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ABSTRACT. In order to study the secondary structure of the melibiose permedsscbgrichia coli 57
melB—phoA gene fusions were constructed and assayed for alkaline phosphatase activity. In general
agreement with a previously suggested secondary structure model of melibiose permease [Botfield, M.
C., Naguchi, K., Tsuchiya, T., & Wilson, T. H. (1992) Biol. Chem. 26,7/1818], clusters of fusions
exhibiting low and high phosphatase activity fusions alternate along the primary sequence. Fusions with
high activity generally cluster at residues predicted to be in the periplasmic half of transmembrane domains
or in periplasmic loops, while fusions with low activity cluster at residues predicted to be in the cytoplasmic
half of transmembrane domains or in cytoplasmic loops. Taken together, the findings strongly support
the contention that melibiose permease contains 12 transmembrane domains that traverse the membrane
in zigzag fashion connected by hydrophilic loops that are exposed alternatively on the periplasmic or
cytoplasmic surfaces of the membrane with the N and C termini on the cytoplasmic face of the membrane.
Moreover, on the basis of the finding that the cytoplasmic half of an out-going segment is sufficient for
alkaline phosphatase export to the periplasm while the periplasmic half of an in-going segment prevents
it [Calamia, T., & Manoil, C. (1990Proc. Natl. Acad. Sci. U.S.A. 84937], the activity profile of the
melibiose permeasealkaline phosphatase fusions is consistent with the predicted topology of seven of
12 transmembrane segments. However, five transmembrane domains require adjustment, and as a
consequence, the size of the central cytoplasmic loop is reduced and a significant number of charged
residues are shifted from a hydrophilic to a hydrophobic domain in this region of the transporter.

The melibiose (Mel) permease &fcherichia coliis an However, in order to define the mechanism of action of Mel
integral membrane protein that catalyzes accumulation of permease, structural information is required.
o-D-galactopyranosides by cation-solute symport or co- Examination of the sequence of tmeelB gene which
transport (Lopilato et al., 1978). Depending on the ionic encodes Mel permease led to the finding that the transporter
environment and/or the configuration of the sugar substrate, consists of 469 amino acid residues (52 029 Da), 70% of
Mel permease utilizes NaH™, or Li* as the coupling ion ~ Which are apolar (Yazyu et al., 1984). Recent determination
[reviewed by Pourcher et al. (1990a)]. The cation recogni- Of the N-terminal sequence of the purified protein essentially
tion properties of Mel permease have been analyzed by usingtonfirms this prediction but also demonstrates that three
site-directed mutagenesis (Pourcher et al., 1993; Wilson & additional residues precede the predicted N-terminal residue
Wilson, 1992, 1994: Zani et al., 1993, 1994) or by fusing and that the mature permease lacks a Met residue at the N
complementary domains of homologous Mel permease terminus (Pourcher et al., 1995). On the basis of hydropathy

molecules to produce chimeric symporters (Hama & Wilson, Profiling of the primary amino acid sequence of Mel
1993). The results suggest that residues in the N-terminal P€rmease and additional predictive methods (Pourcher et al.,

hydrophobic domains of the transporter are involved in cation 1990; Botfield et al., t1|991231, tthe sec?n_darlyzsttructurmb
recognition. It has also been hypothesized (Pourcher et al. permease was postuiated to contain ransmembrane

o . ) . . . 'domains ino-helical conformation that traverse the mem-
1993) that several acidic residues in neighboring helices maybrane in zigzag fashion connected by hydrophilic loops with

act as a network for coordination of the coupling cation. the N and C termini on the cytoplasmic surface of the
membrane (Figure 1).
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P1 P2 P3 P4 P5 P6 MATERIALS AND METHODS

Materials. Most of the dideoxyoligonucleotides used in
this study were synthesized on an Applied Biosystems 391
DNA synthesizer by Kerstin Stemple. Additional dideoxyo-
ligonucleotides were obtained from Eurogentec (Belgium).
Restriction endonucleases, Klenow DNA polymerase, T4
-------------------------------------------------- polynucleotide kinase, and T4 DNA ligase were obtained
In + from Boehringer Mannheim and New England Biolabs.

" Sequenase and sequenase reaction kits, Vent polymerase, and
0~/ ~" associated polymerase chain reaction (PCR) reagents were
N-ter ci c2 C3 c4 C5  Ceer from United States Biochemicals. Isopropyl 1-tifles-
FiGURe 1: Schematic representation of the secondary structure galactopyranoside (IPTGp-nitrophenyl phosphate (NPP),
model of Mel permease based on hydropathy analysis, secondary5-bromo-4-chloro-3-indolyl phosphaigtoluidine salts (XP),
structure predictions, and analysis of a limited numbemefB— andE. coli alkaline phosphatase (EC 3.1.3.1, type IlI) were

phoA fusions (J, W) obtained by aTnphoAinsertion strategy : . :
(Botfield et al., 1992). Open and filled squares correspond to fusions from Sigma. Prestained molecular weight markers were from

+
N

with low (<15 units) or high alkaline phosphatase activity26 Bio-Rad. Mouse antibacterial alkaline phosphatase was
units), respectively. HtH12, membrane-spanning segments;-P1  obtained from Caltag Laboratories Inc. (San Francico, CA).
P6, periplasmic loops; CiC5, cytoplasmic loops. Polyvinylidene difluoride (PVDF) transfer membranes were

from NEN (Dupont). Enhanced chemiluminescence (ECL)

enzyme. If the signal sequence is deleted, then the enzymepestern blotting detection kits were purchased from Am-
remains in the cytoplasm in an inactive form. When alkaline ersham. All other reagents were reagent grade and obtained
phosphatase devoid of the signal sequence is fused to the Grom commercial sources
termini of fragments of a cytoplasmic membrane protein,  Bacterial Strains. E. colCC118 @ra D139 A[ara ledj
enzyme activity reflects the ability of the N-terminal portions 7697 Alac X74 AphoA20 galE galK thi rpsE rpoB argE-
of the chimeric polypeptides to translocate alkaline phos- [am] recA1) (Calamia & Manoil, 1990) transformed with
phatase to the outer surface of the membrane. plasmids encoding givemelB—phoA fusions was used to

In addition, it has been shown with the lactose permeasemeasure the alkaline phosphatase activity of the chimeras.
of E. colithat the cytoplasmic-half of an out-going segment  Construction of Plasmids Encoding meiBhoA Fusions.
promotes alkaline phosphatase translocation to the periplas-A two-step stategy was used to construct thelB—phoA
mic surface of the membrane while the periplasmic-half of chimeric genes [cf. Ujwal et al. (1995)]. First, DNA
an in-going segment prevents it. Thus, the alkaline phos- fragments encoding increasing lengthsrafiBwith aBanH|
phatase activity of fusions engineered at every third amino restriction site at the'nd of the reading frame and aid
acid residue in putative helices Il and V (Calamia & Manoil, Site at the 3end were generated by PCR amplification from
1990), at alternative residues in helices VIl and IX (Ujwal @ melB template in plasmid pK60. Thd&anHI—Nhd
et al., 1995), and at every residue in helices IX and X (M. restriction fragments were then inserted in place ofiéied
L. Ujwal, E. Bibi, C. Manoil, and H. R. Kaback, unpublished 9ene in pT7-3@cY—phoA (Ujwal et al., 1995).
information) increases sharply as the fusion junction proceeds Plasmid pK60 is a recombinant pKK 223-3 (Pharmacia)

through three residues moving toward the C terminus. plasmid derived from pK50 (Zani et al., 1994) which is
Botfield et al. (1992) utilizednelB—phoAfusions to test deleted of the first 516 base pairsra&lAand with themelB

the predicted secondary structure of Mel permease, and thedene undgr the control O.f thiac prompter. .ThemeIB
fusion junctions obtained with 28 NphoA transposon sequence is flanked by_ UniqEEoR| or H_|ndIII sites at the
insertions, as well as their alkaline phosphatase activity, are5 and 3 ends, respectively, and contains unidgenl and

L . .. ECARV sites in the DNA encoding the cytoplasmic loops
indicated in Figure 1. The results conform generally with ; X

connecting membrane-spanning segmentsHg and H106-
the proposal that Mel permease traverses the membran

several times. However the random character of theqﬂl’ respgctively. Uniqge restriction sit.es were created in
transposon ins.ertion techn’ique used to generate the chimeraﬂ-1e remaining cyt_oplasm|c loops. _Rsll site and aBsIEII
. R . . Site were created in the DNA encoding the cytoplasmic loops
does not allow precise definition of se.vgaral regions in the between H6 and H7 and between H8 and H9 using the
permease. The absence of low-activity fusions in the primers 5-AAT CAA CCG TCT GCA G AA GGA AGC
N-terminal portion of Mel permease (heliceslV) prevents C-3 and 5-GCT AAC CTG GTG ACC TTA GTA TTC
clear assignment of the cytoplasmic loops in this region. In TTC C-3, respectively. An undesireBanHl site in the
addition, no high-activity fusions were described that allow A encoding the loop between H2 and H3 was converted
assignment of periplasmic loops in the central region of the .+ aSty site using the mutagenic primet-6 TTC AAA
permease (helices tVIII). CCA TGG ATT CTG ATC GGT ACG-3. For conven-

In this paper, engineeradelB—phoAfusions are used to  ience, aBanHlI site and a nearbty site upstream of the
examine the topology of Mel permease more precisely. The tac promoter were removed by linearizing pK50 wigiyl,
properties of fusions constructed at3-residue intervals in  followed by partial digestion wittiBanHI, Klenow end-
each predicted transmembrane domain and in relatively ill- filling, and ligation of blunt ends. All modifications of the
defined loops are described. The analysis provides confir- reading sequence ofielBwere designed so as to result in
mation of the topological predictions of the 12-transmem- silent mutations.
brane domain model but also suggests several important Plasmid pT7-3acY—phoA plasmid carries the cassette
modifications. lacY gene (EMBL X-56095) under the control of both the
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T7 and lacZ promoters fused in-frame with phoA gene
devoid of the signal sequence (Ujwal et al., 1995). HwY
coding sequence is preceeded WyaarH| site and followed
by anNhd site, 48 base pairs, and atbuncatedohoAcoding

sequence that starts with a codon corresponding to the sixth
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Protein Protein was measured as described (Lowry et
al., 1951) using bovine serum albumin as standard.

RESULTS

Construction of melBphoA Fusions.Fifty-sevenmelB—

amino acid of mature alkaline phosphatase. The 48 base-
pair linker between théacY and phoA sequences and the
phoA sequence are identical to those TnphoA thereby
permitting comparison of the relative activities of the fusions
studied here with those described by Botfield et al. (1992).
Plasmid pT7-3&cY—phoA was digested with witlBanH]

and Nhd in order to remove thdacY—phoA sequences
(linearized pT7-5) and used for insertion of tinelB—phoA
chimeras.

PCR amplification ofmelB—phoAfragments from pK60
was performed by using a common 32-mer sense primer (5
TTT AGC ATC CAT GAC TAC AAA ACT CAG TTF3)
containing aBarrHI site (bold) and the first 20 nucleotides
of melB (italics) and a variable antisense primef-f8T
TAA GCT AGC [X]n). The latter carries aNhd site (bold)

phoAchimeras encoding N-terminal Mel permease fragments
of varying length fused to alkaline phosphatase at specified
sites were constructed as described in Materials and Methods.
Individual fusions are identified by the amino acid in Mel
permease immediately preceding the junction site and its
residue number (Table 1, column 1). The locations of
junction sites in putative membrane-spanning segments (H),
periplasmic loops (P), cytoplasmic loops (C), or in the
C-terminal tail (CT) are also given in Table 1 (column 2).
With the exceptions of L99 and L426, the fusion junctions
in all of the chimeras described differ from those of Botfield
et al. (1992).

Alkaline Phosphatase Actty. The alkaline phosphatase
activity of each Mel permeaselkaline phosphatase fusion

followed by a 13-18-nucleotides stretch [(¥) which expr_essed_irE._coIi CC118(AphoA was measured afte_r_2
corresponds to four to six codons terminating tmels D of induction in the presence of IPTG (Table 1). Activity
sequence to be fused. The DNA fragments were restrictedVaries over a broad range, from no significant activity to
with BarHI and Nhd, phosphorylated, and ligated into 137 £ 10 units (Table 1, column 3). The position and
linearized pT7-5. With fusions downstream of tRst site activity of each fusion relative to the 12-transmembrane
in the melB sequence, PCR fragments were digested at adomain model of Mel permease proposed by Botfield et al.
convenient unique restriction site in threlBsequenceKpnl, (1992) are indicated in Figure 2. Four of the fusions were
Pst, or BsEIl) andNhd. Purified Kpnl-, Pst-, or BsEIl— con;tructed with junctions in putative penpla_smlc loops, fc_)ur
Nhe fragments were used to extend the length of heB are in proposed cyto_plasmlc qups, two are in the C-terminal
sequence in previously constructed fusion plasmids. Thet@il, and the remainder are in putative transmembrane
nucleotide sequences of all ligated DNA fragments as well domains. Cells expressing fusions with the junctions in
as the 5 and 3 ends were systematically verified by Predicted periplasmic loops [G45 in P1, V111 in P2, G176
dideoxynucleotide sequencing. in P3 and 6263 in P4] exhibit hlgh. aII_<aI|ne phospha}tase
Alkaline Phosphatase Actty. The alkaline phosphatase activities ranging from 55 to 92_, as |nd|.cated. by the filled
activity of E. coli CC118 expressing the chimeras was circles. Iq contrast, fus_lons with Junctlons in pqstulated
measured as described by Michaelis et al. (1983). Briefly, Cytoplasmic loops (G74 in C1, V145 in C2, E203 in C3, or
cells were transformed with given plasmids and grown for Y398 in C5), do not exhibit activity above that of untrans-
2 h in LB medium in the presence of 10 mM IPTG and formedE_. coliCC118, as |nd[cated by the open qrcles. Cells
ampicillin (100ug/mL). Cells were collected by centrifuga-  €XPressing the two fusions in the C-terminal tail (F430 and
tion, washed twice with 1.0 M Tris-HCI (pH 8.0), and 6437) also exh|t_>|t I|ttIe'0r no activity, afmdmg consistent
resuspended in the same medium to give andaf about with _|mmunolog|cal ewde_nce dem_onstratlng_ that the C
1. Activity was immediately assayed in the presence of terminus o_f Mel permease is accessible echL_szer fr(_)m the
p-nitropheny! phosphate (0.66 mg/mL) at 3T and ex- cytoplasmic surface of the_ membrz_me (Botfield & Wilson,
pressed in units of OPy x 1000/00 x time. Each value 1989). _The re;ul_ts provide additional support for thg
given is the mean value of duplicate determinations correctedtoPological predictions of the 12-transmembrane domain
for background activity measured in untransformed host cells Motif (Botfield et al., 1992; Pourcher et al., 1990).
(ca. 6-8 units/ODyg). Variations in the activity of a given The remaining 47 fusions were constructed with junctions
fusion measured in different clones was less than 10%. in putative membrane-spanning segments with a minimum
Detection of the Mel Permeasdélkaline Phosphatase  Of three fusions in each hydrophobic domain (Figure 2, Table
Fusion Proteins. E. coliCC118 expressing the fusion 1). A transition from high to low activity is observed in
proteins were grown and treated as described for alkalineevery putative membrane-spanning segment except H2 and
phosphatase measurements. Aliquots were subjected td14, where all of the chimeras exhibit little or no activity.
sodium dodecyl sulfate (NaDod$)®-polyacrylamide gel The transition occurs abruptly over a short stretch of amino
electrophoresis using 12% polyacrylamide (Pourcher et al., acids in H1, H3, H9, H11, or H12. In contrast, the transition
1990b). Proteins were electroblotted on PVDF membranesappears to be more progressive in H5 to H8 and H10 where
which were then incubated with mouse antibacterial alkaline @ chimera with intermediate activity is interposed between
phosphatase monoclonal antibodies (1/10 000 dilution). Fol- the low- and high-activity fusions (cross-hatched circles).
lowing incubation with horseradish peroxidase-coupled, anti- In four membrane-spanning segments (H3, H8, H9, and
mouse antibodies (1/2000 dilution), the immunoreactive H12), the transition from low to high activity is observed at
polypeptides were detected using the Amersham ECL the approximate middle of the postulated transmembrane
Western blotting system. Where indicated, experiments weredomain (Figure 2; Table 1). In the other chimeras, the
carried out on membrane vesicles prepared by an osmotictransition is displaced from the middle of the transmembrane
chock procedure (Kaback, 1971). domain toward either the periplasmic (H2, H4, H5, H10, and
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Table 1: Location and PhoA Activity of MelBPhoA Hybrid Proteins

N-terminal domain central domain C-terminal domain
fusion location PhoA activity fusion location PhoA activity fusion location PhoA activity
V25 H1 0 V145 Cc2 0 1297 H9 0
M30 H1 112 T159 H5 9 L305 H9 0
G38 H1 20 T163 H5 34 G311 H9 71
G45 P1 83 N168 H5 98 1329 H10 64
V50 H2 7 G176 PL3 80 N335 H10 34
W54 H2 0 F182 H6 106 F341 H10 0
A56 H2 0 A188 H6 94 Y358 C5 0
P60 H2 2 V192 H6 73 A381 H11 0
W64 H2 0 1196 H6 34 A388 H11 14
V66 H2 0 E203 C3 6 G395 H11 72
G74 C1 0 A240 H7 3 M410 H12 125
G83 H3 0 N244 H7 47 1415 H12 76
V89 H3 105 1249 H7 112 L420 H12 14
A97 H3 137 G252 H7 106 L426 H12 18
L99 H3 114 F258 H7 115 F430 CT 10
Vi1l P2 56 G263 P4 92 G437 CT 0
1114 H4 20 P269 H8 72
G117 H4 4 S273 H8 87
T121 H4 4 A277 H8 26
T133 H4 0 T282 H8 1

aAll listed MelB—PhoA fusion proteins are encoded by PT7-5 recombinant plasmids constmctétb as described under Materials and
Methods. Each fusion (columns 1, 4, and 7) is identified by the last residue of the MelB domain in the Ri&B hybrid protein. The one-letter
amino acid codes and numbers indicate the position of the identifying residue in the revised wild-type Mel permease sequence (Pourcher et al.,
1995). Columns 2, 5, and 8 indicate the locations of the identifying residues in putative membrane-spanning segm&8js §eliplasmic loops
(P1-P6), cytoplasmic loops (CAC5), or cytoplasmic tail (CT) of Mel permease (Botfield et al., 1992). PhoA activity was measured on permeabilized
E. coli CC118 cells transformed with each plasmid and previously induced for 2 h in the presence of IPTG (columns 3, 6, and 9). Rate of
p-nitrophenyl phosphate hydrolysis was measured ai@Michaelis et al., 1983), normalized for sample protein concentrations§pCand
corrected for the background activity measured in control CC118 cells (usually 5 unitg@Dyo). The difference in PhoA activity measured
in different clones expressing the same fusion protein was less than°16%nits/ODy0.

Periplasm
n 263
09 114 258 329 395
@n L & 168 s 269 i 410
54 121 @163 250 @273 @311 9335 s
30 Q6 @ 150 9188 @210 @277 341 P88
305
60 192 282 420
25 64 83 244 381
66 133 196 297 426
240
\Oﬁ U] a5 5203 ) 358 43;)37
J C
N
Cytoplasm

Ficure 2: Distribution and activity of 57 site-directedelB—phoAfusions with junction points in membrane-spanning segments or periplasmic

or cytoplasmic loops of Mel permease. The model shown is from Botfield et al. (1892)li CC118 was transformed with given plasmids

and grown for 2 h in the presence of 10 mM IPTG. Alkaline phosphatase activity was measured in permeabilized cells (see Materials and
Methods) Fusions are indicated by the position of the last residue of the fused Mel permease sequence and are numbered sequentially from
the N terminus according to the revised primary amino acid sequence of Mel permease (Pourcher et al., 1995). Open, cross-hatched, and
filled circles represent low<20 units), intermediate (2060 units), or high £50 units) alkaline phosphatase activity, respectively.

H11) or the cytoplasmic (H1, H6, and H7) end of the domain. X to act as a signal sequence for alkaline phosphatase export
In particular, the transition is clearly off-center in H2, H4, because of its charged nature. However, it is unlikely that
H6, and H7. Thus, all fusions in H6 and all but one fusion Arg52 in Mel permease behaves in a similar fashion for two
at the presumed cytoplasmic end of H7 (N244) display reasons. First, the activity of fusion V50, which does not
significant activity. At the other extreme, all of the fusions carry Arg52, is already very low. Second, the activity of

in H2 and H4 exhibit little or no activity. Incidentally, the ~fusion W54 remains low even when Arg52 is replaced with
lack of activity of the fusions in H2 may be due to Arg52 in Ala (data not shown).

the periplasmic half of this domain which may be ion-paired  The activity profile of the chimeras analyzed in this study
in mature Mel permease. Thus, Calamia and Manoil (1992) and those described by Botfield et al. (1992), relative to the
have reported that Arg302 (helix IX), which is normally ion- predicted secondary structure model of Mel permease, is
paired with Glu325 in Lac permease (Jung et al., 1993; He shown in Figure 3A. Clearly, both sets of data agree with
et al., 1995b), impairs the ability of transmembrane domain the findings of Botfied et al. (1992) and demonstrate that
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Ficure 3: Revision of the secondary structure model of Mel permease. The position and alkaline phosphatase activity of the Metpermease
alkaline phosphatase fusions described here and in Botfield et al. (1992) are superimposed on the previous secondary structure model
(Botfield et al., 1992) (A) or on the revised model (BR,(®, ®) Data from Figure 2, indicating fusions with low, intermediate, or high

PhoA activity, respectively.[{, @) Data from Botfield et al. (1992), indicating fusions with low or high alkaline phosphatase activity.
Revision of Mel permease secondary structure model is based on the assumption that the transition from high to low alkaline activity
occurs at the approximate middle of each transmembrane domain. Residues ending each membrane-spanning segment are numbered accordin
to the revised primary amino acid sequence of Mel permease (Pourcher et al., 1995).

clusters of high-activity fusions alternate systematically with Q E ?r fo: Q g E
clusters of low-activity fusions. Moreover, fusions with high O v = = O v =
activity generally cluster in the outer half of the putative — kDa
transmembrane domains and in periplasmic loops, while low- - . ﬂ — 106
activity fusions cluster in the inner half of the transmembrane
domains and in cytoplasmic loops. Finally, with the excep- - 80
tion of G38 (Botfield et al., 1992), fusions with intermediate S 2 Ry
activity are found between the high- and low-activity clusters. 3 -

; : . s =l — 49.5

Relationship between Agily and Expression of the ”

Chimeras. Expression of the Mel permeasalkaline
phophatase chimeras was measured by immunoblot analysis - _— 325
of cells or membranes using an antibody against the alkaline
phosphatase moiety. Experiments were carried ouEon bacteria inner membrane

coli CC118 treated under conditions identical to those used Ficure 4: Immunoblot analysis of fusions G45, S273, and M410
to measure alkaline phosphatase activity. Representativeconferring high alkaline phosphatase activiy.coli CC118 cells,
examples are shown in Figure 4. An immunoblot of the total €XPressing each fusion protein, were grown in LB and induced for

. . . . 2 h in the presence of 10 mM IPTG. Total cell protein (&f) or
cell extract from cells expressing three highly active chimeras protein from purified inner membranes (4@) was subjected to

(645{ S273, and '_V|410? Tﬁlb'e 1) indicates extensive deg- 129 NaDodS@-polyacrylamide gel electrophoresis and electro-
radation of the fusion proteins (left gel). In all three cases, blotted. Blots were incubated first with mouse antibacterial alkaline

the antibody reacts strongly with a major breakdown product phosphatase monoclonal antibodies, then with horseradish peroxy-

that exhibits anM, comparable to that of mature alkaline dase anti-mouse antibodies, and finally with ECL chemiluminescent
h h fill ’d di d he full-l h d reagent {£): Full-length chimera;¢): major breakdown product

phosphatase (filled diamonds). The full-length products are ;¢ naining associated with the membrane fraction.

observed more readily in immunoblots of the cytoplasmic

membranes and generally exhibit lowbt, values than to high instability of this particular chimera as the associated

theoretical (right gel, empty triangles). For unknown reasons, alkaline phosphatase-like breakdown product is high. In

G45 gives little full-length chimera. This is most likely due addition to proteolysis products and full-length chimeras,
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DISCUSSION

I = N < o g
Q g & £ Q > &
? = &2 = Characterization of a set of 57 engineered Mel permease
-4 kDa alkaline phosphatase fusion proteins described here provides
'. — 106 important additional information regarding the topology of
Mel permease and, in particular, of its transmembrane
— 80 .
domains. On one level, the data support the proposal that
— > . . . .
Mel permease contains 12 membrane-spanning domains
ra——— . — - — 495 (Botfield et al., 199_2). Moreover, on_the basis of the finding
that the cytoplasmic halves of out-going segments are needed
to translocate alkaline phosphatase to the periplasmic surface
T— — 325 of the membrane while the periplasmic halves of in-going
) ) segments prevent it (Calamia & Manoil, 1990), the pattern
bacteria inner membrane

i _ of activity displayed by the chimeras supports the predicted
FiGURE 5: Immunoblot analysis of three Mel permeasgkaline composition of seven of 12 membrane-spanning segments.
phosphatase fusions confering high (S273), intermediate (A277), On another level. however. five of the putative membrane-
or low (T282) alkaline phosphatase activitiE. coli CC118 . ’ ' p .
expressing given fusion proteins were grown in LB and induced Spanning segments (H2, H4, H6, H7, and H10) require
for 2 h in the presence of IPTG (10 mM). Total cell protein (60 significant alteration. As a consequence, the size of the

#g) or protein from purified inner membranes (@) was subjected  central cytoplasmic loop is reduced, and charged residues

to 12% NaDodS@-polyacrylamide gel electrophoresis, electro-  4eyi0usly thought to be located exclusively in N-terminal
blotted, and processed for immunodetection with mouse antlbacterlalh drobhobic d . | in th | hvd
alkaline phosphatase monoclonal antibodies. Left or right gel NYdrophobic domains are also present in the central hydro-

corresponds to cell or inner membrane proteins, respectively. ThePphobic domains of the permease as well.

lane labeled PhoA corresponds to pure bacterial alkaline phos- Judging from the level of alkaline phosphatase activity of
phaéasf (0.029). (4): Full-length chimera; ): major breakdown .15 expressing the 57 chimeras, three classes of fusions
procuct. are distinguished that confer high, intermediate, or low

. . . activity (Table 1; Figure 2). Immunoblot data indicate that
dimers are also observed with fusions S273 and M410 (querthe variation in activity reflects differences in hybrid protein

intense bands). Proteolysis of fusion proteins has beeng,ression (Figures 4 and 5). Moreover, low-activity fusions
observed frequently with several other transporter{&0o  {hat are not detected immunologically generally exhibit
Boos, 1988; Calamia & Manoil, 1990; Lloyd & Kadner, junctions in the cytoplasmic halves of putative transmem-
1990; Ujwal et al., 1995), and, in addition, the alkaline brane domains or in cytoplasmic loops. In contrast, high-
phosphatase activity exhibited by the chimeras is correlatedactivity fusions that are detected by immunoblots generally
with the sum of the activities of the intact chimera and the exhibit junctions in the periplasmic halves of putative
mature alkaline phosphatase released rather than with theéransmembrane domains or in periplasmic loops. The data
full-length chimera itself. are consistent with previous studies”{G& Boos, 1988;
In several postulated transmembrane domains (H5, H7 Calamia & Mgno_il, 1990; LI(_)yd & Kadner, 1990; L_Jjwal et

. . ~ o7 T rall, 1995) indicating that fusions on the cytoplasmic surface
H8, and H10), the transition from high to low activity IS jre \nstable and subjected to proteolysis. Conversely,
interceded by a chimera that exhibits intermediate activity. degradation of chimeras that promote alkaline phosphatase
In these intermediate-activity fusions, immunoblot analysis export is partial, and a high- or intermediate-activity phe-
indicates that a decrease in the level of expression of thenotype is observed (Figure 5). Finally, the alkaline phos-
full-length chimeras and the degradation products is cor- phatase activity data presented here were not corrected for
related with the decreased activity. Representative exampleghe rate of synthesis of the chimeras (Calamia & Manoil,
are shown in Figure 5. The activity of fusions S273, A277, 1990; Boyd et al., 1993). However, the variation in activity
and T282 in H8 is 87, 26, and 1 Qf units/ODyoo, between high-activity fusions within individual clusters is
respectively (Table 1). Immunoblot analysis of total cell in most instances less than 2-fold (Table 1), suggesting that
proteins from these clones shows that the full-length fusion correction for the rate of protein synthesis may not be
protein is observed only in cells expressing fusion S273 and Necessary when clusters rather than isolated fusions are used
that the proportion of mature alkaline phosphatase released® Study topology.
decreases such that S273A277 > T282 (left gel). The Two aspects of the distribution of the low- and high-
difference in the level of expression of the three chimeras activity fusions are notable. First, high- and low-activity
and their degradation products is also observed with purified C/UStérs alternate along the primary sequence of Mel per-
membranes (right gel). It is striking that neither the full- mease (Flgures 2 and 3). Second, h|gh-a(_:t|V|ty _cIuster;
length protein nor the immunoreactive degradation product include residues located at or near every putative periplasmic

o ) . loop, while residues located at or near every putative
of the low-activity fusion T282is observed. In general, full- cytoplasmic loops are found in low-activity clusters. Taken

length chimeras and degradation products are seldom de'together, the findings strongly support the contention that

tected with low-activity fusions regardless of their location hydrophilic domains in Mel permease are exposed
(not shown). This observation is consistent with previous gjternately toward the periplasm or the cytoplasm in a pattern
observations (Gib & Boos, 1988; Lloyd & Kadner, 1990;  that is consistent with 12 membrane-spanning segments.
Ujwal et al., 1995) demonstrating that fusions which do not Additional definition of the hydrophobic domains is obtained
lead to export of the alkaline phosphatase moiety across theby examining the activity profile of the MelPhoA chimeras
membrane are particularly unstable and proteolyzed rapidly.in light of the following: (a) the inner-half of out-going
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domains is sufficient for alkaline phosphatase export; and loop of the permease is shortened by 14 residues and
(b) 11 residues of an in-coming transmembrane segment (i.e.becomes comparable in size to a number of other loops (i.e.,
the outer-half of the domain) are sufficient to prevent export C2 and C5, Figure 3B).

of alkaline phosphatase to the periplasm (Calamia & Manoil,  According to the original secondary structure model of
1990). All out-going membrane-spanning domains except Mel permease (Botfeld et al., 1992; Pourcher et al., 1990),
H7 fuffill the first postulate (Figure 3A). Regarding in-going  most of the charged residues in transmembrane domains are
segments, only H8, H12, and, to a lesser extent, H10 agreeipcated in the N-terminal third of the protein in HH4.
with the second. Therefore, the topology of the hydrophobic Among these charged residues, three Asp residues [D55 (H2),
domains was readjusted by assuming that the transition frompsg (H2), and D124 (H4)] have been proposed to be
high to low activity occurs at the approximate middle of each jnvolved in ion recognition, possibly by forming a coordina-
transmembrane domain (Figure 3B). tion network for Nd, Li*, or HO* (Pourcher et al., 1993;
The specific criteria used to readjust the topology of \jilson & Wilson, 1994). Despite the changes suggested
incoming membrane-spanning segments, namely, that thenere for the H2 and H4 segments, the three Asp residues
outer-half of the domain is sufficient to prevent export of remain in hydrophobic domains. However, the revised
alkaline phosphatase to the periplasm, deserves speciamodel predicts that the three residues are closer to the
comment. Results are presented showing that the alkalinecytoplasmic surface than suggested previously. In this
phosphatase activity of fusions with junction points in two context, D19, which was predicted to be in the N-terminal
domains flanking a highly positively charged cytoplasmic hydrophilic domain of Mel permease, is now placed at the
loop is very low. Thus, the activity of six fusions (V50 cytoplasmic end of H1 at a depth comparable to D59 in H2
toV66 in H2) just preceding the cytoplasmic C1 loop or D124 in H4. Interestingly, preliminary experiments (T.
containing the R-S-R™-W-G-K*-S-K" sequence is as Iow  pourcher and G. Leblanc, unpublished results) indicate that
as that of a fusion just following this stretch of residues (G83 replacing D19 with Cys or Asn hampers the use of Nar
in the inner-half of H3) Slmllarly, fusions T282 (thiS Work) |_|+) as a Coup”ng ion in a manner reminiscent of mutant
and P287 (Botfield et al., 1992) in the inner-half of H8 as pDs59C, D59N, D124C, or D124N (Pourcher et al., 1993).
well as fusions T297 and L305 fusions in the inner-half of Thus, D19 may also be part of the network of negative|y
H9, located upstream and dowstream from cytoplasmic l0op charged residues that participate in ion recognition. Finally,
C4 harboring the RL-V-K *-S-L-S-R-R* sequence display D35, another acidic residue in H1, is closer to the periplasmic
low activity. Previous studies of MalF protein suggest that suyrface than to the cytoplasmic surface in the revised model.
a transmembrane (in-coming) segment sequence and therhis may account for the minor role it appears to play in
following cytoplasmic positively charged residues may be cation recognition (Pourcher et al., 1993a).
an absolute requirement to reduce alkaline phosphatase tha revised Mel permease model predicts that several
activity to low levels [Boyd and Beckwith (1989) and see charged residues (R199, H202, and E203) are located in

review by Taxler et al. (1993)]. This conclusion does not . qronhohic domain H6. The role of these residues in the
satisfactorily account for the the low fusion activity level mechanism of Mel permease remains to be elucidated. The
fc;undlm domains prchecedmgl the charged C1 _and C4_|ﬁ°ﬁs charged residues in H6 may be involved in hydrogen bonding
ﬁ Mehpe'rmﬁase. ;— € reiu ts_; are more conS|stIer;ﬁ V‘.”t they, o-D-galactopyranosides. Such interactions prevail in sugar
ypothesis that an hydrophobic domain, probably limited t0 i jing to the periplasmic binding proteins of the bacterial

the outer-half of an in-coming membrane-spanning SegMent,Agc ransport family [reviewed by Quiocho (1989)].

may ||n|t|a'§e the fforr]manr(]) nofa halrpln stru(;:tur:e that. rtladucgs Alternatively, charged residues may have a structure/function
translocation of the PhoA moiety toward the periplasmic o v interacting with an oppositely charged residues in a

compartment. The _inner—half IQOmain of an in-coming neighboring transmembrane domain. In plant light-harvest-
segment, together with the positively charged cytoplasmic j, "o mplex LHC-II, the structure of which has been solved

loop would _further enha_mce the stability of the_hairp_in at 3.4 A (Kuhlbrandt et al., 1994), two of the three
structure. Elnally, by acting as a stop-transfer for INSErtion ansmembrane helices in the polypeptide are stabilized by
of the following out-going membrane segment, the positively 5 prjgges between Glu and Arg residues. In addition, the
cha_rged cytoplasmic domain would p.artly specifies the ion-paired acidic residues are important for chlorophyll
position of the nascent segment residues that may bebinding. With the lac permease &. coli, charge-paired

important for hydrophobic (or hyqlrophilic)_ interactions residues have been identified by using second-site suppressor
between the transmembrane domains on either side of theanalysis (King et al., 1991; Lee et al., 1993), site-directed
charged loop. . mutagenesis (Sahin-Toth et al., 1992; Dunten et al., 1993;
Several consequences of the revised secondary Structur&in Toth & Kaback, 1993), site-directed excimer fluores-
model pr_esented in Figure 3 are noteworthy. It should first e (Jung et al., 1993), and, most recently, by incorporating
be mentioned that, although the topology of a number of yoqigneq divalent metal binding sites (bis-His residues) into
loops was changed in order to comply with the placement the protein (Jung et al., 1995 He et al., 1995a,b). The

of the activity transitions. at thg app.roximate.middle of the possibility that R199, H202, and/or E203 may be interacting
membrane, the amino acid residues in the revised membrane\—Nith other charged residues in Mel permease is currently

spanning segments still approximate the hydrophobic stretches, ,qer investigation.

predicted from the hydropathy plot. In addition, since the

number of residues per helix is set at 21, when a given ACKNOWLEDGMENT
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