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Abstract. The lactose permease is a polytopic mem-Key words: Lactose permease — Symporter — Cotrans-
brane protein that has a duplicated conserved motifporter — Conserved motif — MFS — Sugar transporter
GXXX(D/E)(RIK)XG[X](R/K)(R/K), located in cyto-

plasmic loops 2/3 and 8/9. In the current study, the roles )

of the basic residues and the acidic residue were invedntroduction

tigated in greater detail. Neutral substitutions of two

positive charges in loop 2/3 were tolerated, while a tripleThe lactose permease, located in t&scherichia coli
mutant resulted in a complete loss of expression. NeutrdNner membrane, is a model protein for the study of sugar
substitutions of a basic residue in loop 8/9 (i.e., K289l)transport processes. The protein cotransports a lactose
also diminished protein stability. By comparison, neu-molecule and a proton into the bacterial cytoplasm with
tral substitutions affecting the negative charge in loop@ Stoichiometry of 1:1 [34, 35]. The gene for the lactose
2/3 had normal levels of expression, but were defective?€rmease has been cloned and sequenced, and it encodes
in transport. A double mutant (D68T/N284D), in which & Polypeptide of 417 amino acids with a predicted mo-
the aspartate of loop 2/3 was moved to loop 8/9, did nofecular weight of 46,504 daltons [2, 30]. Studies using
have appreciable activity, indicating that the negativepu”f'e‘j lactose permease indicate that it functions as a
charge in the conserved motif could not be placed in loognonomer [16]. _ _

8/9 to recover lactose transport activity. An analysis of _ The lactose permease is a member of the Major Fa-
site-directed mutants in loop 7/8 and loop 8/9 indicatedcilitator Superfamily (MFS) ¢ee referenc@3 for a re-
that an alteration in the charge distribution across transcent review). Most members of the MFS are predicted to
membrane segment 8 was not sufficient to alleviate £0ntain twelve membrane-spanning segments by hydro-
defect caused by the loss of a negative charge in loopathicity analysis [6, 8]. In the case of the lactose per-
2/3. To further explore this phenomenon, the doubleMease, this model has been confirmed by gene fusions
mutant, D68T/N284D, was used as a parental strain t§/ith alkaline phosphatase arfgtgalactosidase [3, 4].
isolate suppressor mutations which restored functionThe N- and C-terminal segments are cytoplasmic as
One mutant was obtained in which an acidic residue irshown by antibody binding studies [5, 12, 29]. The gen-
loop 11/12 was changed to a basic residue (i.e., Gluéral homology of the two halves of the proteins are evi-
374 - Lys). Overall, the results of this study suggestdence for an early evolutionary gene duplication which
that the basic residues in the conserved motif play a roléed to the current superfamily of proteins [20]. Analysis

in protein insertion and/or stability, and that the negative®f the MFS for hydrophobicity, amphipathicity, loop
charge plays a role in conformational changes. length, and potential salt-bridges between helices of the

lactose permease has led to a proposed tertiary structure
model [8]. This model shows the two halves as distinct
domains which may move relative to one another to
* Present addressiValter Oncology Center, Indiana University, India- transport lactose [8, 14]. .
napolis, IN 46202. Although the level of homology varies among mem-
bers of the MFS, a consistent feature is the presence of a
Correspondence taR.J. Brooker duplicated motif, GXXX(D/E)(R/K)XG[X](R/K)(R/K),
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in cytoplasmic loops 2/3 and 8/9 [9, 10, 11]. The posi- Materials and Methods
tive charges, particularly the last two, are usually con-
served within members of the superfamily, and an asparp_, s
tate or glutamate is highly conserved in at least one of the
two loops. The conserved motif of the lactose permeaseactose 0-p-o-galactopyranosyl-[1,43p-glucopyranose) was pur-
and the tetracycline antiporter have been investigated byhased from Sigma Chemical, St. Louis, MO(]-lactose and Se-
site-directed mutagenesis of conserved residues [13, 1Avenase, V2.0, were purchased from Amersham, Cleveland, OH.
25, 36, 37]. Loop 2/3 of the lactose permease and thg_estrlctlon enzymes and Ilgase‘ were purchased from Ne_W England
- . . . , Biolabs, Beverly, MA. The remaining reagents were analytical grade.
tetracycline antiporter both contain an aspartate residue
that is critical for transport. Instead of an aspartate, loop
8/9 of the lactose permease has an asparagine at the fifBACTERIAL STRAINS AND METHODS
position. In the tetracycline antiporter, the aspartate is ) ) )
also missing from loop 8/9, but a glutamate residue is'"© "élévant genotypes of the bacterial strains and plasmids are de-
. . " . . scribed in Table 1. Plasmid DNA was purified using PERFECT-prep
presgnt in the m_mh pOSItI(;)n. Even tho‘ﬂgh the re_SIdue I$1asmid DNA kit obtained from 5 Prime 3 Prime, Boulder, CO.
functionally equivalent, this glutamate is not critical for gacterial transformations were done using the Ga@bcedure of
tetracycline efflux [38]. Mandel and Higa [21]. Restriction digests and ligations were per-
Other studies also suggest that |00p 2/3 and |00p 8/%rmed according to manufacturers’ recommendations. Cell cultures
perform analogous roles in the lactose permease. Sing%ere grown in YT media [22] supplemented with tetracycline (0.01
site-directed mutations in loop 2/3 and loop 8/9, which™Y™:
greatly inhibited thé/,,,.values for lactose uptake, were
used as parental strains for the isolation of spontaneouisi viTRO GALACTOSIDE TRANSPORT
suppressor mutations that restored transport velocity [14,
15, 24]' Both |00p 2/3 and |00p 8/9 suppressor mu»[a_CeIIs were grown at 37°C with shakipg to mid-log phase inYT _media
tions colocalized in three regions of the permem( supplem_ented with f.g/ml of tetracycline and 0.25 lmls_opropylthlo-
. ; ) . . galactoside (IPTG). The cells were pelleted by centrifugation at 5,000
reference 24, for a discussion), and a kinetic analysi g for 5 min. The pellet was washed in phosphate buffer, pH 7.0,
showed that the primary effect of the suppressor mutacontaining 60 mi K,HPO, and 40 rm KH,PO,, then resuspended in
tions was to partially or completely restore the maximalthe same buffer at a concentration of about 0.5 mg of protein/ml. The
velocity for lactose transport. The locations and kineticcells were equilibrated at 30°C for 5-10 min befotéJJ-lactose (2.5
effects of the suppressor mutations are consistent with aCi/mI) was added to a final concentration of 0.&2mAliquots of 200

rotationally symmetrical structure for the lactose perme-”l were removed at the appropriate time points, and the cells were

X : . captured on 0.45.m Metricel membranes (Gelman Sciences, Ann
ase in which the loop 2/3 and loop 8/9 motif plays a role aror, M), The cells were then washed with 5-10 ml of ice-cold
in maintaining the topology at the interface between thephosphate buffer by rapid filtration. The filter with the cells was then
two halves of the protein in order to facilitate conforma- placed in liquid scintillation fluid and counted using a Beckman
tional changes [24]. LS1801 liquid scintillation counter. Uphill and downhill transport as-

The goal of the current study is to gain insight as toSays were similar except thatacZ minus strain was used in the uphill
how the charged residues within the conserved motifs >
affect the structure of the lactose permease in a way that

facilitates conformational changes associated with lacCALCULATIONS

tose transport. The beginning of the motif may promote _

a turn; the rest of the motif is highly charged, containing "¢ Km a1dVimafor lactose transport were determined by plotify
one négaﬂve and three positive charges Within memys. 1/[S] in a Lineweaver-Burke double reciprocal plot [28].
bers of the MFS, the first position is predicted to be near

the cytoplasmic edge of transmembrane segment-MEMBRANE ISOLATION AND WESTERN BLOT ANALYSIS

(TMS-2) and TMS-8. The negative charge at the fifth ,

position is predicted to initiate hydrophilic loop 2/3 and ge” ml of mid-log cells grown as for transport assays were harvested
. . . y centrifugation (5,000 g, 5 min). The pellet was quickly frozen in

|00p 8/9. The last positive charge _m the motif preCedeﬁiquid nitrogen and resuspended in 4Q0of MTPBS (150 nm NacCl,

the entry of TMS-3 and TMS-9 into the membrane. 16 mu Na,HPO,, 4 mv NaH,PO,). The suspension was quickly fro-

Overall, we hypothesize that the role of the charged resizen two more times in liquid nitrogen. The cell suspension was then

dues is to sharply demarcate the aqueous/lipid boundarsenicated three times for 20 sec each. Triton-X 100 was added to a

of TMS-2/TMS-3 and TMS-8/TMS-9. If each half of the final gonce_ntration of 1%, and the membrane _fraction was harvested by

permease is a tightly folded domain, the conserved motifentrifugation. The pellet was resuspended ingd®f MTPBS, and

P . s . . . subjected to a Modified Lowry Protein Assay (Sigma Chemical, St.
may play a principal role in positioning the entire protein Louis, MO). A sample of one hundregdg protein was subjected to

within the_ plang of the lipid bilayer. In the current StU‘?'Y'. SDS-PAGE using a 12% acrylamide gel. The proteins were electro-
we have investigated the role of charged residues withimjotted to nitrocellulose and Western Blot analysis was performed ac-

this motif in greater detail. cording to Sambrook et al. [27]. The primary polyclonal antibody rec-
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ognizes the lactose permease C-terminal 10 amino acids. The seconquent study investigated the basic residues in loop 8/9,
ary antibody, goat-anti-rabbit, conjugated to alkaline phosphatase, wag/hich only contains two positively charged residues (i.e.,
purchased from Sigma Chemical, St. Louis, MO. The Western bIOtAI’g-285 and Lys-289 [25]. In whole cell transport as-

was developed using the NBT/BCIP (nitro blue tetrazolium/5-bromo- .
4-chloro-3-indolyl phosphate) colorimetric reaction. The Western blotsays’ R285S, K289I, K289T, and R285L/K289T strains

was then scanned using a Molecular Dynamics laser densitometer arfd@d nQrmal levels of transport. However, V_V_eStem
analyzed by comparison to wild-type values for the same preparatioi@nalysis revealed that neutral mutations at position 289

and Western blot. As shown in Table 1, values are reported as a perresulted in a permease that was very susceptible to pro-

centage of wild-type for three separate preparations. teolytic degradation during membrane vesicle prepara-
tion [25]. Taken together, this later study suggested that

STE-DIRECTED MUTAGENESIS the positive charges in loop 8/9 may play a role in main-
taining protein structure.

The plasmid, pTE18, was digested wiEbcR to yield a 2384 base pair In light of the results obtained with neutral substi-

fragment containing the entiacY gene. The fragment was ligated tutions in loop 8/9, the basic residues in loop 2/3 were
into the vector M13mp18 [39] so that the antisense strand ofait\é investigated by making double and triple neutral substi-
gene was colinear with the plus-strand of the viral DNA. Site-directedtutions_ With regard to expression levels. the double mu-
mutagenesis was performed according to Zoller and Smith [40], a%ant combinations had substantial Ievels: of permease in
modified by Kunkel et al. [19]. The oligonucleotide primers introduc- p_

ing 1-3 base pair changes were obtained from Biosource Internationaf€ membrane, although the R73C/K74C strain appeared
Camarillo, CA. Clones with appropriate amino acid substitution weremoderately defectiveseeTable 1). The triple mutant,
identified by sequencing. The double-stranded replicative form of M13however, had negligible levels of permease in the mem-
was digested witlEcdRI, coprecipitated with linearized pACYC184, brane. As shown in Fig. 1, the defect in expression of the
ligated, and transformed into T184. The resultant colonies weretrip|e mutant also correlated with a loss of lactose trans-

screened for inserts by plating on YT containing tetracycline and YT Jort activity. As shown here, the triple mutant was com-
containing tetracycline and chloramphenicol. The insert disrupts th

chloramphenicol gene preventing the appropriate colonies from growpletely defective 'n. lactose transport activity while the
ing on the YT with tetracycline and chloramphenicol. The clones con-double mutant strains behaved normally. These results

taining the insert were screened for the correct orientation by digestioindicate that a loss of two positive charges in loop 2/3
with Avd. The mutant plasmids were confirmed by sequencing, andcan be tolerated, while a loss of all the basic residues

two independent clones were kept for further study. results in a permease that is either not inserted into the
membrane, or is highly unstable and proteolytically de-
CONSTRUCTION OFMULTIPLE MUTANTS graded.

Single mutant strains made via site-directed mutagenesis were used §TERCHANGE OFACIDIC RESIDUES IN LooP 2/3 AND
starting material to construct double and triple mutants. The plasmidLOOP8/9

DNAs were digested with a restriction enzyme that had a unique site

between the relevant codons, and separated by gel electrophoresig, striking feature of the conserved motif within the MFS
The appropriate fragments were then isolated from agarose slices usin

QIlAquick Extraction Kit (Qiagen, Chatsworth, CA). The purified frag- I% th"’_lt a ”_eg_a“ve charge is highly Conserved_ at the fifth
ments were ligated, transformed into strain T184 (Table 1), and conP0Sition within one of the two conserved motifs, but not
firmed by sequencing over the mutations and the junction within thenecessarily both. In previous work concerning the lac-
lacY gene. tose permease and tetracycline antiporter, a negative
charge in loop 2/3 was found to be essential, but unnec-
essary in loop 8/9 [13, 17, 25, 36, 37, 38]. In the wild-
type lactose permease, the analogous (fifth) position of
Mutations were confirmed by sequencing the appropriate regions of théhe conserved negative charge is an asparagine in loop
lactose permease. Sequencing was performed on double stranded pl&/9, not an aspartic acid. To examine the requirement of
mid according to Kraft et al. [18]. a negative charge in one of the two conserved motifs, we
constructed single substitutions for Asp-68 (i.e., the
negative charge in loop 2/3), Asn-284 (i.e., the analogous
residue in loop 8/9), and a double mutant strain. Position
68 was changed to asparagine, and position 284 was
RoLE oF Basic ResIDUES INLoor2/3 changed to aspartic acid or isoleucine. The Asn-68 mu-
tant had normal protein expression levels, whereas the
In our previous studies of the lactose permease, each @fingle substitutions at position 284 had lower levels of
the three basic residues in loop 2/3 (i.e., Lys-69, Arg-73permease (Table 1). As discussed below, these strains
and Lys-74) was substituted individually with a neutral actually had downhill transport levels that were higher
residue [13]. The resulting single mutants had normathan wild-type. Therefore, the lower levels of protein
levels of protein expression, and exhibited lactose transdescribed in Table 1 are probably due to an increased rate
port that was similar to the wild-type strain. A subse- of protein degradation that occurs during membrane iso-

DNA SEQUENCING

Results
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Table 1. Bacterial strains and plasmids 120 7
Strain Relevant genotype Reference é 100 —
(chromosome/Hplasmid) ?‘5 E‘ 1

E: "3 80

T184 lacl* lacO" lacZ lacY '/ 31 A ]

lacI® lacO* laczW118a G & 60 -

(lacY")/~ b ]
HS4006/FIRZ*Y ™ A(lac-pro)AmalB101/lac® 1 ; § 1

lacO* lacZ" lacY /- g 107 ’
pTE18 (plasmid) —/-A(lacl) lacO* A(lacZ) 31 ch 1

lacY* A(lacA) AmpR Tef? g 207
pLac18# —/-IA(lacl) lacO* A(lacZ) 7

lacY" A(lacA) Tef? w . 1

K69C/R73C K69C/K74C R73C/K74C K69C/R73C/K74C
Plasmid Level of protein Double and Triple Mutations at Positions 69, 73 and 74
expression (Y%WT 41sg) . . . . . .

Fig. 1. Downhill lactose transport in the wild-type strain and in mutant
pLac184 100 strains replacing two or three basic residues in loop 2f&]fLactose
pD68N 88+ 4 uptake was measured as described in the Materials and Methods in
pKBIC/R73C 78+6 strain HS4006/A°Z*Y~ carrying the wild-type or designated mutant
pK69C/K74C 106 + 10 plasmids. Note: in downhill lactose transport assays, the wild-type or
pPR73C/K74C 5449 mutant plasmids were transformed intoEncoli strain which idacZ”
pKB69C/R73C/K74C 342 (i.e., B-galactosidase positive). Upon entry into the cell, lactose is
pN284D 17+ 4 rapidly metabolized so that the extracellular lactose concentration re-
pN284I 38+7 mains higher than the intracellular concentration [26].
pD68N/N284D 113+40
pD68N/T45R 92+5
pR259L 2243 D68N/N284D, which switches the essential aspartic acid
pR259Q 162+ 6 residue in loop 2/3 to the analogous position in loop 8/9,
pR259V 122 +17 was also defective in both modes of transport. These
PR259L/N284D 77+18 results indicate that a defect in transport caused by a loss
pgégﬁ%gég? 1?); f 213 of the negative charge in loop 2/3 cannot be alleviated by
SDGsN,stgQ 133+ 29 the gain of a negative charge at the corresponding posi-
pD68N/R259V 172421 tion in loop 8/9.
pD68N/R259L/N284D 104 +18
pD68N/R259Q/N284D 110+ 22

CHARGE DISTRIBUTION ACROSSTMS-2 AND TMS-8

aLacz’**® is a polar nonsense mutation which results ihacZ -
LacY" phenotype [31]. In a previous study, neutral substitutions of Asp-68 (i.e.,
bpLac184 was constructed by cloning the 2300 bp EcoRI fragmentD68T and D68S), which were severely defective in lac-
from pTE18 which carries the wiId-typiacYgen_e into the EcoRlsite  tgge transport, were used as parental strains to isolate
of PACYC184. ThelacY gene and the tetracycline resistance gene arege o q-site suppressors that restored activity [14]. One
in the opposite transcriptional direction. . .
¢The following plasmids are identical with pLac184 except for the suppressor InVOIVed a C,hange of Thr-45 in loop 1/2 to a,n
noted substitutions within thiacY gene. arginine. This observation suggested that the charge dis-
tribution across TMS-2 may greatly influence the activ-
ity of the lactose permease. Interestingly, when we ex-
lation for Western analysis. A similar phenomenon wasamined the amino acid sequence in the second half of the
observed previously for a mutation at position 289 [38].wild-type lactose permease, it was noticed that a basic
As shown in Fig. 2, the single D68N is very defec- residue is already found in loop 7/8 (i.e., Arg-259), while
tive in downhill and uphill lactose transport. The N284D the acidic residue in loop 8/9 is replaced with a neutral
strain, which has aspartic acids in both loops, had amesidue (i.e., Asn-284). In this regard, the locations of
improved level of downhill transport, and even the charges across TMS-2 in the double mutant (i.e., T45R/
N284l strain showed influx rates that were similar to D68S) resembled the charge distribution across TMS-8
wild-type. However, both of these strains showed uphillin the wild-type permease (i.e., Arg-259/Asn-284). With
levels of accumulation that were defective. The im-these observations in mind, we wanted to determine if
paired uphill transport rates could be due to a faster rat¢he basic residue in loop 7/8 was offsetting the require-
of efflux compared to the wild-type strain, or due to a ment for a negative charge in loop 8/9. Figure 3 illus-
defect in H/lactose coupling, which is required for the trates the relative locations of these residues in the wild-
active accumulation of lactose. The double mutanttype lactose permease.
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A.
90 1
R0 - pN284D
5 70
2
o 60 - pN284l
S pLACI184
D50 A
9
840 1
= 30
2 20 1
a 10 pACYC184
pD68N
0 ’ gDDéSN/IN284D
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Time (min)
B.
50 A
40 - pLACI184
? Fig. 2. Lactose transport in the wild-type strain
% 30 A and in mutant strains replacing the acidic residue
= in loop 2/3 and/or the analogous asparagine
= residue (Asn-284) in loop 8/9Aj Downhill
2 20 A [*C]-lactose uptake was measured as described in
3 pN284] the Materials and Methods in strain
= pN284D HS4006/FIZ*Y ™ carrying the wild-type or
10 - designated mutant plasmid®)(Uphill
pD68N [*“C]-lactose accumulation was measured in strain
pD68N/N284D T184 carrying the wild-type or designated mutant
0 felO=02 ; - - - C'IPACYCII84 plasmids.
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Time (imin)

In the experiment of Fig. 4, we tested if the positive across TMS-8 do not dramatically inhibit lactose trans-
charge in loop 7/8 was important for lactose permeasgort.
activity, and whether its functional effects were influ- Overall, the results of Fig. 4 suggest that the charge
enced by a neutral or negative charge in loop 8/9 (i.e.distribution across TMS-8 is not a critical feature for
Asn-284 vs. Asp-284). Although some minor differ- lactose transport. Even so, if the lactose permease is
ences in transport were observed, Leu-259, GIn-259, andomposed of two rigid domains which interact at the
Val-259 mutant strains exhibited normal levels of down- interface between the two halves of the protein, the trans-
hill transport (Fig. 4, par®) and uphill transport (Fig. 4, lational topology of the entire protein may be governed
part B). In downhill transport, the coupling of an Asp- by the charge distribution in only one half of the protein.
284 mutation with position 259 mutations only had mi- In this regard, the charge distribution across TMS-2 may
nor effects. In uphill transport assays, the coupling ofplay a dominant role in maintaining the proper transla-
neutral mutations at postion 259 with Asp-284 resultedtional topology of the permease, and may mask the
in higher levels of lactose accumulation. These result€hanges in charge distribution across TMS-8. To ex-
indicate that the charge distribution across TMS-8 haglore this possibility, Fig. 5 shows the results of downhill
some effects on conformational changes associated witfpart A) and uphill (partB) transport assays comparing
lactose transport (e.g., the relative rates of infusxef-  the wild-type permease with mutants having a D68N
flux). However, mutations affecting a single charge mutation in loop 2/3 plus additional mutations in loop
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COOH

Fig. 3. Secondary structure topology of the lactose permease mutants showing the locations of critical residues that are altered in the experime
of Figs. 4 and 5. Wild-type distribution of residues are Thr-45 in loop 1-2, Asp-68 in loop 2-3, Arg-259 in loop 7-8, and Asn-284 in loop 8-9.

7/8 and/or loop 8/9. As shown here, a loss of lactosghen examined the transport properties of the wild-type,
transport activity, caused by a neutral substitution in loopD68T, N284D, E374K, D68T/N284D, D68T/E374K,
2/3, could not be rescued by changes in charge distribuN284D/E374K, and D68T/N284D/E374K strains.

tion across loop 8/9. These results indicate that changes Colony phenotypes of sugar MacConkey plates pro-
in charge distribution across loop 8/9 could not compen~ide a qualitative measure of transport ability. If a strain
sate for a loss of a negative charge in loop 2/3. can transport and ferment a sugar, it will form red colo-
nies on these plates due to the presence of a pH indicator
dye. On MacConkey plates containing 1% lactose (a
B-galactoside) or 1% melibiose (arrgalactoside), the

To further explore why a negative charge is essential inwild-type strain has a red phenotype because the lactose

loop 2/3 but not in loop 8/9, the double mutant, D68T/ permease is able to transport either of thes?‘ sugars,
N284D, which has a neutral substitution in loop 2/3 andWh'(_:h are subsequently fe_rmented. Thch_ minus
a negative charge in loop 8/9, was used as a parent strag‘\ra'n (vector only) has a white phenotype. Similarly the
for the isolation of suppressor mutations. When streakedCuPIe mutant D68T/N284D, which was used as a parent
on MacConkey plates, the D68T/N284D strain has astrr?un in the isolation of the suppressor mutant, was also
white phenotype, due to its low level of transport. After Whité on both types of plates. When comparing the
much effort, and the restreaking of many plates, weP68T/N284D strain (which is white on MacConkey
eventually were able to identify one suppressor as a re@lates) with the corresponding single mutants, D68T or
fleck in the primary streak; this suppressor partially re_N284D, it was found_th_at the D68T strain is _als_o white,
stored sugar transport as judged by its red phenotypé/yhnethe N284D strain is red. These results indicate that
When subjected to DNA sequencing, the suppressor walkie defect seen in the double mutant is explained by the
found to have a single base change, in addition to retaineffects of the D68T mutation. As a single mutant, the
ing the two parent mutations which were already presentE374K mutation is also red on MacConkey plates, as are
The third mutation in the suppressor changed a glutamitghe D68T/E374K and D68T/N284D/E374K strains.
acid codon at position 374 to a lysine codon. This mu-  To gain greater insight into the effects of these mu-
tation, which changes a negative to a positive charge, i#ations, a kinetic analysis was performet¢Table 2).
predicted to lie within the periplasmic loop that connectsUnfortunately, the D68T/N284D parent strain had neg-
TMS-11 and TMS-12. ligible levels of transport which prevented the measure-
After we had identified the spontaneous E374K mu-ment of kinetic parameters in this strain. The D68T
tation, molecular genetic techniques were used to sepaingle mutant showed a slightly lowt,, but a dramati-
rate this mutation from the two parent mutations, andcally lowerV,,,,for lactose transport, suggesting that the
also to combine the E374K mutation with just one of theprimary effect of this mutation is to inhibit conforma-
two parent mutationsseeMaterials and Methods). We tional changes associated with lactose transport. The

SUPPRESSORANALYSIS
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A.
90 1 pN284D
80 1 pR259Q/N284D
= pR259L
3 70 1 pR259L/N284D
g_ pLACI184
o 60 1 pN284l
E pR259V
g 07 pR259Q
2 401
=30 -
é
E 20
10 A
0 N . PACYC184
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Time (min)
B.
707 T pR259V
60 -
pR259Q/N284D
5 50 - pR259L/N284D
o'
§ SIR}‘Z\SCQ%‘ 34 Fig. 4. Lactose transport in the wild-type strain
8 401 pR259Q and in mutant strains which alter the charge
= distribution across TMS-8A) Downhill
Q' 30 A [*“C]-lactose uptake was measured as described in
g the Materials and Methods in strain
=20 A pN284I HS4006/FIRZ*Y ™ carrying the wild-type or
pN284D designated mutant plasmid®)(Uphill
10 4 [*“C]-lactose accumulation was measured in strain
T184 carrying the wild-type or designated mutant

: ol PACY§184 plasmids.
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.3

Time (min)

single N284D and E374K mutations had highgrval-  have an effect on protein insertion and/or stability.
ues, andV,,,, values that were slightly higher than the When all three basic residues were neutralized in loop
wild type strain. In the triple mutant, the kinetic param- 2/3, a negligible level of permease was observed in the
eters became fairly similar to the wild-type strain. In the membrane. Similarly, in a previous study, neutral muta-
double mutant, D68T/E374K, the E374K mutation sub-tions at a basic residue in loop 8/9 (i.e., Lys-289) resulted
stantially alleviated the defect M., Seen in the single in a permease that was very susceptible to proteolytic
D68T strain, but its/,,,, value of 103 nmoles of lactose/ degradation during membrane vesicle preparation [25].
min.mg protein was still much lower than the triple mu- Taken together, these observations are consistent with
tant strain. the positive inside rule which states that cytoplasmic

loops are generally enriched in arginyl and lysyl resi-

dues, and is a major determinant of transmembrane to-
Discussion pology in membrane proteins [32, 33].

In contrast, the conserved negative charge in loop

The requirement for charged residues within the con2/3 is not consistent with the positive inside rule. There-
served loop 2/3 and loop 8/9 motif of the lactose perme<fore, one would speculate that the conservation of such a
ase was further examined in this study, and comparedegative charge in the cytoplasmic loop of a membrane
with results obtained in previous studies [13, 15, 17, 24transport protein may be related to an important func-
25, 36, 37, 38]. The basic residues primarily appear tdional role during transport. It is unlikely that this resi-
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A.
60 1
pLAC184
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Q
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& 40
£
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3 pD68N/R259Q
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g pACYC184
£ 10 A pD68N/R259Q/N284D
pD68N/R259L/N284D
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0 - = LAl
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Time (min)
B.
50 1
40 | pLAC184
_E Fig. 5. Lactose transport in the wild-type strain
§ 30 and in mutant strains which carry a D68N
_E mutation in loop 2/3 and also alter the charge
= distribution across TMS-8A) Downhill
2 20 pD68N/R259V [*C]-lactose uptake was measured as described in
*§ pD68N/N284D the Materials and Methods in strain
= PD68N/R259L/N284D  1454006/FIRZ*Y ™ carrying the wild-type or
10 - PD68N/R259Q/N284D designated mutant plasmid®)(Uphill
pig%\lc/lgj% [*“C]-lactose accumulation was measured in strain
p . R .
PD6SN/R2590Q Tllaizrln?:(?srrylng the wild-type or designated mutant
0 p .

0.0 0.5 1.0 1.5 2.0 2.5 3.0 35

Time (min)

due would play a role in substrate recognition because iTable 2. Table of apparenk,, andV,,,,values*
is conserved among transporters which recognize widel)ét :
rain

different substrates. Likewise, it is not likely to play a Kim £ SE Vimax * SE
. . - . . (mm) (nmol lactose/

role in cation recognition, because it is conserved in min mg protein)
transporters, such as mammalian glucose transporters,
which are uniporters. Instead, the results from this studypLac184 (wild type) 0.55+0.1 247 + 60
as well as previous studies, suggest that it plays a role igDGST 018+0.1 2404
facilitating conformational changes associated with lac-

pN284D 0.84+0.3 377+ 144

tose transport. Neutralization of the acidic residue in
loop 2/3 results in a dramatic decreas&/jf,,(seeTable  pE374K 1.60+0.7 291+99
2), and the main effect of suppressor mutations is tQpegT/N284D (parent)  too low to measure

restore the maximal velocity for lactose transport [15,

24] pDB8T/E374K 0.48+0.1 103+ 24
Compared with loop 8/9, the results described in thePN284D/E374K 11801 364 £45

current study also indicate that the negative charge ipD68T/N284D/E374K

loop 2/3 plays a dominant role in maintaining the lactose (suppressor) 024401 291 + 99

permease in a functional state. As shown in Fig. 2 and
Table 2, the_ neUtrahzat_'On of the negative Cha_ll’ge n |09I} K and V.. values were determined in downhill lactose transport
2/3 results in a dramatic loss of transport activity that isassays as described under Materials and Methods.
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not recovered in mutant constructs that contain variationg0.
in charge distribution across TMS-8 (i.e., D68N/N284D,
D68N/R259L, D68N/R259Q, D68N/R259L/N284D, and 1
D68N/R259Q/N284D). However, a negative charge in
loop 8/9 is not completely without effect. The E374K 15
suppressor mutation was better at restoring maximal
transport velocity when a negative charge was located at
position 284 (compare D68N/E374K with D68N/
N284D/E374K,seeTable 2). Taken together, these re-
sults indicate that the negative charge in loop 2/3 play
an important role in maintaining the permease in func-
tionally competent state, but mutations in other parts of 4.
the protein can compensate for a loss of negative charge
at this site.

Overall, the charges throughout the lactose perme-
ase are expected to contribute to the positioning of the15
protein within the plane of the lipid bilayer. Since the =™
twelve transmembrane segments in the lactose permease
are the evolutionary result of a gene duplication/fusion
event, the two halves of the protein (TMS-1 to TMS-6 16.
and TMS-7 to TMS-12) may behave as independently
folded domains that interact at an interface. The loca-
tions of charges in the conserved loop 2/3 and 8/9 motift”:
may be important in the positioning of the two halves of
the permease relative to each other.
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