPCK (0.1 mg/ml). Cells were freeze-thawed twice in liquid nitrogen |04 oy pression would be expected to form white colo-
and subjected to three rounds of sonication. The membrane fraction .

was collected by centrifugation (10 min, 11,000 x g) and resuspende@Ies on lactose MacConkey plates. By comparison, a
in 100wl MTPBS plus protease inhibitors. Triton X-100 was added to mutation that blocks H binding or transport without
a concentration of 1%. Fiftug total membrane protein was subjected inhibiting sugar binding and transport would form red
to sodium dodecyl sulfate polyacrylamide gel electrophoresis. Proteingpolonies.
were electrqblotted to nitrocellulose_ and then probed using an antibody With these ideas in mind, we developed a plating
that recognizes the carboxyl-terminus of th(_e lactose permease. Thgtrategy to identify mutations in the K319N/E325Q
amount of lactose permease was then determined by laser densitometry,” . . .
All of the mutant strains constructed for this study had levels of per-Straln that prevented the™Heak but did not block sugar
mease that were very similar to wild-type. Normalized to wild-type (at transport or prevent lactose permease expression. The
100%), they were as follows: H322Q, 99.5%, K319N/H322Q, 100.7%,K319N/E325Q strain was streaked on 1% melibiose
H322Q/E325Q, 104.3%, and K319N/H322Q/E325Q, 115.5%. MacConkey p|ates Containing 2.0vMnTDG. (Note:
melibiose is arx-galactoside that is also transported by
the lactose permease. We used melibiose instead of lac-
tose because our parent strain is deleted for both the
genes that encode the melibiose permeasepagdlac-
SUPPRESSORANALYSIS tosidase). When streaked on these plates, the parent
strain grows extremely slowly. After several days, fast-
As mentioned in the Introduction, previous studies havegrowing colonies are seen. While most of these colonies
shown that the K319N/E325Q mutant strain catalyzeswvere white, we did obtain several fast growers that were
H*/sugar symport. These results indicate thdtibhs  very red. These were saved for further study.
are bound and efficiently transported via this strain. In Six independent red mutants (Table 1) were sub-

MEMBRANE |SOLATION AND IMMUNOBLOT ANALYSIS

Results
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Table 1. Third site suppressor mutations isolated from the K319N/ diate its effect through His-322; according to tertiary
E325Q parent strain* models, Met-299 and His-322 are found on faces of ad-
jacent helices and positions 299 and 322 are predicted to

Third Site Mutation Number of Isolates N

project toward each other [20].
H322R 3 To further explore the role of His-322, it was im-
H322Y 2 portant to establish if an ionizable side chain at position
M299l 1 322 is needed to facilitate sugar cotransport in the

N o ) ) K319N/E325Q background. The three suppressor
* In addition to the third site mutation shown here, these strains also . . - Lo . - "
retained the K319N and E325Q mutations. strains still contain an ionizable side cham at posmpn
322, although the H322Y and H322R strains have side
chains that deprotonate at a relatively high pH. Even so,
jected to DNA sequencing as in Materials and Methodsthe ability of the M299I and H322Y strains to cotrans-
All of these mutants had a third site mutation, in additionport H" with TDG could involve the binding and release
to the mutations at codons 319 and 325. Five of the siof H* ions via an ionization reaction at position 322.
mutations occurred at codon 322, changing His-322 toro determine if an ionizable side chain at position 322 is
arginine or tyrosine. The other mutation changed Met-required for H transport, we changed His-322 to a glu-
299 to an isoleucine. tamine by site-directed mutagenesis as described in Ma-
These novel suppressor strains were analyzed foterials and Methods. We then analyzed the single
their ability to transport lactose and their ability to trans- H322Q strain, the double mutant strains K319N/H322Q
port H" ions upon the addition of sugar. Table 2 showsand H322Q/E325Q, and the triple mutant strain K319N/
the results of a kinetic analysis in which the downhill H322Q/E325Q with regard to sugar and tdansport.
transport of lactose was measured in the wild-type strain,  Phenotype on MacConkey plates was used as an
the K319N/E325Q parent strain, and the suppressoinitial, qualitative, measure of transport activity of the
strains. As seen here, the wild-type strain transports lacwild type and mutant strains. We also compared these
tose with an apparett,, of 0.6 mv and an appareM.,.,  strains with single mutations at codons 319 and 325.
of 169.6 nmol lactosemin™ - mg protein®. The sup-  As shown in Table 3, all of the strains, except the single
pressors had elevatéq, values ranging from 1.0mto  E325Q strain, could effectively transport lactos@{ga-
3.0 mv, andV,., values that were less than 10% of the |actoside) or melibiose (an-galactoside), as evidenced
wild-type level. by their red or pink phenotypes. When the E325Q mu-
The suppressors were also analyzed for the ability tqatjon was coupled with either the K319N mutation, the
transport H in conjunction with sugar. External pH {3750 mutation, or both mutations, the defect in sugar

measurements of cell suspensions upon substrate addfznsport was substantially alleviated compared to the
tion were measured as in Materials and Methods, Wlthsing|e E325Q strain.

the results in Fig. 1. The wild-type permease rapidly
transported M upon the addition of TDG. Two of the
three mutant suppressor strains (M299I and H322Y) als
showed substantial levels of*Hransport upon the addi-
tion of TDG. In contrast, the H322R strain showed neg-
ligible alkalinization when TDG was added.

Table 3 also shows the growth of these strainson YT
lates with and without TDG. Lactose permease mutants
at catalyze a sugar-dependent ldak are unable to

grow when these rich plates are supplemented with TDG
(seealso ref. 13). As seen here, the K319N single mu-
tant and the K319N/E325Q double mutant strains cannot
grow on YT + TDG plates because they catalyze a robust
CONSTRUCTION OF STRAINS CONTAINING A GLUTAMINE sugar-dependent Hleak. The single H322Q mutation
AT PosiTiION 322 does not promote an Hleak by itself. Furthermore,
when coupled with the K319N mutation or both the
Thus far, the results indicate that mutations at position&K319N and E325Q mutations, the presence of the
299 and 322 substantially affect the kinetics of lactoseH322Q mutation appears to block the sugar-dependent
transport, and also prevent the sugar-dependéreé&k. H* leak as evidenced by the growth of the K319N/
Two of the three suppressors were able to cotransport HH322Q and K319N/H322Q/E325Q strains on the YT +
with sugar, while the H322R was uncoupled for sugarTDG plates. These results are consistent with our sup-
transport. Overall, the results indicate that the supprespressor analysis which showed that other mutations at
sor mutations have significant effects ori ktansport  position 322 (i.e., H322R and H322Y) prevent t¢ak-
and H/sugar coupling. Since two of the suppressorsage in the K319N/E325Q background.
were located at position 322, one explanation for these  To obtain a quantitative description of the transport
results is that His-322 plays a role i itansport and/or  process, in vitro transport experiments were conducted.
H*/sugar coupling. In this regard, His-322 lies betweenTable 4 shows the results of a kinetic analysis of these
Lys-319 and Glu-325 on the same face of transmemstrains, and the results are compared with a previous
brane segment 10. The M299I mutation could also mekinetic analysis of the K319N, E325Q, and K319N/
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Table 2. Kinetic analysis of wild-type, parent, and suppressor strains

Strain apparenk,* £ sem apparentV,,,,,* + Sem Reference
(mm) (nmol- mg™* - min™%)

pLac184 (wild-type) 0.6+0.2 169.6 +13.1 This study

pK319N/E325Q (parent) 0.4+0.1 18.5+ 3.6 26

pK319N/E325Q/H322R 2713 9.2+28 This study

pK319N/E325Q/H322Y 3.0+£0.9 7.1+13 This study

pK319N/E325Q/M299I 1.0+£0.2 21+05 This study

*The K, and V., values were determined at 30°C as described in Materials and Methods.

2 mM TDG

&

lactose- min™! - mg protein’. Compared to the single
mutations at codons 319 and 322, the defect in sugar
binding is similar in the K319N/H322Q strain (as evi-
denced byK,,), but the defect in transport is greater (as
shown by lowerV,,,,).

When the K319N or H322Q mutations were coupled
with the E325Q mutation, quite different results were
observed. As shown in Table 4, when the K319N mu-
tation was coupled with the E325Q mutation, the appar-
entK,, was similar to wild-type, meaning that the double
mutant has a near wild-type affinity for lactose. By com-
parison, this effect is not seen in the H322Q/E325Q
strain, which has a relatively high apparégy, value of
2.5 mv. The apparen¥,,,, values in the K319N/E325Q

¥ PK319N/H322Y/E325Q

*pK319NIH322R/E3250

pACYC
dpm2991/k319N/E325Q

External pH

Alkaline <——  Acidic

j PLAC184

Fig. 1. Sugar-induced Htransport in the parent and suppressor strains.
H* transport was measured in the strain HS4008F'Y ~ containing

and H322Q/E325Q strains are intermediate compared
with the corresponding single mutant strains. These

the designated plasmids as described in Materials and Methods. THAOUDIE mutants hav¥,, values that are much higher

PACYC plasmid is a negative control that does not carrylale& gene.

than the single E325Q strain, but significantly lower than

The pLAC184 plasmid is a derivative of pACYC184 that carries the the single K319N or H322Q strains. Finally, when alll

wild-type lacY gene. The other plasmids carrylacY gene with the  three mutations are coupled in the triple mutant strain,

designated mutations. K319N/H322Q/E325Q, thé,, value is relatively high,
and theV,,,, value is slightly higher than any of the

E325Q strains. For these experiments, plasmids Contaiﬁ:_orre_spondir_lg double mut_ant strains. The_se rgsults indi-
ing the wild-type or mutanfacY genes were transformed cate interestingly that havm_g_ three mu_tatlons instead of
into a lacZ* E. coli strain (HS4006//Z*Y"), which is two does not have an add|_t|onal detrimental effect on
B-galactosidase positive. When lactose enters the cell, i max @nd that the effect oy, is no worse than the effect
is rapidly metabolized so that the external lactose conS€€n in the K319N/H322Q strain. o
centration is always higher than the internal concentra- A S€cond way to evaluate lactose transport in wild-
tion [41]. Therefore, this in vitro assay measures lactosdYP€ and mutant strains is via an “uphill” transport assay.
transport as it moves from a higher to lower concentra-The wild-type lactose permease obligatorily couples the
tion or “downhill.” transport of H and lactose with a 1:1 stoichiometry.
As shown in Table 4, the wild-type permease cata-This coupling enables the bacterium to actively accumu-
lyzed downhill transport with an apparefit, of 0.6 mM late lactose against a concentration gradient. Therefore,
and an appare,,, value of 169.6 nmol lactosemin™*  this uphill accumulation of lactose provides a way to
- mg protein®. The K319N and H322Q single mutants €xamine the coupling between'lnd lactose transport.
both had elevated,, values and moderately defective To conduct an uphill transport assay, plasmid DNA was
Vhax Values. The single E325Q mutant had a slightlytransformed into a bacterial strain thaiggalactosidase
lower K,,,, but aV,,,, value that was less than 1% of the negative. The assays were done at a low external lactose
value of the wild-type strain. The coupling of these concentration (0.1 m) and the intracellular accumula-
single mutations in the double mutant strains had soméion of [*“C]-lactose was measured at various time points
interesting effects. When K319N was coupled with by rapid filtration. The results of an uphill transport as-
H322Q, the apparer,, was about the same, at 1.4  say are shown in Fig. 2. As seen here, the wild-type
but the apparent,,,,,decreased substantially to 7.1 nmol permease catalyzed uphill transport to accumulation lev-
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Table 3. Phenotypes on Plates

Plasmid Plate Type Reference

Lactose MacConkeéy Melibiose MacConke¥/ YT Plate$

0.4% 1.0% 0.4% 1.0% No Sugar  +2 mM TDG

pLacl84 red red red red + + This study
pK319N red red red red + - 26
pH322Q red red red red + + This study
pE325Q white white white white + + 26
pK319N/H322Q pink red pink pink + + This study
pK319N/E325Q pink red white pink + - This study
pH322Q/E325Q pink red pink red + + This study
pK319N/H322Q/E325Q pink red red red + + This study

aThe plasmids were introduced into strain HS40067/E*Y ™.

A red phenotype indicates the ability to ferment the added sugar whereas a white phenotype indicates a lack of significant
fermentation. Pink reflects an intermediate level of fermentation.

¢ A + designation indicates normal growtA — designation indicates no growth.

Table 4. Kinetic analysis of wild-type and mutant strains

Strain ApparenK,;* + SEm ApparentV, > £ SEM Reference

(mm) (nmol - mg™* - min™?)
pLacl84 0.6+0.2 169.6 £13.1 This study, from Table 2
pK319N 1.3+0.3 48.3+11.2 26
pH322Q 1.7+0.4 28.7+ 6.1 This study
pE325Q 0.3+0.1 1.3+ 03 26
pK319N/H322Q 16+0.2 71+ 13 This study
pK319N/E325Q 04+0.1 185+ 3.6 26
pH322Q/E325Q 25+1.0 9.6+ 2.8 This study
pK319N/H322Q/E325Q 35+25 21.2+11.8 This study

*The K,,, andV,,,, values were determined at 30°C as described in Materials and Methods.

els that were over 30-fold higher than the external lactos¢his alkalinization was followed by an acidification due
concentration. However, the single, double, and tripleto the metabolism of lactose and the excretion of acidic
mutants were completely defective in their ability to ac- products. The addition of the nonmetabolizable sugar
tively transport lactose. Except for the E325Q strain,TDG also promoted a rapid alkalinizatiosegFig. 3B).
which has a very low rate of downhill transport, all of In the current study, we examined the ability of
these strains have significant rates of downhill transportH322Q mutant strains to cotransport With these two
(refer back to Table 4). Therefore, their inability to ac- sugars. Note that a previous study showed that the
tively transport lactose against a concentration gradienkK319N and K319N/E325Q strains could cotranspoft H
is due to an anomaly in Hactose coupling, not due to with lactose or TDG [26). In the case of lactose, signifi-
an inability to transport lactose across the membranecant H sugar cotransport was not observed with any of
This could be because of an inability to recognize andhe strains carrying an H322Q mutatioseéFig. 3A).
transport protons, or it could be the result of the previ-With the H322Q strains, there was not a significant al-
ously discussed proton leak transporting protons or lackalinization with lactose, although the sugar was getting
tose alone. into the cells as evidenced by the later acidification
Proton transport in response to sugar addition waphase. With TDG, however, very different results were
directly measured as before with a pH electrode (Fig. 3)obtained. All of the strains carrying an H322Q mutation
As expected, when lactose was added, the wild-typeould transport Fiwith TDG, though to varying degrees.
strain exhibited a rapid alkalinization of the medium dueParticularly striking was the result that the triple mutant
to the cotransport of Hand sugar into the bacterial with nonionizable side chains at all three positions,
cytoplasm ¢eeFig. 3A). After a short period of time, K319N/H322Q/E325Q, showed robust/fIDG cotrans-
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4 For cation/solute symporters, less information is
available regarding the cation binding site. Cation bind-
40 1 ing has been extensively investigated in the melibiose

permease, which cotransports,H.i*, and/or Nd with
a- and B-galactosidessgeref. 39 for a review). In the
melibiose permease, melibiose is transported with H
Na*, and Li*, while methylg-p-thiogalactopyranoside
(TMG) is transported with Naor Li*, but not with H".
These results are consistent with the idea that the cation
e pACIES and sugar binding sites are overlapping so that only cer-
e pHa22Q tain combinations of cation and sugar can be bound and
—e— pK319NH322Q transported. The cation binding site of the melibiose per-
iiﬁfﬁiiiﬁym mease inE. coli has been studied through site-directed
mutagenesis, suppressor analysis, and chimera analysis
with the melibiose permease fromlebsiella pneu-
moniae[17, 18, 22, 40, 56]. Substitutions of aspartic
acid residues at positions 19, 56, 59, and 124 lead to a
loss of Nd&-coupled transport without greatly affecting
TMG recognition. Other residues, such as Asn-58 may
also play a role in cation recognition.
Time (min) The cation binding site in the lactose permease still
Fig. 2. Uphill lactose transport by wild-type and mutant strains. The '€Mains an unresolved question. The cation is generally
uptake of }“C]-lactose was measured as described in Materials anddescribed as Hion, though it remains a possibility that
Methods. Lactose uptake was performed at an external lactose concettyydronium ion (HO™) is the transported species. If hy-
tration of 0.1 nm i_n strain T1_84 containing the wiId-type_cYpIasmid dronium ions are transported, the cation binding site
or mutant plasmids as designated to the right of the figure. might involve the coordination of a hydronium ion by
several residues [3]. Since backbone carbonyl groups
jnay be involved with coordination, it may be difficult to
identify such a coordination site via site-directed muta-
genesis studies. With regard td ks the putative trans-
ported species, there are various possibilities to explain
the mechanism of Hbinding and its symport with lac-
Discussion tose. The simplest mechanism involves a single ioniz-
able residue within a transmembrane segment that func-

The goal of the current study was to gain a greater un{ions as an H binding site. Following H and sugar
derstanding of how the lactose permease recognizes afinding, the lactose permease would then undergo a con-
transports F ions. The binding and transport of cations formational change to release’ ldnd lactose on the op- -
has been studied in a variety of transporters. In the caseosite side of the membrane. Although such a scenario
of ion pumps, it has been found that acidic residues oftefiémains possible, evidence is mounting that tHebkid-

play a central role in cation recognition. For example, ining site is not as simple as a single amino acid residue.
bacteriorhodopsin, an aspartic acid residue at position 96  One result of the current study that may seem para-
acts as an Hacceptor on the cytoplasmic side of the doxical is that while these mutants can catalyze downhill
membrane, and an aspartic acid at position 85 releasdgansport of lactose, as well as substrate-induced proton
the H" to the external medium [33]. Other residues, suchaccumulation, they are unable to actively accumulate lac-
as Arg-82, Glu-194, Glu-204, and Asp-212 also playtose. An explanation for this is that the overall transport
auxiliary roles in H binding and transport. In suburit cycle is the sum of many individual reactions. While
in the R, portion of the GF;-ATPase ofE. coli, an as- those reactions regulating the protonmotive force that
partic acid at position 61 is essential fof binding [14].  drives uphill accumulation of sugars may be inhibited in
In addition, residues at positions 28 and 62 play a role ircertain mutants, this does not mean that uphill accumu-
the binding of Li" or Na" via the FF,-ATPase. For P- lation of protons (driven by lactose) is necessarily abol-
type ATPases, such as the'@#ATPase of the sarcoplas- ished.

mic reticulum, multiple residues on TMS-4, TMS-5, While many studies have focused on the effects of
TMS-6, and TMS-8 are thought to coordinate the bindingmutations at Asp-240, Glu-269, Arg-302, Lys-319, His-
of two C&" ions [1]. These residues include Glu-309, 322, and Glu-325, the elimination of ionizable side
Glu-771, Asn-796, Thr-799, Asp-800, and Glu-908. chains at any of these positions does not prevefit H
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port. These results indicate that no ionizable side chai
at any of these positions is essential fovstigar cotrans-
port.
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pK319N/H322Q/E325Q

'

A. pH322Q B.
2mM TDG
v pACYC
PH322QUE325Q pK319N/H322Q pK319N/H322Q
- -
VpH322QIE3ZSQ
2mMm
lactose

v pACYC

\

—a-PLAC184 y pLAC184

VpK319N/H322QIE325Q

External pH
Alkaline o » Acidic

Fig. 3. Sugar-induced Htransport. H transport was measured in the strain HS4008F"Y ~ containing the designated plasmids as described in
Materials and Methods. Pa#t, Addition of lactose. ParB, Addition of TDG.

sugar cotransport [4, 9, 11, 16, 23, 26, 27, 31, 32, 42, 49]laboratory and another laboratory have suggested that
The results of the current study would seem to contradicany of these residues play a key role in the coupling
a recently published mechanism for lactose transportmechanism [26, 28].

[43]. In that model, His-322 shares the proton-binding

site with Glu-269. Substrate binding induces a confor-References
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