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Abstract
Certain prokaryotic transport proteins similar to the lactose permease of Escherichia coli (LacY)
have been identified by BLAST searches from available genomic databanks. These proteins exhibit
conservation of amino acid residues that participate in sugar binding and H+ translocation in LacY.
Homology threading of prokaryotic transporters based on the X-ray structure of LacY (PDB ID:
1PV7) and sequence similarities reveals a common overall fold for sugar transporters belonging to
the Major Facilitator Superfamily (MFS) and suggest new targets for study. Evolution-based searches
for sequence similarities also identify eukaryotic proteins bearing striking resemblance to MFS sugar
transporters. Like LacY, the eukaryotic proteins are predicted to have 12 transmembrane domains
(TMDs), and many of the irreplaceable residues for sugar binding and H+ translocation in LacY
appear to be largely conserved. The overall size of the eukaryotic homologs is about twice that of
prokaryotic permeases with longer N and C termini and loops between TMDs III–IV and VI–VII.
The human gene encoding protein FLJ20160 (NM_017694) consists of six exons located on more
than 60,000 bp of DNA sequences and requires splicing to produce mature mRNA. Cellular
localization predictions suggest membrane insertion with possible proteolysis at the N terminus, and
expression studies with the human protein FJL20160 demonstrate membrane insertion in both E.
coli and Pichia pastoris. Widespread expression of the eukaryotic sugar transport candidates suggests
an important role in cellular metabolism, particularly in brain and tumors. Homology is observed in
the TMDs of both the eukaryotic and prokaryotic proteins that contain residues involved in sugar
binding and H+ translocation in LacY.

Keywords
membrane transporters; structure; homology threading; sugar binding; proton translocation

Introduction
Membrane proteins mediate a huge variety of physiological processes, and as many as 20% of
all cellular proteins are polytopic membrane proteins, as judged from genome sequences.1
However, structures of this class of proteins comprise only a fraction of known protein
structures.

The Major Facilitator Superfamily (MFS) of transport proteins (permeases) catalyze transport
of a diverse range of substrates against concentration gradients by using the energy stored in
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electro-chemical ion gradients across membranes.2 Compounds transported by MFS
permeases include simple sugars, oligosaccharides, nucleosides, drugs, amino acids, and
various organic and inorganic anions and cations. The MFS family appears to be evolutionarily
related and found in membranes from archaea to the mammalian central nervous system.

MFS proteins likely have similar secondary structures, as predicted by sequence alignments
and hydropathy profiling.3 All permeases in the MFS possess either 12 or 14 transmembrane
helices, which likely arose from tandem gene duplications. Studying the structure and
mechanism of membrane proteins in general and MFS transporters in particular is thorny, since
hydrophobic integral membrane proteins are notoriously difficult to handle by using routine
biochemical techniques designed for water-soluble proteins. Nevertheless, information on this
class of proteins is essential, since MFS transporters are ubiquitous in living cells and are
involved in a variety of physiological processes.2,4

The hydrophobic, conformationally flexible nature of the MFS transporters makes them
metastable and difficult to crystallize. However, crystal structures have been obtained recently
for the lactose permease (LacY),5 which catalyzes the stoichiometric symport of galactoside
and a H+, and the glycerol-3-phosphate/phosphate anti-porter (GlpT),6 which catalyzes the
antiport of cytoplasmic phosphate for glycerol-3-phosphate in the external medium. LacY was
the first membrane protein to be sequenced,7 purified to homogeneity and reconstituted into
proteoliposomes in a fully functional state.8,9 As summarized in a recent review,10 a large
amount of biochemical and biophysical data have been obtained for LacY over the last 20
years, much of which is confirmed by the crystal structure.5

LacY has been used to model tertiary structures of different MFS transporters,11–16 but
significant homology of amino acid residues involved in substrate binding and H+ translocation
is apparent for only a few prokaryotic transporters,17–21 The availability of a LacY X-ray
structure allows homology threading of MFS sugar transporters that have amino acid sequences
similar to LacY. The process yields a predicted low resolution structure22 in which accuracy
depends upon the level of homology between proteins, and together with sequence alignment,
may provide a powerful tool for predicting amino acid residues that may be mechanistically
important.

Here, a number of eukaryotic proteins that exhibit significant homology to LacY-type MFS
sugar transport proteins are identified by employing an evolution-based BLAST search. These
putative transporters are present in eukaryotes from insects to mammals, appear to be twice as
big as LacY, but show dramatic conservation of structural and functional elements located in
the suggested transmembrane domains. Moreover, dozens of new MFS homologs are also
identified, many of which are from pathogenic bacteria. In the accompanying paper,23 it is
shown that despite low homology with LacY, not only is the overall fold of sucrose permease
(CscB) similar to that of LacY, but specific conserved residues obligatory for LacY activity
are also essential for the activity of CscB.

Results and Discussion
Prokaryotic homologs

LacY homologs and threading—More than a dozen LacY homologs were identified from
BLAST searches by using either the Swissprot Database or by searching for DNA sequences
encoding open reading frames in genomic databases starting with the amino acid sequence of
LacY. The proteins suitable for initial threading were selected according to level of homology,
generally have from 20 to more than 60% identity with LacY (Table 1) and are members of
the MFS sub-family termed Oligosaccharide/H+ Symporters.3,4 Secondary structure
predictions for these membrane proteins24–27 suggest 12 transmembrane domains (TMDs)
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connected by short loops with a longer loop between helices VI and VII. It is likely that these
proteins have a topology similar to LacY with the N and C termini inside the cell and are
appropriate for homology threading.

Figure 1 shows a side view of LacY and three other known (CscB, RafB) or putative (FruP)
sugar transport proteins threaded into the LacY structure. Clearly, in each instance, 12
transmembrane helices are organized into two pseudo-symmetrical six-helix bundles tightly
closed on the periplasmic side with a large cavity open to cytoplasm representing the inward-
facing conformation.

Residues involved in substrate binding—There is also a remarkable similarity in the
structural arrangement of side-chains that form the sugar-binding site in LacY and the
homologs (Figure 2). All of the substrate specificity of LacY is directed towards the
galactopyranosyl moiety of its substrates, and substituents on the anomeric position increase
affinity by non-specific interactions.28 The side-chains involved in LacY specificity are located
in N-terminal six-helix bundle in helices I, IV, and V (Figure 2(a)), as identified by site-directed
and Cys-scanning mutagenesis29 and by the X-ray structure.5 Arg144 (helix V) forms a
bidentate H-bond with the C4–OH and C3–OH of the galactopyranosyl ring. Another essential
amino acid, Glu126 (helix IV), is in close proximity to Arg144 and may interact with the C5–
OH and/or C6–OH via a water molecule, and Glu269 (helix VIII) may interact weakly with
the C3–OH of the sugar.30 Trp151 (helix V) stacks hydrophobically with the galactopyranosyl
ring,5,31,32 as observed in a number of sugar binding proteins.33–36 As indicated by the X-ray
structure of LacY, Met23 (helix I) is close to the C6 of the galactopyranosyl ring, and Phe20
is in close proximity to Trp151.5 Although the F20A mutant exhibits a 50-fold decrease in
affinity, as judged by sugar protection against alkylation of Cys148, replacement of Met23
with Ala has no effect on affinity.23

Homology alignment and threading of other protein sequences into LacY reveal conservation
of Trp, Tyr or Phe at the position corresponding to Trp151 in LacY (Figure 2). The sucrose
transporter CscB (Figure 2(b)) has a Tyr at position 154, which is homologous to Trp151 in
LacY, and Trp26 (homologous to Met23 in LacY) in close proximity to Tyr154. The
organization of the residues putatively involved in RafB sugar binding (Figure 2(c)) is virtually
identical with that of LacY. FruP, a putative transport protein (Figure 2(d)), has a Trp at position
150 homologous to Trp151 in LacY and an additional aromatic residue, Trp22, in place of
Met23 in LacY. All of the proteins shown in Figure 2 have a conserved Phe at the position
corresponding to Phe20 in LacY. In addition, several proteins listed in Table 1 have either Trp
or Tyr in positions homologous to Met23 in LacY. It is likely that these aromatic amino acids
in helix I play a role in substrate binding and specificity.

An Arg residue at a position corresponding to 144 in LacY is strictly conserved in all proteins
listed in Table 1. This Arg residue together with a Glu or Asp, homologous to Glu126 in LacY,
are positioned almost identically in the threaded structures (Figure 2) and likely form a charge
pair in the absence of substrate.37,38 In several bacterial sugar transporters (e.g. CscB from
Escherichia coli (Figure 2(b)) and MaltP from Bacillus halodurans (not shown)), an Asp
residue is present in a position homologous to Glu126 (helix IV) in LacY (Table 1). When this
is the case, a Glu residue corresponding to Glu269 is shifted one turn of helix VIII towards the
cytoplasmic surface and is in a position homologous to Asn272 in LacY. RafB and FruP (Figure
2(c) and (d)) have Glu residues homologous to Glu126 and Glu269 in LacY. Glu269 is in close
proximity to Trp151 in LacYand may be the key residue in coupling sugar and H+ translocation.
5,38 With the exception of replacement with Asp, which significantly compromises binding
and transport,39,40 all other replacements for Glu269 are completely defective with respect to
substrate binding and all translocation reactions catalyzed by LacY.
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Residues involved in H+ translocation—The structural relationship between residues
thought to be involved in H+ translocation is also significantly conserved (Figure 2). Three
amino acid residues in helices IX and X (homologous to irreplaceable Arg302, His322 and
Glu325 in LacY) are positioned close to each other and highly conserved in each protein (R300,
H320 and E323 in CscB; R305, H325 and E328 in RafB; R295, H315 and E318 in FruP). The
hydroxyl group of Tyr236 in LacY is also in close proximity to these three residues and may
participate in a salt-bridge/H-bond network5 that is critical for active transport.41 The distances
estimated from the X-ray structure of LacY between the OH of Tyr236 and Arg302, His322
or Glu325 are within 3–4 Å. Although replacement of Tyr236 with Phe abolishes active
transport,41 replacement with Cys decreases lactose accumulation by only threefold.42

Possibly, the Y236F mutation places a hydrophobic insulator between Arg302, His322 and
Glu325, thereby disrupting important H-bonds that can be partially replaced by H2O when Cys
is in this position. The importance of the Tyr residue homologous to Tyr236 in LacY in other
bacterial MFS sugar transporters (Figure 2) is suggested by conservation of Tyr at the
analogous position in the other proteins studied (Tyr233 in CscB, Tyr239 in RafB and Tyr229
in FruP).

Biochemical studies indicate that His322 in LacY may be in close proximity to Glu26943,44

and interaction between the two residues may play an important role in sugar-coupled H+

translocation.10 In the inward-facing conformation,5,38 Glu269 is close to Trp151. Similar
positioning of a Glu residue is observed in all homologs shown (Figure 2(b)–(d)), suggesting
that this residue may play a similar role in other MFS transporters.

Charge paired residues between helices VII and X or XI—Asp240 (helix VII) and
Lys319 (helix X) in LacY are salt-bridged,45 but unlike the charge pair between Asp237 (helix
VII) and Lys358 (helix XI), Asp 240 and Lys319 can not be interchanged. In the threaded
structures (Figure 2(b)–(d)), homologous Asp and Lys residues occupy similar positions as
Asp240-Lys319 in LacY and likely form a salt-bridge connecting helices VII and X (Asp237-
Lys317 in CscB, Asp243-Lys322 in RafB, and Asp233-Lys312 in FruP). Charge pair Asp237/
Lys358 is important for membrane insertion of LacY and also participates non-specifically in
binding of the substituent at the anomeric position of galactosidic substrates.5 The pair is
present in RafB (Figure 2(c)), but is much less conserved in other members of the
Oligosaccharide/H+ Symport subfamily. Possibly, this charge pair contributes to sugar affinity,
but not specificity.5 Thus, CscB may not bind sugars in an extended conformation because
there is no interaction with the C-terminal six-helix bundle as in LacY. Engineering the charge
pair into CscB (mutant N234D/S356K) has been shown18 to increase membrane expression of
the protein.

Gly residues may stabilize the inward-facing conformation—Sequence alignment
and threading also reveals the location of conserved Gly residues at positions homologous to
positions 46, 159, 262 and 370 in LacY (Figure 1; pink spheres). Gly residues may facilitate
close contact between helices,46,47 and this is the case with helices II and XI (Gly46 and
Gly370) and helices V and VIII (Gly159 and Gly262) in LacY. It is possible that the positions
of these pairs of Gly residues facilitate tight closure at the periplasmic side of the molecule,
thereby stabilizing the inward-facing conformation. It is also noteworthy that another 12-helix
MFS transporter, GlpT,6 also crystallizes in an inward-facing conformation. In GlpT, Gly
residues are also found in close proximity at the periplasmic ends of helices II and XI (Gly63,
Gly66 and Gly405), as well as helix V (Gly169 and Gly170). Also, in the proposed outward-
facing conformation of LacY5 Gly or amino acids with short side-chains are located in the
postulated zone of contact between the N and C-terminal six-helix bundles on the cytoplasmic
site.
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Comparative sequence alignments with LacY and homology threading reveal that Gly residues
147 and 150 positioned on one side of helix V in the approximate middle of the membrane are
highly conserved (Figure 1; yellow spheres) and are across from bulky side-chains in helix I.
Therefore, it seems reasonable to suggest that conserved Gly residues on one side of helix V
allow close contact with helix I, which is important for transport,48–50 and may be another
general feature of MFS family members.

Aromatic side-chains and the inward-closed conformation—Current models for
transport by MFS family members are consistent with alternating accessibility of substrate-
binding sites to each side of the membrane.5,6,51 Since LacY and GlpT crystallize in an inward-
facing conformation, the outward-facing conformation may represent a transition-state
stabilized by interaction of amino acid side-chains. LacY in the inward-facing conformation
exhibits three aromatic side-chains positioned in the same plane on the cytoplasmic side of the
molecule (Phe140, Phe334 and Tyr350; shown as grey spheres on Figure 1(a)). These side-
chains protrude into hydrophilic cavity above the sugar-binding site, but the distances between
them are too great to make contact in the postulated inward-facing conformation. Nevertheless,
close interaction of these amino acid residues was demonstrated by cross-linking experiments.
52 Significant conservation of aromatic residues in other sugar transporters corresponding to
Phe140, Phe334 and Tyr350 in LacY (Figure 1(b)–(d); grey spheres) suggests an important
role in the mechanism.

Conserved Phe residues 277 and 278 in trans-membrane helix VIII of LacY are also positioned
in the same plane as Phe140, Phe334 and Tyr350 close to the cytoplasmic cavity, but are
directed away from the hydrophilic interior of the cavity. Glu269 is also located in helix VIII,
but close to the middle of the molecule. It has been suggested that Glu269 is in close proximity
to His322 in one conformation, but interacts with Arg144 and Trp151 when sugar occupies
the binding site.5,43,44 Several amino acid residues in helix VIII of LacY exhibit altered
accessibility to N-ethylmaleimide in the presence of sugar.37,50,53 In addition, a Cys at position
278 cross-links with a Cys placed at either position 140 or 143 in the presence of o-
phenylenedimaleimide.52 Areasonable explanation for the observations is that helix VIII
rotates, as in the crystal structure of LacY, Phe278 is directed towards the outside of the protein
and cross-linking is unlikely without rotation. Rotation of helix VIII may bring Phe277 and
Phe278 in close contact with Phe140, further facilitating closure of the cytoplasmic cavity.

Eukaryotic homologs
LacY homologs in eukaryotes—LacY is arguably the best studied of the MFS transport
proteins and has been used as a model for structure/function predictions for other transporters.
11–15,54,55 Nevertheless, significant sequence homology with LacY has been found with only
a few bacterial transporters grouped in the Oligosaccharide/H+ Symport subfamily.3 A BLAST
search was performed using the translated genomic databases starting from the amino acid
sequence of the maltose permease (MaltP) homolog from the deep sea alkalophile B.
halodurans,56 a homolog of LacY with conservation of the most essential amino acid residues
(17% identity, see Table 1). The search exhibits significant similarities to more than 100
proteins of both bacterial and eukaryotic origin, including several from nerve tissue and tumors.
One of the most intriguing proteins, human FLJ20160, was originally predicted to have nine
TMDs and less than 500 amino acid residues (AAH50537). However, it was found recently
that the number of amino acid residues is 791 (NM_017694). Human FLJ20160 is thought to
be encoded by six exons located in a sequence of more than 60,000 bp of chromosome 2. The
identification of the correct amino acid sequence of FLJ20160 is facilitated by available partial
sequences in cDNA libraries that represent mature mRNA.
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A total of 12 transmembrane helices were predicted24–27 from amino acid sequences of
eukaryotic proteins similar to LacY. Secondary structure predictions allow alignment of these
eukaryotic proteins with their prokaryotic homologs. Table 2 shows 12 eukaryotic and 28
prokaryotic proteins aligned over entire sequences with regions around the amino acid residues
essential for substrate binding (helices IV–V, VIII) and H+ translocation (helices IX–X) in
LacY. Although the function of these eukaryotic proteins and their location in the cell is
unknown, significant similarities in the structural organization of the TMDs to MFS bacterial
sugar transporters suggests that they may function in sugar binding or transport. Prediction of
the cellular location for human protein FLJ20160 using the PSORT web-based program57

suggests localization in the cytoplasmic membrane with a possible post-translational
modification of the N terminus by proteolysis. Additional searches in eukaryotic genomic
databases starting from the orphan human protein FLJ20160 uncover a number of novel
eukaryotic proteins with similarity to LacY in insects, worms, fish, birds and mammals,
although significant differences are found in the overall lengths of the proteins. There are some
uncertainties in the amino acid sequences of these proteins deduced by identifying possible
splicing signals, which are not well defined. Nevertheless, using human protein FLJ20160 as
a template facilitates the analysis of the translated sequences bringing the overall length of the
eukaryotic homologs to about 800 amino acid residues.

Putative eukaryotic homologs of LacY generally have longer N and C termini, longer
cytoplasmic loops between helices VI and VII and a long loop between helices III and IV facing
the outside of the cell. There is no homology between the eukaryotic proteins and their bacterial
counterparts in these segments. On the other hand, very significant homology is found in the
amino acid residues of the putativ TMDs (Table 2). All of the mammalian proteins have
practically identical sequences in the TMDs. Most differences are observed in the N and C
termini, as well as in loop III/IV. Loop III/IV, which is presumably located on the outer face
of the membrane, has several predicted glycosylation sites. The most dramatic results from
aligning the bacterial and eukaryotic proteins are in the conservation of amino acid residues
essential for the structure and function of LacY and in all likelihood certain other MFS sugar
transporters.

Two groups of prokaryotic and eukaryotic proteins can be identified based on aligning amino
acid residues required for sugar binding in LacY (Table 2). Both groups have an absolutely
conserved Arg at a position homologous to Arg144 in LacY. Several bacterial homologs have
a Glu residue at position 126 in helix IV (LacY numbering), Glu269 in helix VIII and an Asn
at position 272. Another group of transporters, which includes CscB from E. coli, MaltP and
the putative eukaryotic homologs, have an Asp residue at a position homologous to 126 in
LacY. As discussed above, when an Asp residue is found in place of Glu at this position, it is
associated with a shift of Glu269 to a position homologous to Asn272 in LacY. Such a shift
may lead to a change in sugar specificity. In all homologs, an aromatic residue is found at a
position corresponding to Trp151 in LacY.

Homology threading of human FLJ20160 protein—The homology observed in the
TMDs of LacY and the eukaryotic homologs (Table 2) allows 3D modeling of TMDs in human
protein FLJ20160. The organization of the 12 TMDs suggests that the structural features of
bacterial sugar transporters (Figure 1) may be present in this human protein (Figure 3(a)). The
exterior side of the protein appears to be closed, and conserved Gly residues provide close
contact between helices V–VIII and II–XI (pink spheres). Gly residues that are conserved in
the alignments (Table 2) are positioned in helix V facing helix I (Figure 3(a); yellow spheres).
Aromatic residues facing hydrophilic cavity at the cytoplasmic opening are also conserved
(grey spheres).
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Homology threading also shows similarity of the putative sugar-binding site to the known
binding site in LacY (Figures 2(a) and 3(b)). Trp335 in the human protein aligns nicely with
Trp151 in LacY. Also, strictly conserved Arg328 lies just above Trp335, and Asp310 lies in
close proximity in analogy to Glu126 and Arg144 in LacY. Glu493, which corresponds to
Glu269 in LacY, is also close to Trp335, as in LacY or CscB. There are two Tyr residues at
positions 79 and 82 located on the same side of the helix I in FLJ20160 that are homologous
to Phe20 and Met23 in LacY.

Amino acid residues involved in H+ translocation in LacY also generally appear to be in a
similar location in the eukaryotic homologs (Figures 2(a) and 3(b)). Strictly conserved Arg523
(Arg302 in LacY) is surrounded by Tyr461 (Tyr236 in LacY), Gln543 (His322 in LacY),
Glu540 (Lys319 in LacY), Thr546 and His547 (Glu325 in LacY). The precise positions of the
amino acid side-chains in the eukaryotic homologs that are involved in H+ translocation in
LacY cannot be modeled because of the uncertainty of homology threading. However, the
amino acid residues lying in close proximity to Arg523 are either the same or similar to those
in LacY that are involved in H+ translocation. Unfortunately, none of these eukaryotic
homologs has a known function. Therefore, any conclusions regarding either sugar binding
and/or transport or sugar-coupled H+ translocation are highly speculative at this time.

Human and mouse homologs were initially identified from cDNA libraries constructed from
brain mRNA. The expression level of human protein FLJ20160 is based on analyses of novel
expressed sequence tag (EST) counts in the UniGene Database.58–60 The highest levels are
found in brain although the ESTs are also found in many other tissues, including tumors. Since
nerve cells, as well as tumors, use glucose as a primary energy source, it is enticing to speculate
that the eukaryotic homologs may represent a class of sugar binding/transport proteins.

Cloning and expression of human protein FLJ20160—Putative eukaryotic homologs
of LacY should be inserted into membranes. Evidence supporting this notion was obtained by
cloning the FLJ20160 gene into bacterial and yeast expression vectors. A construct encoding
full-length FLJ20160 protein under the LacZ promoter/operator was used to test expression in
E. coli XL1-Blue (Figure 4(a)). Clearly, FLJ20160 protein is expressed (lane 3), and there is
essentially no protein in either the membrane or cytoplasmic fractions from control
untransformed cells (lanes 1 and 2). The cytoplasmic fraction (lane 4) from the same cells
harboring the plasmid also does not contain FLJ20160 protein after induction. Rather,
FLJ20160 is found exclusively in the membrane fraction and appears to be expressed at a
reasonably high level. In addition, treatment of the membrane fraction with 5 M urea for 30
min does not remove human FLJ20160 protein from the membrane, indicating that the protein
is trans-membrane (data not shown). The apparent molecular mass of FLJ20160 is about double
that of LacY on SDS/polyacrylamide gel electrophoresis (compare lines 3 and 5 in Figure 4
(a)). Like LacY (45.5 kDa from DNA sequence) and other hydro-phobic membrane proteins,
FLJ20160 (89 kDa from DNA sequence) migrates at a lower apparent molecular mass.

The yeast vector pPICZ-A from the Invitrogen EasySelect Pichia expression kit was used to
clone the complete gene encoding FLJ20160 into the KpnI/XhoI sites in-frame with sequences
encoding the Myc-epitope and a 6-His-tag. Several Pichia pastoris strains were transformed
with linearized plasmid, selected for multiple-integrants with high Zeocin concentrations and
used to test for expression (Figure 4(b)). As shown, although expression of FLJ20160 in
membranes from P. pastoris KM71H is low, good expression is apparent in the membranes of
the wild-type strain X-33 (lane 2), as well as strain GS115 (lane 3).
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Materials and Methods
Analysis of sequence homology

Sequence homology searches were carried out by using an on-line search (Vector NTI 9.1 Suit,
Invitrogen, Carlsbad, CA,) starting from protein sequences and using either protein databases
(BLAST-p) or translated open reading frames in DNA databases (BLAST-tn). Resulting
protein and DNA sequences were directly downloaded to Vector NTI, and sequence alignments
were done by using the AlignX module of the same program. Secondary structure and
transmembrane regions from protein sequences were predicted by using Predict Protein Server.
24–27

A BLAST-tn search was performed from translated genomic databases using putative maltose
permease (MaltP) from B. halodurans56 as a starting point. The human FLJ20160 amino acid
sequence resulting from the search was used to find other homologous eukaryotic proteins from
a second BLAST-tn search. Protein sequences from genomic databases were aligned with the
human and mouse proteins with relatively reliable sequences as judged by cDNA sequences.
The nucleotide sequences were analyzed for the protein coding sequences by using the web-
based GeneBuilder program.61 Strong splicing signals were used to identify the correct
sequences of the genes, and human protein FLJ20160 was selected as the template. Those
amino acid sequences that were misaligned relative to the human protein were examined for
possible splicing signals in the corresponding DNA sequences and appropriate corrections were
made.

Homology threading and tertiary structure analysis
Homology threading was done for selected proteins with high sequence similarity. All proteins
were threaded into the LacY structure by using the X-ray coordinates (PDB code 1PV7) as a
template on the web-based SWISSPROT modeling server.22 All homology threading was done
without manual optimization using default mode in order to eliminate human bias. 3D-
structures obtained by homology threading were displayed using Pymol 0.97 (DeLano
Scientific, LLC) and compared to the LacY structure. Homology threading of the human
protein FLJ20160 was done by removing the long N and C-terminal sequences in addition to
the longer connecting loops, so that the overall length was similar to LacY.

Cloning end expression of human FLJ20160 gene
DNA clone ID 6204874 from the MGC full-length (IRAT) collection encoding part of the
human FLJ20160 protein (amino acid residues 247–791) in pCMV-Sport6 vector and BAC
clone RP11-647K16 (encoding amino acid residues 1–511) in pBAC 3.6 vector were purchased
from Invitrogen (Carlsbad, CA). PCR primers were synthesized by Integrated DNA
Technologies, Inc. (Coralville, IA). Gene fragment no. 1 encoding the N terminus of FLJ20160
was amplified by PCR from the BAC clone using a direct primer with an engineered KpnI
unique restriction site (CTTGCTGATGGTGGTGGTACCCCATGGCAGATGATAAAG)
and a reverse primer (GCTTCAACTTCTTGTTGATCATAAACAAGCATG) containing a
BclI restriction site. Gene fragment no. 2 encoding the second part of FLJ20160 was amplified
by PCR from cDNA using a direct primer
(CATGCTTGTTTATGATCAACAAGAAGTTGAAGC) containing restriction site BclI and
a reverse primer that introduced a unique XhoI restriction site
(GAGATGAGCAGGATGCCCTCGAGTGTCCTCCCGCGGCCAGC). Fragment no. 1
digested with KpnI and BclI and fragment no. 2 digested with BclI and XhoI were purified on
agarose gels and sequentially ligated into plasmid pSP72, which confers ampicillin resistance,
and contains KpnI, BclI and XhoI restriction sites followed by an in-frame 6-His tag. The final
construct contained the full-length human gene encoding FLJ20160 under the LacZ promoter/
operator and used for expression experiments. A Complete EasySelect Pichia expression kit
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was purchased from Invitrogen (Carlsbad, CA). The human gene isolated with KpnI/XhoI
restriction enzymes from pSP72 plasmid harboring the FLJ20160 gene was ligated into the
KpnI/XhoI sites of the yeast expression vector pPICZ-A in-frame with a Myc-epitope and a
6-His-tag. All plasmids were sequenced over the entire gene sequence before use in expression
studies.

E. coli XL1-Blue cells (Stratagene, La Jolla, CA) transformed with pSP72 plasmid encoding
the FLJ20160 gene were grown in LB medium at 37 °C with 100 mg/l ampicillin. Cells were
induced with 0.3 mM IPTG, harvested after 4 h by centrifugation and disrupted by using an
Emulsiflex (Avestin International, Canada). Membranes were separated from cytoplasm by
centrifugation and subjected to SDS/polyacrylamide gel electrophoresis and Western blot
analysis using His-tag directed HRP-conjugated antibody (Qiagen, Valencia, CA), as
described.49 Protein concentrations were measured by using the Micro BCA method (Pierce,
Rockford, IL).

The yeast expression plasmid was linearized with SacI and used for transformation of P.
pastoris strains X-33, GS115 or KM71H, as described in the EasySelect Pichia expression kit
(Invitrogen, Carlsbad, CA). Yeast cells were selected for multiple copy gene expression with
increasing Zeocin concentrations and used for expression trials. Cells were grown and induced
according to the manufacturer's recommendations. Harvested cells were disrupted with glass
beads, membranes were separated by centrifugation and subjected to SDS/polyacrylamide gel
electrophoresis and Western blot analysis as described above.
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Figure 1.
Homologous bacterial MFS transporters threaded into LacY structure. Transmembrane helices
are depicted as ribbons colored from blue (helix I) to red (helix XII). The cytoplasmic side is
at the top. Conserved Gly residues in helices I and V are shown as yellow spheres. Conserved
Gly residues on the extracellular surface between the N and C-terminal six-helix bundles are
shown as pink spheres. Conserved aromatic residues facing hydrophilic cavity are shown as
grey spheres. (a) LacY (PDB code 1PV7); (b) E. coli sucrose permease CscB; (c) E. coli
raffinose permease RafB; (d) Bacillus megaterium fructose permease FruP.
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Figure 2.
Cytoplasmic view of substrate binding and H+ translocation sites of LacY and homologs.
Amino acid residues known (a), or predicted ((b)–(d)) to be involved in sugar binding (green)
or H+ translocation (cyan) are shown as sticks. Essential residues are numbered according to
protein sequences deposited in SwissProt Databank. (a) X-ray structure of LacY (PDB code
1PV7) with bound sugar β-D-galactopyranosyl-1-thio-β-D-galactopyranoside (TDG); (b) E.
coli sucrose permease CscB; (c) E. coli raffinose permease RafB; (d) B. megaterium fructose
permease FruP.
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Figure 3.
Predicted structure of human FLJ20160 protein transmembrane domains threaded into LacY
structure. (a) Organization of transmembrane helices with cytoplasmic side at the top.
Connecting loops, and N and C termini are removed. Transmembrane helices are depicted as
ribbons colored from blue (helix I) to red (helix XII). Conserved Gly residues in helices I and
V are shown as yellow spheres. Conserved Gly residues on the extracellular surface between
the N and C-terminal six-helix bundles are shown as pink spheres. Conserved aromatic residues
facing hydrophilic cavity are shown as grey spheres. (b) Positions of residues that may be
involved in sugar binding and/or H+ translocation viewed from the cytoplasmic side of the
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hydrophilic cavity. Amino acid residues with possible importance for sugar binding (green) or
H+ translocation (cyan) are shown as sticks.
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Figure 4.
Insertion of human FLJ20160 protein into membranes of E. coli or P. pastoris. Membrane
fractions were separated from cytoplasm by centrifugation and samples containing 200 μg (a)
or 50 μg (b) of protein were subjected to SDS/polyacrylamide gel (12%) electrophoresis. The
gel was electroblotted to PVDF membrane and probed with HRP-conjugated antibody directed
against His-tag. Molecular weight ladder is shown in kDa. (a) Membrane (lane 1) or cytoplasm
(lane 2) fractions isolated from control untransformed E. coli XL1-Blue cells. Membrane (lane
3) or cytoplasm (lane 4) fractions isolated from E. coli XL1-Blue cells harboring pSP72 plasmid
encoding human FLJ20160 protein. Purified LacY/His10 (0.2 μg; lane 5) is shown for
comparison. (b) Membrane fractions isolated from different P. pastoris strains harboring
pPICZ-A plasmid encoding human FLJ20160 protein after induction with methanol. KM71H
(lane 1), X-33 (lane 2), and GS115 (lane 3).
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Table 2

Selected sequence alignment around regions essential for substrate binding and proton translocation for 40
eukaryotic and prokaryotic sugar MFS transporters similar to LacY
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