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ABSTRACT: X-ray crystal structures have revealed that numerous secondary transporter proteins originally
categorized into different sequence families share similar structures, namely, the LeuT fold. The core of this
fold consists of two units of five transmembrane helices, whose conformations have been proposed to
exchange to form the two alternate states required for transport. That these two units are related implies that
LeuT-like transporters evolved from gene-duplication and fusion events. Thus, the origins of this structural
repeat may be relevant to the evolution of transport function. However, the lack of significant sequence
similarity requires sensitive sequence search methods for analyzing their evolution. To this end, we developed
a software application called AlignMe, which can use various types of input information, such as residue
hydrophobicity, to perform pairwise alignments of sequences and/or of hydropathy profiles of (membrane)
proteins. We used AlignMe to analyze the evolutionary relationships between repeats of the LeuT fold. In
addition, we identified proteins from the so-called DedA family that potentially share a common ancestor
with these repeats. DedA domains have been implicated in, e.g., selenite uptake; they are found widely
distributed across all kingdoms of life; two or more DedA domains are typically found per genome, and some
may adopt dual topologies. These results suggest that DedA proteins existed in ancient organisms and may
function as dimers, as required for a would-be ancestor of the LeuT fold. In conclusion, we provide novel
insights into the evolution of this important structural motif and thus potentially into the alternating-access

mechanism of transport itself.

Secondary transporters, present in all biological cells, use the
free energy stored in ion concentration gradients to drive the
transport of substrates across membranes (/, 2). In the past
several years there have been significant strides made in the
determination of X-ray crystallographic structures of secondary
transporters (3, 4). Interestingly, the structural data have revealed
that some transporters previously assigned to different sequence
families nevertheless share a similar 3D architecture. One such
group of structures so far includes seven different proteins,
originating from five different sequence families, namely, AdiC
and ApcT from the amino acid/polyamine/organocation
(APC)" transporter family (5, 6); BetP and CaiT from the betaine/
carnitine/choline transporter (BCCT) family (7, 8); Mhpl from
the nucleobase:cation symporter-1 (NCS1) family (9); LeuT, a
bacterial homologue of the neurotransmitter:sodium symporters
(NSS) (10); and vSGLT from the solute:sodium symporter (SSS)
family (/7). These proteins share a common structural core
consisting of two sets of five transmembrane (TM) helices, often
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called a 5STM repeat (Figure 1). Together, these repeated STM
units are interwoven to form a 10TM helix subdomain (Figure 2A)
whose structure we refer to as the LeuT fold, since this was the
first of the structures to be determined. Alongside this core [0TM
helix structural unit, most of the transporters contain additional
peripheral TM helices, either at the carboxy- (C-) terminal end, at
the amino- (N-) terminal end, or both (Figure 1).

The 5STM helix segments within these transporters are related
by a pseudo-2-fold axis of symmetry that runs along the plane of
the membrane, and their structures superimpose relatively well
(the root-mean-squared difference in the positions of the Ca
atoms is ~3—5 A; Figure 2B). We have previously shown that the
alternate conformations of LeuT-fold transporters required for
transport can be modeled by threading the sequence of one of the
repeat units onto the structure of the other, and vice versa (12, 13).
The conformational change thus predicted is consistent with that
recently described for Mhpl based on crystal structures of
inward- and outward-facing states (9). Together, these findings
demonstrate that the STM inverted-topology repeats play a central
role in the alternating-access mechanism of transport, by allow-
ing the protein to adopt two symmetry-related states. Further-
more, the conservation of this fold over a large number of
transporters and transporter families suggests that they all share a
common mechanism that involves these structural repeats.

Given the structural similarity of the STM repeat units
(Figure 2B), it seems a reasonable assumption that the LeuT-like
structural fold evolved from ancient internal gene-duplication and
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F1GURE 1: Schematics of the TM topologies of the LeuT fold in (A)
LeuT, (B) BetP, and (C) comparing all known structures. These
transporters share the core architecture of LeuT-like secondary
transporters, consisting of a STM helix inverted-topology repeat
(blue and red). Peripheral TM helices, the amphipathic helix h7 of
BetP, and itsanaloguein LeuT are colored gray. The first loop of each
repeat, i.e., loops Al and B1, is labeled. In BetP, the long cytoplasmic
C-terminal helix is colored yellow. Substrates and ions are indicated
using green triangles and circles, respectively.

fusion events (/4), probably involving a dual-topology inter-
mediate (/5—19). Numerous other membrane proteins, e.g., in
the major facilitator superfamily (MFS) of transporters (20, 21)
or aquaporins (22), contain two such structurally related do-
mains, which can even contain conserved sequence motifs,
providing clear examples of evolutionary gene-duplication and
fusion events (23, 24). Furthermore, it has been shown that genes
coding for proteins of the DUF606 family exist as singletons, as
gene pairs, and as two-gene fusions, demonstrating that two
homologous membrane protein domains may indeed fuse to
form larger proteins (15, 18).

In the case of the LeuT fold, the gene-duplication event(s)
would have required the presence of one or more proteins with
five TM helices that presumably shared a similar three-dimen-
sional structure with the individual repeat units in the LeuT fold.
Moreover, these STM proteins may have functioned as homo- or
heterodimers, either as transporters or in some other functional
role. Potentially, the descendants of such single-unit proteins still
exist, in which case they should provide important insights into
the evolutionary origins of the inverted-topology repeat motif
that appears to be so fundamental to transporter function in this
family. Unfortunately, however, identification of putative STM
proteins related to the LeuT-like transporters is very challenging,
given the fact that sequence relationships between these proteins
have been difficult to identify (2, 25, 26). Moreover, even within a
given transporter no significant sequence similarity is found
between the two inverted repeat units (7, 12). Thus, standard

Biochemistry, Vol. 49, No. 50, 2010 10703

FIGURE 2: Atomic structure of the LeuT fold and its two 5TM helix
structural repeats. (A) The X-ray structure of LeuT viewed from the
membrane plane. Coloring is as described in the legend for Figure 1.
(B) The two STM repeat units of LeuT superimposed using SKA (57).
Loops have been omitted for clarity.

sequence search tools such as PSI-BLAST (27) are unlikely to be
able to identify such remote relationships.

In the case of membrane proteins it has been shown that
hydropathy profiles (28), i.e., one-dimensional representations
of the hydrophobicity of the underlying amino acid sequence,
provide a simple fingerprint of the TM topology of the protein
(29). Such profiles are relatively tolerant to mutations because
different amino acids can have similar hydrophobicity values and
because they are typically constructed by averaging over a sliding
window along the sequence (30, 3/). Thus, in the case of low
sequence similarity, comparison of a-helical membrane protein
sequences by alignment of amino acid hydrophobicity values can
be more accurate than by alignment based on sequence alone
(30—32). In addition, the output profile alignments can be readily
interpreted and compared in graphical form to identify analo-
gous structural features.

Here, we use hydropathy profile alignments, implemented in a
new program, called AlignMe, to investigate the evolution of the
LeuT fold. After assessing the quality of the alignments, we use
the methodology to compare the repeats of known structure
within and between transporters and to search for a STM protein
that might share a common ancestor of those repeats. We show
how one candidate protein family, the DedA proteins, shares
many similarities with the LeuT repeats and has a broad sequence
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distribution, suggesting that DedA domains may have under-
gone gene-duplication and fusion events that resulted in the
LeuT fold.

EXPERIMENTAL PROCEDURES

Hydropathy Profile Alignments. Alignments of hydropa-
thy profiles were calculated using our new program AlignMe
(Alignment of Membrane proteins), which is available for down-
load and as a server at http://www.forrestlab.org/AlignMe.
Hydropathy profiles were constructed using one of two well-
known hydrophobicity scales, namely, from Wimley and White
(WW (33)) and from Hessa, White, and von Heijne (HWvH (34)).
The method for aligning profiles is based on that of Lolkema and
Slotboom (31), i.e., a Needleman—Wunsch dynamic program-
ming algorithm, but with several modifications from their imple-
mentation. First, when introducing gaps, we distinguish between
different regions of the profile (see below) and carry out auto-
mated optimization of the relevant gap penalties using a test search
procedure. Second, profiles are averaged using a triangular sliding
window 15 residues in length, rather than a rectangular window, so
as to retain more of the detail in the profiles, as inspired by ref 35.
And finally, scoring of the alignments during searches was designed
to penalize the introduction of gaps, as described below.

When considering whether to introduce gaps in the align-
ments, we attempt to disfavor gaps in the hydrophobic regions of
the sequences (typically corresponding to TM helices) and, anal-
ogously, to favor gaps in hydrophilic regions (which correspond
to loops). Specifically, the penalties for opening or extending
a gap at any given position are selected based on whether the
hydrophobicity value of the preceding “nongap” position is
above or below a given hydrophobicity threshold (0 or —0.5
for the WW or HWvVH scales, respectively). In addition, to main-
tain the compactness of the hydropathy profiles, terminal gaps
were treated as distinct from “internal” gaps. For sequence align-
ment based on similarity matrices, it is common practice to not
penalize terminal gaps at all, i.e., using a zero gap insertion
penalty (36—38). However, when aligning hydropathy profiles,
using zero for the terminal gap penalty causes both profiles to be
aligned against terminal gaps, because the optimal value of any
cell in the dynamic programming matrix (i.e., the difference
between two identical hydrophobicity values) is also zero. At the
other extreme, if the penalty for introducing terminal gaps is
exactly the same as for “internal” gaps, then it becomes difficult
to align sequences of very different lengths. In such cases, the
hydrophobic peaks of the shorter sequence become distributed
along the length of the longer sequence, resulting in long
insertions between, or even within, TM helices. Thus, we use
smaller values for penalizing terminal gaps than internal gaps for
such cases. In total, we used five different gap penalties: for
terminal gaps (p™); for opening gaps in hydrophobic (p/¥) and
hydrophilic regions (p); and for extending gaps in hydrophobic

#7) and hydrophilic regions (p).

Optimization of Gap Penalties Used in the Search for
5TM Proteins. In order to identify the best combination of gap
penalties for our STM protein search, we first made the assump-
tion that the ideal gap penalties are those that rank hydropathy
profile alignments of STM repeats of known structure (e.g.,
repeats of BetP or LeuT) high among alignments with many
“random” membrane proteins (decoys). Thus, ten sequences
corresponding to STM repeats of known-structure transporters
(two repeats of five transporters) were added to the data set of 210
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sequences from a single bacterium (Corynebacterium glutamicum),
which had been prefiltered on the basis of their hydrophobicity
and length (see below). The final set contains 220 sequences.

All five gap penalties in our search (see above) were allowed to
change in the range (0.5—2.5 with a step size of 0.5 (in units of
hydropathy), except for p*, which had a maximum value of 1.5,
and pﬁ", which had a maximum of 3.0. In addition, we also
imposed the following conditions: p™ < pl/ < pl/ < pl¥ < p.

All ten 5STM repeat sequences were converted to hydropathy
profiles, and each was then used as a query, i.c., aligned against
the hydropathy profile of every sequence in the augmented C.
glutamicum sequence data set, using all allowed combinations of
gap penalties. Results for each query and each gap penalty com-
bination were sorted on the basis of their gap-dependent profile
difference scores, GPDS (see below). We identified the ranks of
the ten known sequences within this list and summed these ten
ranks in order to obtain a measure (or score) of the accuracy of
each gap penalty combination for a given query sequence. Thus, a
smaller “sum of ranks” reflects that a specific gap penalty com-
bination gives good alignments of the ten known sequences to
that query. To account for the fact that we used multiple queries,
the different gap penalty combinations were then sorted accord-
ing to those “sums of ranks”, and the combination with the small-
est total rank over all ten queries was selected as the optimal
combination. This second step of reranking for all queries helps
to minimize the influence of large differences between repeats and
instead favors gap penalty combinations that are more generally
useful. The gap penalties with the best ranking over all queries are
P =pd = pl = pl =10, pi =2.5.

Scoring of Hydropathy Profile Alignments. Two schemes
were used for scoring the hydropathy profiles. The profile
difference score (PDS) used by Lolkema and Slotboom (3/) is
defined as the root-mean-squared difference between the hydro-
phobicity values at aligned positions in the two hydropathy
profiles, while the gap-dependent profile difference score (GPDS)
is defined as the last element of the corresponding dynamic-
programming matrix (which comprises the differences in aligned
hydrophobicity values and the gap penalties used in that align-
ment) divided by the number of aligned (nongap) positions.
Thus, GPDS explicitly takes into account the sum of the penalties
due to all introduced gaps. One potential problem with the latter
scheme is that it will penalize alignments in which the sequences
differ significantly in length, even if the hydropathy profiles in the
aligned region are very similar. On the other hand, GPDS is less
likely than PDS to find false positives in which the hit contains
more hydrophobic peaks than the query, because PDS matches
peaks optimally and does not penalize insertion of long gaps.
Thus, PDS is more suitable for assessing the absolute similarity
between two profiles, while GPDS is more suitable for identifying
relationships even in sequences of very different lengths.

Search for the Evolutionary Ancestors of 5STM Inverted
Repeats in the LeuT Fold. Five full-length sequences of trans-
porters of known structure (one per family) were selected as
queries for the search for putative STM proteins: arginine:
agmatine antiporter AdiC (PDB identifier 3HQK (9)), glycine
betaine:sodium symporter BetP (2WIT (7)), amino acid:sodium
symporter LeuT (2A65 (10)), benzylhydantoin:sodium symporter
Mhpl (2JLN (39)), and sodium:galactose symporter vSGLT
(3DH4 (11)). The sequences of the ten repeat units (two per
protein) were prepared in such a way that they include the
characteristic STM helices plus a few (typically three to five)
residues either end, ensuring that the corresponding hydropathy
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profile starts and ends with values below the hydrophobicity
threshold, where possible.

We searched for a STM helix homologue of the STM repeat
units in the genomes of 20 bacteria from a range of phyla, using
one representative per phylum, which were obtained from the
NCBI in February 2010. These bacteria are Acetobacter pasteur-
ianus, Acholeplasma laidlawii, Acidimicrobium ferrooxidans, Acid-
obacterium capsulatum, Acinetobacter baumannii, Anabaena
variabilis, Anaeromyxobacter dehalognans, Arcobacter butzleri,
Aromatoleum aromaticum, Bacteroides fragilis, Borrelia afzelii,
Candidatus protochlamydia, Chloroflexus aggregans, Corynebac-
terium glutamicum, Deinococcus deserti, Escherichia coli, Fervi-
dobacterium nodosum, Hydrogenobaculum sp. YO4AAS1, Lepto-
trichia buccalis, and Rhodopirellula baltica. We chose not to scan
all available bacterial genomes in order to reduce the redundancy
in the results and to minimize the computational cost. Since
sequences of STM proteins are expected to fall within a certain
length range, we excluded sequences shorter than 140 or longer
than 320 amino acid residues, reducing the data set from 63420 to
24077 sequences. In addition, protein sequences were only
included in the search if at least 20 positions in the window-
averaged hydropathy profile were located in the hydrophobic
region. In total there were 11987 protein sequences in the final
data set.

Hydropathy profiles based on the HWvH hydrophobicity
scale were generated for every sequence in the data set, and each
was then aligned against the HWVH profiles of the ten query
sequences using AlignMe. Thus, we calculated 119870 alignments
in total (ten repeat units x 11987 sequences), which were then
ranked according to their GPDS values.

Constructing Family-Averaged Hydropathy Profiles.
Homologues of sequences of interest were collected from PSI-
BLAST searches (27, 40) of the National Center for Biotechnol-
ogy Information (NCBI) nonredundant database from January
2010. Five PSI-BLAST iterations were run, with a next-round
cutoff of 0.005, a final E-value cutoff of 107%, and retaining 2500
hits. Sequences containing nonstandard amino acid types were
removed. To exclude incomplete sequences (fragments) and
sequences possessing atypically long terminal domains or inser-
tions, the PSI-BLAST hits were filtered so that their length was in
the range u + o, where u is the mean length of all the hits and o is
the standard deviation thereof.

Multiple-sequence alignments of homologues were con-
structed from the filtered set of PSI-BLAST results using
MUSCLE with default settings (4/). MUSCLE was previously
shown to compare favorably with other commonly used multi-
ple-sequence alignment algorithms for membrane proteins of
>40% sequence similarity (42). Positions (i.e., columns) in the
resultant multiple-sequence alignment in which >50% of the
sequences contained a gap were excluded from the family-
averaged profiles.

Gap penalty values for aligning family-averaged profiles were
based on those optimized for the search procedure, but adjusted
depending on the specific goal. For aligning family-averaged
profiles of entire LeuT-fold sequences, we needed to allow for
terminal gaps, which occur frequently in alignments of sequences
with significant variations in length, or with different organiza-
tion of the TM helices, as in LeuT transporters (Figure 1). The
gap penalty values used in that case were p" = 0.25, pl/ = pl¥ =
1.0, p/ = 0.85, and p'” = 2.5. For aligning family-averaged
profiles of individual 5STM repeats with one another, where the
lengths are similar, alignments in good agreement with known

Biochemistry, Vol. 49, No. 50, 2010 10705

A 1.0

0.8 o 10%
O 50%

06 1 90%

04

0.2

0.0 T T
2

Frequency
1Sv1d

1.0
0.8
0.6 1
0.4 1 —

21 o 01l

0.0 T T T I

Frequency
HAMH

N

1.0
0.8 1
0.6 1
0.4 1
0.2 1
0.0 -

MM

Frequency

0 1 2 3 4 5
Number of matched helices

FIGURE 3: Number of TM helices correctly matched in 45 alignments
of STM repeat units from transporters with the LeuT fold. Three
different cutoffs are shown as measures of a “correct” alignment,
namely, 10% (black), 50% (gray), or 90% (white) of the TM residues
matched with residues in the equivalent TM domain. (A) Sequence
alignments generated using BLAST. (B, C) Hydropathy profile
alignments generated using AlignMe with either (B) HWvH or (C)
WW hydrophobicity scales.

structural relationships were obtained using the following penal-
ties: p" = pl = p = 1.0, p// = 0.9, and p/¥ = 2.5.

Other Analysis. TM helix predictions were performed using
the TMHMM (43), HMMTOP (44) and OCTOPUS (45) web
servers. Alignments with HMAP were created using all default
parameters (46). Ends of TM domains of known structures were
defined using the “Orientation of Proteins in Membranes”

database (47), with slight modifications.

RESULTS

Comparison of AlignMe Hydropathy Profile Alignments
with BLAST. We used AlignMe to align hydropathy profiles of
all ten known 5TM repeat sequences against one another (see
Experimental Procedures) and compared the extent to which
individual TM helices were matched in each of those 45 align-
ments. A “correct” match was defined at three levels; i.e., 10%,
50%, or 90% of the residues in the membrane-spanning segment
align against residues in the equivalent TM segment. Using
BLAST, very few of the TM helices were correctly matched
in those 45 alignments (Figure 3A), consistent with the fact that
the expectation values of the alignments were high (mean = 1.58
and best = 2 x 107%). By contrast, hydropathy alignments
generated using the HWVH scale correctly match all five helices
in 73% of the alignments, and either four or five helices in 93% of
the alignments, when defining a match as 50% of the residues
being aligned (Figure 3B). Similar results were found with the
WW scale (Figure 3C). These results suggest that the hydro-
pathy-based alignments are suitable for identifying equivalent
helical regions in a five TM helix protein sharing a common
ancestor.

Comparison of AlignMe Family-Averaged Hydropathy
Profiles with HM A P. Alignments using family-averaged pro-
files require the construction of a multiple-sequence alignment of
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FIGURE 4: Number of core TM helices correctly matched in 10 align-
ments of LeuT-fold transporter protein sequences. Three different
cutoffs are shown as measures of a “correct” alignment, namely, 10%
(black), 50% (gray), or 90% (white) of the TM residues matched with
residues in the equivalent TM domain. (A) Sequence alignments
generated using HMAP. (B, C) Family-averaged hydropathy profile
alignments generated using AlignMe with either (B) HWvH or (C)
WW hydrophobicity scales.

homologues and averaging of the hydrophobicity values at each
position. Such alignments are generally more accurate than
alignments using profiles of individual proteins and are particu-
larly useful for comparing membrane protein sequences believed
to have similar structures. To test the accuracy of family-
averaged profile alignments generated using AlignMe, we created
alignments of all five full-length LeuT-fold sequences with one
another (Supporting Information Figure S1). These alignments
were compared with alignments generated with HMAP, which
combines information from several sources, including secondary
structure, homologous sequences, and, where possible, related
structures; HMAP was previously found to be more accurate for
aligning membrane protein sequences than all other methods
tested (42), similar to its performance on water-soluble pro-
teins (46). As shown in Figure 4, the AlignMe family-averaged
hydropathy alignments are as good as, or even slightly better
than, those generated with HMAP, depending on the hydro-
phobicity scale used. Therefore, family-based hydropathy profile
alignment is a simple but accurate method for comparing
membrane proteins of similar structure that lack significant
sequence similarity.

Comparison of 5STM Repeats to One Another. We used
family-averaged profile alignments to study the evolution of the
5TM repeats by comparing them within and across transporter
families (Table 1). The mean PDS of alignments between the first
repeat units of a given transporter family with other first repeat
units (R1—R1), or alignments of second repeat units with other
second repeat units (R2—R2), was higher for R2—R2 than for
RI—RI1 (Table la), suggesting that there is less variation in the
first half of the fold than in the second half, over all the families.
These scores were slightly lower than for alignments between first
and second repeat units (RI—R2, Table 1b), particularly for
alignments between R1 and R2 of the same family (Table 1b,
diagonal). This suggests that the evolutionary distance between
the duplicated domains is greater than between repeats in the
same region of the sequence of different families, implying that all
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Table 1: Scores of Family-Averaged STM Repeat Profile—Profile Align-
ments?

(a) Repeat Units in Same Position (RI—R1 or R2—R2)

R2/R1 APC BCCT NCSI NSS SSS  mean RI-RI
APC 0.178  0.139 0.164 0.194
BCCT 0.251 0.181  0.229 0.193
NCS1 0.088  0.221 0.147 0206 0.18440.027
NSS 0.207  0.187  0.268 0.213
SSS 0.185 0.251  0.200 0.235
mean R2—R2 0.209 £0.048 0.197 £ 0.042

(b) Repeat Units of Different Positions (R1—R2)

R2/R1 APC BCCT NCSI NSS SSS
APC 0.176  0.247 0.168 0.191 0.253
BCCT 0.193 0254 0.173  0.251 0.218
NCSI 0.204 0215 0.280 0.226 0.306
NSS 0.191 0211  0.201 0.243 0.243
SSS 0.179 0245 0.247 0.237 0.250

0.22440.035
(0.241 £ 0.039)

mean (diagonal)

“PDS values are reported for family-averaged profile—profile align-
ments between STM repeat units of all transporters with the LeuT fold. (a)
Comparison of repeats in the same position in the sequence, i.e., repeat 1 of
one family (R1) against R1 of a different family in the top right quadrant
and repeat 2 (R2) against R2 of a different family in the lower left quadrant.
Mean values over each quadrant are shown, as is the mean over all values
(bold). (b) Comparison between repeats in different positions in the
sequence, i.e., R1 (columns) against R2 (rows). The mean includes all
R1—R2 alignments. The diagonal contains scores of alignments of R1
against R2 of the same family (bold) and the average thereof (in
parentheses); the top right quadrant contains alignments of, e.g., R1 of
the BCCT family against R2 in the APC family, and the lower left quadrant
contains alignments of, e.g., R1 of the APC family against R2 of the BCCT
family.

the transporter families evolved from the same ancestral fused
transporter and that there was a single duplication event.

Interestingly, the PDS of the R1—R2 alignment for the APC
superfamily is lower than for the other transporter families
(Table 1b). In addition, the first STM repeat unit in the APC
transporters is more similar to R1 of other families (mean PDS =
0.168 +0.023) than the BCCT, NCS, NSS, and SSS family repeat
units 1 are to one another (mean PDS = 0.195 & 0.029). This is
also true for the second repeat (mean PDS of 0.183 £ 0.069
and 0.227 £ 0.031, respectively). However, we note that NCS1
transporters also have a small evolutionary distance to other
transporters, at least for repeat unit 1 (mean PDS of 0.168 +
0.031), although less so for repeat unit 2 (0.194 £ 0.076). One
possible interpretation of these data is that the APC repeat units
have evolved the least from one another and from other families,
and therefore APC proteins may be the most ancient of the
transporters; i.e., they arose soonest after the gene-duplication
event.

Taken together, the alignments of the LeuT-fold repeats with
one another suggest that gene-duplication and fusion events
occurred only once to form a larger transporter protein, possibly
of the APC superfamily, before the specific mutations that led to
the other LeuT-fold transporter families.

Properties of 5TM Repeat Profiles. Alignments of family-
averaged profiles of the STM repeats reveal the defining
(constant) and variable features of the LeuT fold (Figure 5).
The most conserved features are the well-defined hydrophobic
peaks for TMs 2, 4, and 5 and the similar lengths of the TM4—5
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FIGURE 5: Family-averaged hydropathy profile alignments of the
individual repeats of each representative LeuT-fold transporter
against one another, i.e., repeat unit 1, R1 (black), against repeat
unit 2, R2 (red), for the APC (A), BCCT (B), NCS1 (C), NSS (D), and
SSS (E) families. The HWvVH hydrophobicity scale was used here.
The approximate positions of the five TM helices and loop A1/B1 are
marked above the plots. Gray horizontal lines in this and all other
hydropathy profile plots represent the threshold above which a
position is defined as membrane-spanning for assignment of gap
penalties (see Experimental Procedures). Gaps in the alignments are
shown as bars underneath the profiles, in corresponding colors.

loops. The first and third TM helices of each repeat tend to have
less well defined peaks, reflecting the presence of polar residues
involved in substrate binding (5—17). The variability in these
helices across families reflects the differences in specificity at
those binding sites. The third hydrophobic peak is typically very
broad, due to the long, highly tilted structure of TM3 (10).
Preceding TM3 is a loop, L1, whose length is conserved but
whose hydrophobicity varies (e.g., Figure 5D); this region typic-
ally contains a short amphipathic helix (Figure 1), and the loop is
known to be critical for function in, e.g., the NSS family (48, 49).
Variability is found in the lengths of the loops between TMs 1 and
2 and TMs 3 and 4, although eight out of those ten insertions
occur in R2 rather than in R1 (Figure 5), consistent with our
observation that the first half of the fold is more conserved than
the second (Table 1a).

Screening 5STM Repeat Units from LeuT-Fold Trans-
porters against Bacterial Membrane Proteomes. In an
attempt to find STM proteins that may share a common ancestor
with the individual LeuT-fold repeat units, we screened the
hydropathy profile of each of the ten STM repeat units against
the profiles of a filtered set of protein sequences from the genomes
of 20 different bacteria (see Experimental Procedures). All seq-
uences in the top five hits for any one of the ten queries were
sorted according to the sum of their ten rankings (Table 2). We
then analyzed the ten highest ranked of those hits in detail,
considering their profile alignments as well as the number of
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predicted TM helices. For reference, 28 out of 30 TM predictions
for the ten known LeuT repeat sequences (i.e., using three pre-
dictors on ten sequences) say they would contain five TM helices.
(The exception is the first helix of VSGLT R1, which is not
identified by TMHMM or HMMTOP.) Thus, we expect a pro-
tein related to the LeuT repeat ancestor should also be predicted
to contain five TM helices.

Hits (1) and (4) are both electron transport subunits of
NADH:ferredoxin oxidoreductase from the RNF-NQR super-
family. TM helix predictions indicate that these proteins contain
six TM helices (Table 2). Analysis of the corresponding hydro-
pathy profile alignments reveals why 6TM helix proteins rank so
high in a search for STM proteins. Specifically, a small amphi-
pathic helix in loop A1 or Bl of the LeuT repeats can sometimes
align to one of the membrane-spanning helices of the search hit.
For example, in the alignment of hit (1) to the first repeat of BetP
(Figure 6A), against which this hit was ranked highest, the third
hydrophobic peak of the hit, which is large enough to span the
membrane, is aligned against the small hydrophobic peak in BetP
corresponding to loop Al (Figure 1). Similar results are found for
hit (6), a CDP-diacylglycerol—glycerol-3-phosphate 3-phospha-
tidyltransferase, for which a distinct (likely membrane-spanning)
hydrophobic peak is aligned against the cytoplasmic loop Bl in
BetP (Figure 6E). Thus, hits (1), (4), and (6) probably correspond
to false positives.

Other hits that can be ruled out are as follows: hit (3), a
putative BioY protein from the BioY biotin transporter super-
family; hit (5), an intracellular cell-division protein from the IspA
superfamily; and hit (9), a multiple-antibiotic resistance protein
MarC. For these three hits, the third of the six predicted TM
segments has no equivalent in the aligned repeat profile
(Figure 6C,D,H). Hit (7), a chromate transporter, belongs the
CHR family, which is known to contain six TM segments (50);
the fourth peak in its profile is aligned to a gap in the
corresponding repeat of Mhpl (Figure 6F). Finally, hit (8) is a
LytS histidine kinase that can be excluded since it also likely
contains six TM segments (Table 2) and since its profile lacks
several of the conserved features of the STM repeat (Figure 6G;
cf. Figure 5).

Hits (2), gi 258542235, and (10), gi 62389739, are sequences
belonging to the DedA family of proteins, which are often also
annotated as SNARE-associated proteins. TM helix predictions
indicate that these hits are very likely to contain five TM helices.
In addition, an alignment of gi 258542235 with the second repeat
unit of BetP shows a strong similarity between their hydropathy
profiles (Figure 6B). The DedA proteins are analyzed in more
detail below.

Screening Family-Averaged Hydropathy Profiles of
5STM Repeat Units against Bacterial Membrane Proteomes.
In the previous search the queries were hydropathy profiles of
5TM repeats. Here, we repeated the search but employing family-
averaged profiles as queries to provide additional confidence in
the results. As before, all sequences in the top five hits for any one
of the ten queries are shown (Supporting Information Table S1),
and the top ten of these were analyzed in detail.

The top hit in this search (1') is a nucleoside recognition
domain belonging to the Gate superfamily. The predictions for
this protein favor five TM helices, and the family-averaged pro-
file alignment shows reasonable matching between hydrophobic
peaks, except for the first (Figure 61). Similar results were found
for hit (9'), a CapC capsule biosynthesis protein (Figure 6J). These
proteins will be analyzed further below.
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Table 2: Ranking of Bacterial Proteins Homologous to the LeuT-Fold Transporter Repeats, Identified Using Hydropathy Profile Alignments®

AdiC BetP LeuT Mhpl vSGLT

gi R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 ™
56476885 70 7 3 62 105 13 182 50 23 86 6
258542235 43 49 87 5 452 75 54 96 13 122 5
226356960 148 4 79 161 268 31 148 111 34 215 6
56478216 105 46 33 56 264 1 218 87 244 301 6
56479150 495 3 37 7 8 7 256 376 353 77 6
213155757 420 2 113 1 65 205 405 523 276 1 5-4-6
257126086 164 112 20 432 883 24 167 3 69 169 4-5-5
154249937 341 31 72 81 414 2 289 108 97 639 4-6-6
256371651 306 1 6 628 259 23 401 76 258 119 6
62389739 440 44 2 74 248 106 352 606 196 54 4-5-5
157737779 16 76 141 2 1198 155 99 225 17 413 5
219847375 365 155 1 369 682 3 582 77 88 87 6
220918164 74 324 202 188 892 223 77 2 141 286 5
32471233 10 41 198 64 1395 46 1 12 3 998 5
213157931 720 21 29 18 3 85 604 432 626 263 6
219847566 919 110 209 48 5 138 498 300 755 8 6
225872752 614 24 4 278 518 100 680 192 609 62 4-4-6
32471617 754 17 78 43 26 4 727 1052 468 3 6
154249537 549 605 41 160 152 183 581 710 974 2 6
46447431 3 1351 642 169 1546 132 96 446 81 405 4
32473095 586 270 5 46 1387 200 551 1336 416 255 3-3-5
75908489 5 127 731 110 2460 275 10 91 19 1695 4
53714603 552 1042 636 873 753 283 132 4 270 1139 5
225873264 1097 50 470 4 845 568 1001 457 1092 106 1
226354834 432 726 175 790 1939 41 767 5 642 146 4-5-7
46445933 559 107 390 15 2 276 252 2342 1078 791 6
62391494 769 5 138 345 1506 609 1741 243 501 201 5-6-6
226355900 408 1197 656 358 1452 191 107 1 278 1539 3-4-5
32473229 911 379 1104 3 486 1065 453 1036 575 190 5
219850286 54 287 191 164 3363 1049 305 133 5 1315 4-4-5
56477184 4 1076 569 714 1606 184 42 246 39 2926 4
213155834 19 1127 281 384 2547 452 85 185 2 2499 5
56477783 1014 787 584 1041 4 300 783 1014 953 1392 7
258542195 2 1295 454 121 3452 1173 149 545 7 1704 4-4-5
75908265 93 1208 299 577 2558 833 12 206 4 3148 5
219849097 35 2315 1308 532 2311 458 3 119 63 1939 4-5-4
226357011 1607 1511 156 1729 354 177 1141 654 2206 5 4-5-5
56475758 932 2529 629 393 2376 5 750 436 2226 382 3
53715382 31 2161 1781 316 3079 631 2 128 131 2808 4-4-5
213155583 1 859 2673 755 3143 1039 5 62 1 2989 3-5-4
75910419 2238 1350 567 1820 176 1136 1273 1061 2793 4 8
213158575 1820 1266 1696 2001 1 1521 1582 3605 1984 909 5-5-6
154250204 145 3869 3035 390 5256 2190 4 17 51 488 4-5-6

“Reference gi numbers (first column) of protein sequences identified using the hydropathy profile search. Each sequence was found within the top five hits
for at least one of the ten STM repeat queries. R1 and R2 refer to repeat units 1 and 2, respectively, of the transporter whose name is indicated above. Numbers
in columns 2—11 correspond to the rank, out of 11987, of the GPDS alignment score for that sequence when aligned against the indicated transporter repeat
using the HWVH hydrophobicity scale. Results are sorted according to the sum of all ten rankings for each sequence hit (i.c., all values in that row). The last
column contains the predicted number of TM helices, according to TMHMM, HMMTOP, and OCTOPUS (X-Y-Z, respectively; when all programs predicted
the same number of TM helices, only one number is shown). Entries in bold font belong to the DedA family.

Among the top ten hits there were three sequences (hits 2/, 3/,
and 4') that correspond to CDP-diacylglycerol—glycerol-3-phos-
phate 3-phosphatidyltransferases, which were excluded from the
previous search (see above). Several of the remaining hits from
this second search have a low probability of containing five TM
helices (Supporting Information Table S1); these include hit (6"),
a protein of unknown function, as well as two proteins from the
RNF-NQR superfamily (hits 5" and 8'), which are related to hits
that were excluded from the previous search results ((1) and (4);
see above).

Finally, two of the top ten hits, i.e., (7') gi 62389739 and (10') gi
258542235 are DedA proteins, which also ranked high in the
previous search.

Number and Distribution of Best Hits. Three hits from the
two searches were predicted to contain five TM helices and had
profiles that matched well with those of known repeats. For these
DedA, Gate, and CapC proteins, we explored the diversity and
distribution of their homologues using PSI-BLAST searches.

For the CapC protein (gi 32471233) only 34 homologous
proteins were identified after five iterations of PSI-BLAST, and
these are limited to bacteria. Similarly, for the Gate nucleoside
recognition domain (gi 220919305), PSI-BLAST identified <300
related sequences, around half of which are fused to SpmA
domains. By contrast, a PSI-BLAST search with the DedA
sequence gi 258542235 returned 3225 sequences of DedA domain-
containing proteins. The existence of such a large number of
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related proteins suggests that DedA domains belong to an
ancient family. Moreover, sequences of DedA domains are found
in genomes from all kingdoms of life, from bacteria to humans,
and are often found in duplicate or triplicate (see below). Thus,
there is a strong possibility that larger proteins evolved from a
DedA-like protein, making this the most promising candidate for
sharing a common ancestor to the LeuT-fold repeat.

Ranking of DedA Domains Compared to the Ranking of
LeuT Repeats. To further assess the significance of the simi-
larity between DedA domains and the LeuT repeats, we com-
pared the ranks of the alignments between the hydropathy pro-
files of DedA and the STM queries against the ranks of align-
ments between pairs of STM repeat units. Specifically, we doped
the filtered C. glutamicum genome with the sequences of the ten

S5TM repeat units (as used for gap penalty optimization; see
Experimental Procedures). We then screened each of the ten STM
repeat hydropathy profiles against this set, using both WW and
HWvH hydrophobicity scales. The results were sorted according
to the sum of the ranks for all ten searches (Table 3). The ten
sequences of known structure have high rankings: they are dis-
tributed among the first 17 hits (out of 220) and occupy the first
five positions. This is expected since the gap-penalty optimization
was designed to minimize the sum of their ranks. The lowest
ranking of the ten repeats (at position 17) is LeuT R1, which
contains a relatively long insertion between TMs 3 and 4,
emphasizing how specific differences between the repeats can
make their similarities difficult to detect, even with this sensitive
approach. Importantly, however, the sequence gi 19552076, a
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Table 3: Highest Ranking Sequences in a Search of 5STM Repeats against
the Membrane Proteome of C. glutamicum Doped with the Same 5STM
Sequences”

final rank sequence final rank sequence
1 AdiC R1 13 Mhpl R1
2 BetP R1 14 Mhpl R2
3 BetP R2 15 gi 19552684
4 LeuT R2 16 gi 19552036
5 vSGLT R2 17 LeuT R1
6 gi 19552076 18 gi 19551526
7 AdiC R2 19 gi 19551396
8 gi 19553210 20 gi 19554088
9 vSGLT R1 21 gi 19553655
10 gi 19553853 22 gi 19551396
11 gi 19551455 23 2i 23308908
12 gi 19551257

“Results of hydropathy profile alignments of 5TM repeats of known
structure transporters against a set that includes 210 sequences from C.
glutamicum plus 10 sequences of STM repeats themselves. Thus, final
rankings are out of 220 positions. R1 and R2 refer to repeat units 1 and
2, respectively. Entries in bold font belong to the DedA family.

DedA protein that was not optimized against, was ranked sixth.
These results show that the profile of the DedA proteins shares a
higher similarity with the STM repeats than some of the STM
repeats share with one another.

Comparison of DedA Domains to LeuT-Fold Transport-
ers. We next examined the similarities between the DedA and
LeuT repeat structures by aligning a DedA family-averaged pro-
file with those for all ten individual STM repeats (Supporting
Information Figure S2). The resultant alignments show conser-
vation and variability in the same regions as observed in LeuT-
fold repeats (Figure 5). For example, the canonical hydrophobic
peaks for TMs 2, 4, and 5 are also found in the DedA profile, as
are the unusual features of TM3, reflecting the presence of
conserved polar residues in this region of the DedA domains.
The variable TM1—2 loop in the repeats aligns to a small
hydrophobic peak in DedA.

We also attempted to align the DedA domain family-averaged
profiles with those of the full-length transporters. For the BCCT
transporters, against which the DedA sequences ranked particu-
larly high (Table 2 and Supporting Information Table S1), the
DedA family profile was perfectly aligned against R1 of the
BCCT proteins, suggesting a very strong similarity between them
(Figure 7A). When we then manually removed a region corre-
sponding to the first three TM helices from the BCCT multiple-
sequence alignment, i.e., to deliberately truncate the profile of the
first repeat unit, the DedA profile “jumps” and aligns to the sec-
ond repeat instead (Figure 7B), indicating similarity also between
the DedA profile and the second STM repeat unit, as opposed to
a random matching to any five sequential TM domains of the
transporter.

However, in family-averaged alignments against the other LeuT-
fold transporter families, the DedA helices do not align against the
5TM repeats in the full-length sequences (data not shown).

Orientation of DedA Proteins in the Membrane. We
selected 32 DedA proteins from our data set of bacterial genomes
whose TM predictions were very consistent, i.e., those for which
all three methods predicted five TM helices (15 sequences), or
that did not contain significant hydrophobic insertions compared
to those 15. The average sequence identity of these 32 sequences to
one another is 20.4 £+ 7.0%. We then calculated the number of
positively charged residues in both termini and in the loops, guided
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(above ~4) correspond to probable N;,—C,, orientations, while
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of positive charges in the odd-numbered loops plotted against the
number in the even-numbered loops. Points representing more than
one protein are in gray (two proteins) or white (three proteins). The
dashed line indicates where the charge bias is zero.

by the TM predictions, but making manual adjustments to ensure
all positive residues at the interfacial regions were included.

The lysine plus arginine (K+R) positive-charge bias of the
DedA proteins varies from —3 to 410 (Figure §). More than half,
1.e., 22 of the proteins, possess a very low positive-charge bias, i.e.,
between —4 and +4. These proteins may be dual topology, i.e.,
insert in both orientations in the membrane (18, 51, 52). The
remaining 10 sequences have a strong K+R bias (=4) cor-
responding to an orientation with the N-terminal domain inside
the cell and the C-terminal domain outside, i.e., N;;—C,... No
proteins were strongly predicted to have a N,,,—C;, orientation.

Within a given bacterial genome, we often find two or more
DedA proteins, although none are immediately adjacent on the
chromosome. In some cases, such as in E. coli, all copies may
have dual topologies, as suggested by K+R biases of 0, 42, +3,
and +3. More commonly, as in, e.g., A. pasteurianus, the
copies have different predicted orientations (with a K+R bias
of —1, +2, and +6), whereas for A. capsulatum, for example, all
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three are predicted to have a Nj,—C,, topology, with K+R
biases of +5, +7, and +9.

Thus, DedA proteins might still function as homodimers (in
the case of the dual-topology sequences), but if they did transition
through opposite-topology heterodimers, they apparently did
not retain that functionality.

DISCUSSION

In this study, we have shown that hydropathy profile align-
ments generated with AlignMe are suitable for searching for
sequence-unrelated membrane proteins of similar structure
(Figure 3). Alignments generated using family-averaged hydro-
pathy profiles are even more accurate and are useful for detailed
comparison of related proteins (Figures 4, 5, and 7 Supporting
Information Figures S1 and S2). These findings build on previous
work by Lolkema and Slotboom, who were able to correctly
predict structural similarities between families of secondary
transporters using hydropathy profile alignments, including a
relationship between the APC, SSS, and NSS families (30—32).

We used the hydropathy profile alignment methodology to
study the evolution of the LeuT fold. First, comparison of the
repeats in the known structures suggested that the first half of the
core 10TM domain is more conserved than the second (Table 1)
and that each half is generally more conserved over evolution (in
different families) than the two halves are to one another, even in
the same protein. These results imply that gene-duplication and
fusion events occurred only once to form a larger transporter
protein, from which the current families evolved. In addition,
comparison of the different families to one another suggests that
the first repeat of APC transporters has evolved the least from
that ancient individual domain.

We also used AlignMe to screen STM repeat profiles against
membrane proteomes of bacteria. These searches identified
DedA domains as being likely to share a common ancestor to
the individual repeats. We note that in those search results, the
ranking of a given hit was sometimes very sensitive to the query
sequence used (Table 2 and Supporting Information Table S1).
The most extreme example is sequence gi 154250204, which ranks
fourth against the first repeat unit of Mhpl but only 5256th
against the first repeat unit of LeuT. The use of ten different
queries minimizes the effect of these variations, which may be due
to the limitations of our scoring scheme but certainly also reflect
true differences between hydropathy profiles of repeats from
different transporters, such as the presence of a relatively long
loop between the third and fourth TM helices of LeuT (in R1; see
Figure 5). Such differences also explain the 17th place ranking of
LeuT R1 in the test ranking of all the repeats (Table 3). In the
light of such variability between known structures, it is also clear
that having a fairly high number of false positives (as found in our
search) is preferable to the alternative, i.c., missing an interesting
sequence, especially since such false positives could be screened
out using other criteria. Additional support for the proposal that
DedA proteins are good candidates comes from predictions that
they contain five TM helices (Table 2). In addition, their
hydropathy profiles are sometimes more similar to those of the
LeuT-fold repeats than the profiles of 5STM repeat units are to
one another (Table 3). Moreover, alignments of family-averaged
hydropathy profiles of DedA and 5STM repeats reveal that they
share similar conserved features (Supporting Information Figure S2
and Figure 7). Based on the rankings of the search hits (Table 2
and Supporting Information Table S1) and on alignments to the
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full transporter profiles (Figure 7), the DedA domains appear to
be most similar to the BCCT family, although this observation
apparently contradicts the analysis of the repeats, which sug-
gested that the APC repeat 1 is the more ancient domain.

Unfortunately, the functional role of DedA proteins is poorly
understood. In one study, DedA-related proteins expressed in E.
coli appear to facilitate 5-hydroxybutyrate utilization; the me-
chanism of this effect is not known, although it is not unreason-
able that it requires an uptake step (53). Interestingly, dedA gene
knockout mutants of Ralstonia metallidurans CH34 are more
resistant to selenite toxicity and less efficient at removing selenite
from the environment, indicating that DedA proteins might be
involved in selenite uptake, either directly as transporters or as
helpers thereof (54). In other studies, simultaneous knockout of
yghB and ygjA, two dedA genes encoding proteins with 61%
identity, resulted in a temperature-sensitive phenotype of E. coli
with altered levels of phospholipids, which affects cell divi-
sion (55). This phenotype appears to derive from a deficiency
in the export of periplasmic amidases through the twin arginine
transport (Tat) pathway (56), although the role of the DedA
domains therein remains unclear. Importantly, the fact that both
proteins are required for the phenotype suggests that they are
either redundant or that they function interchangeably as hetero-
or homodimers (55). Indeed, the presence of two DedA proteins
of the same subtype (so-called group B) in several different
organisms, including in E. coli, is indicative that ded 4 underwent
gene duplication (54). In fact, we find that multiple copies of ded4
genes often exist in the same genome, with 14 of the 20 bacterial
genomes used in our search containing at least two DedA pro-
teins. Interestingly, many DedA proteins have a weak positive-
charge bias, suggesting that they may adopt dual topologies,
although the distribution of charge bias is broad and others are
likely to insert in a N;,—C,, orientation (Figure 8).

The search procedure used here may be used for a-helical
membrane proteins other than LeuT-fold transporters. It is likely
to be particularly useful in determining whether a protein of interest
is related to a protein of known structure or for identification of
structurally similar domains within a protein chain, such as
repeat units that share no detectable sequence similarity. An
advantage of hydropathy alignments is that they provide a simple
visual representation of the relationship between the two proteins
that can be interpreted rapidly and intuitively.

Finally, in spite of the obvious value of hydropathy profile
alignments, it should be noted that, as with any alignment pro-
cedure, the selection of parameters such as gap penalties, weights
for scoring function, and averaging-window size and shape can
be arbitrary. In addition, the results may be sensitive to the choice
of hydrophobicity scale (Figures 3 and 4). As we have shown
here, it is possible to optimize some of those parameters using a
systematic scanning of gap penalty values. However, further im-
provements to alignment accuracy, or more general solutions,
may be obtained using optimization over a wider range of
structural families, which we will address in future studies.

The bioinformatic analysis presented here suggests that there
are similarities in the sequence origins of DedA domains and
transporters of the LeuT fold. Furthermore, previous studies hint
at similarities in function and oligomeric state, as well as the
existence of a gene-duplication event to connect them. Clearly,
experimental validation in the form of either structural or bio-
chemical data will be required to confirm or disprove the pro-
posed relationship. If such a relationship can be demonstrated,
however, DedA domains can be expected to provide important



10712 Biochemistry, Vol. 49, No. 50, 2010

clues as to the origins of symmetry-based alternating-access
mechanisms of secondary transport.
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