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The mechanism of transport by mitochondrial carriers
based on analysis of symmetry
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The structures of mitochondrial transporters and uncoupling pro-
teins are 3-fold pseudosymmetrical, but their substrates and cou-
pling ions are not. Thus, deviations from symmetry are to be
expected in the substrate and ion-binding sites in the central
aqueous cavity. By analyzing the 3-fold pseudosymmetrical re-
peats from which their sequences are made, conserved asymmetric
residues were found to cluster in a region of the central cavity
identified previously as the common substrate-binding site. Con-
served symmetrical residues required for the transport mechanism
were found at the water-membrane interfaces, and they include
the three PX[DE]XX[RK] motifs, which form a salt bridge network
on the matrix side of the cavity when the substrate-binding site is
open to the mitochondrial intermembrane space. Symmetrical
residues in three [FY][DE]XX[RK] motifs are on the cytoplasmic side
of the cavity and could form a salt bridge network when the
substrate-binding site is accessible from the mitochondrial matrix.
It is proposed that the opening and closing of the carrier may be
coupled to the disruption and formation of the 2 salt bridge networks
via a 3-fold rotary twist induced by substrate binding. The interaction
energies of the networks allow members of the transporter family to
be classified as strict exchangers or uniporters.

membrane proteins | substrate binding | amino acid sequence analysis |
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he members of the mitochondrial transporter or carrier

family translocate nucleotides, amino acids, inorganic ions,
keto acids, and vitamins across the mitochondrial inner mem-
brane (1, 2). Uncoupling proteins, which generate heat by
dissipating the proton electrochemical gradient, also belong to
the family (3-5). The amino acid sequences have 3 homologous
repeats (6) and a structure with pseudosymmetry (7). Each
repeat is folded into 2 transmembrane a-helices linked by a short
a-helix on the matrix side (8) and contains the signature motif
PX[DE]XX[RK] (9). The proline residues kink the odd-
numbered transmembrane «-helices H1, H3, and HS5, and the
charged residues form a salt-bridge network connecting the
C-terminal end of the transmembrane «-helices, closing
the transporter on the matrix side (8). During the transport cycle,
the carriers form the cytoplasmic and matrix states in which the
substrate-binding site of the carrier is open to the mitochondrial
intermembrane space and matrix, respectively (10). According to
the single binding center—gating pore mechanism, interconver-
sion of the 2 conformational states via a transition intermediate
leads to substrate translocation (11). In agreement, in the
cytoplasmic state, a central substrate-binding site has been
identified by applying chemical and distance constraints to
comparative models (12, 13). The substrates bind to 3 major sites
on the even-numbered a-helices, which are related by symmetry
and located approximately in the middle of the membrane. In
molecular dynamics simulations, ADP binds to the ADP/ATP
carrier at the common substrate-binding site (14). The structural
changes required for the translocation of the substrate are
unknown, but docking of the substrate could disrupt the matrix
salt bridge network, allowing the transporter to convert to the
matrix state (12, 13). The yeast ADP/ATP carriers function as
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monomers (15), and other mitochondrial transporters are likely
to operate in the same way.

Residues that are important for the transport mechanism are
likely to be symmetrical, whereas residues involved in substrate
binding will be asymmetrical reflecting the asymmetry of the
substrates. By scoring the symmetry of residues in the sequence
repeats, we have identified the substrate-binding sites and salt
bridge networks that are important for the transport mechanism
in family members. No preexisting molecular structure is re-
quired for the analysis, because only amino acid sequences are
used. The symmetry analysis provides an assessment of the role
of residues irrespective of the conformational state. The analysis
also provides clues to the chemical identities of substrates of
uncharacterized transporters.

Results

A symmetry score was developed to quantify the degree of
similarity between symmetry-related residues (Fig. 1). The anal-
ysis was performed on subfamilies of mitochondrial transporters
from fungi and metazoans, including uncoupling proteins and
the transporters of CoA, Mg?>"-ATP/Pi, thiamine pyrophos-
phate, ADP/ATP, pyrimidine nucleotides, NAD™*, flavin nucle-
otides, peroxisomal adenine nucleotides, dicarboxylates, malate/
oxoglutarate, oxaloacetate, citrate, succinate/fumarate,
oxodicarboxylates, aspartate/glutamate, glutamate, S-adenosyl-
methionine, ornithine, carnitine/acylcarnitine, phosphate, and
GTP/GDP, and on the uncharacterized subfamilies SLC25A42,
YPRO11c, SLC25A43, YFR045w, YMR166¢, Mtm1p, YDL119c,
Ymclp, AU042651, SLC25A45, C140RF68, CACTL, Mrs3p,
SLC25A44, and Yhm2p [references in refs. 1 and 2 or supporting
information (SI) Text in SI Appendix]. The results for the fungal
phosphate transporters (16, 17) and mammalian uncoupling
proteins (3-5) are discussed as examples of the analysis.

The majority of the conserved asymmetric residues in the
fungal phosphate transporters cluster in a small region of the
cavity corresponding to the middle of the membrane (Fig. 24).
The highly asymmetric residues Q86 and R175/Q176 in ScPic2p
form contact points I and II of the common substrate-binding
site, respectively (12). Asymmetric R272 is 1 a-helical turn away
from the common contact point III (12). Thus, the interaction of
the substrate with H6 may occur at a different position, as an
adaptation to the size of the substrate. Upon binding of phos-
phate, the positively charged residues R175 and R272 could
neutralize negative charges of phosphate and Q176 could form
a hydrogen bond. The nearby asymmetric residue, E120, may be
protonated to drive the import of phosphate against the mem-
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Fig. 1. Scoring of symmetry in the yeast mitochondrial phosphate trans-
porter ScPic2p. (A) The alignment of the even-numbered a-helices in ScPic2p.
Highlighted in color are 2 examples of symmetry-related triplets of residues,
as used in Band C. (B and C) The replacement scores (black) for each compar-
ison in the triplet were obtained from the residue replace ability matrix (55).
The symmetry score of a residue (green) is the average of the 2 replacement
scores. (B) Triplet E-E-D with symmetric residues. (C) Triplet K-V-K with an
asymmetric valine residue. (D) The cumulative frequency distribution of the
symmetry scores for all possible triplets in the sequences of the subfamily of
fungal Pic2p transporters. The symmetry scores are defined by a red-white-
blue color scale, in which the median of the distribution is white and the
minimal and maximal symmetry scores red and blue, respectively (Fig. 2 A and
B). The symmetry scores of D288 (B) and V191 (C) (conservation scores in
brackets) are shown.

brane potential by cotransport with a proton. Another possible
site for proton coupling is the asymmetric H33. The equivalent
residues in the ortholog ScMirlp are essential for function (18).

The uncoupling proteins have been proposed to transport
protons (19) or fatty acids (20). The symmetry analysis shows
they are highly symmetrical and have few conserved asymmetric
residues in the cavity (Fig. 2D). In HsUCP1, the most noteworthy
residues are the asymmetric Q85 and D28 (Fig. 2D) and the
symmetric R84, R183 and R277 (Fig. 2E) at the contact points
of the common substrate-binding site (12, 13). The asymmetric
D28 is in the vicinity of the substrate-binding site and is involved
in proton transport (21), whereas E191 (Fig. S4 in ST Appendix),
which is further away, is involved in the pH control of nucleotide
binding (22). The symmetry-related arginine residues are found
also in the dicarboxylate (Fig. S5 in ST Appendix) and oxogluta-
rate transporters (Fig. S6 in SI Appendix). There are no patches
of hydrophobic asymmetric residues in the cavities, such as those
observed in carnitine/acylcarnitine transporters (Fig. S7 in SI
Appendix), indicating that the activating fatty acids are not the
intended substrates. Nor are there widespread asymmetric ad-
aptations, as found in the nucleotide-binding sites of the ADP/
ATP transporters (Fig. S8 in SI Appendix) and GTP/GDP
transporters (Fig. S9 in SI Appendix). The positively charged
arginine residues in the binding site could attract the negatively
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charged phosphate moieties of nucleotides or carboxylates of
fatty acids nonspecifically. The lack of specific adaptations for
the binding of nucleotides could explain why there is no speci-
ficity on the bases in binding. On this basis, the intended
substrates of uncoupling proteins are likely to be small carboxylic
or keto acids, transported in symport with protons.

Conserved and highly symmetric residues are found consis-
tently on the matrix and cytoplasmic sides of the transporters at
the water—-membrane interface (Fig. 2 B and E and Figs. S1-S41
in SI Appendix).

Discussion

Location of the Substrate-Binding Sites. The vast majority of con-
served asymmetric residues cluster in the cavities approximately
at the middle of the membrane, confirming the location of the
common substrate-binding site for nucleotides, cofactors, inor-
ganic ions, keto acids, and amino acids (Fig. S5-S41 in SI
Appendix). The asymmetric residues in the substrate binding site
fall into 3 categories that reflect their functional properties: (i)
conserved residues interacting directly with the functional
groups of the asymmetric substrate, (if) residues under evolu-
tionary pressure to maintain a neutral character so as to not
interfere with substrate binding, and (iii) conserved residues
involved in ion and proton coupling. The substrate-binding site
contains also conserved symmetric residues that form contacts
between the substrate and the even-numbered a-helices to
couple the binding of the substrate to a symmetrical mechanism.
The conserved asymmetric and symmetric residues form a single
cluster, indicating that substrate binding occurs at a similar
location in both conformational states, which is consistent with
the single-binding center-gating pore model (11). There is a
qualitative trend between the size of the substrate and the size
of the cluster of asymmetric residues. For example, the mito-
chondrial dicarboxylate, phosphate, and oxaloacetate transport-
ers have small clusters of asymmetric residues (Figs. S5, S10, and
S11 in SI Appendix), whereas the mitochondrial ADP/ATP and
GTP/GDP transporters have large ones (Figs. S8 and S9 in S7
Appendix). The analysis confirms that neutralization of the
negatively charged substrate by the protonated side chains of
arginine or lysine residues is an important property of the
substrate binding site (12, 13). In addition, negatively charged
asymmetric residues are often present in the binding site, and
they are likely to be involved in proton and ion coupling, as found
in the uncoupling proteins (Fig. 2D) and the GTP/GDP, phos-
phate, aspartate/glutamate, oxodicarboxylate, Mg?*-ATP/Pi, or-
nithine, succinate/fumarate, and citrate transporters (Figs. S9,
S10, and S12-S17 in SI Appendix) and the uncharacterized
ScMrs3p-like transporters and SCYFR045w (Figs. S18 and S19 in
SI Appendix).

Mitochondrial transporters have very few conserved asym-
metric residues either on the outside facing the membrane or on
the matrix a-helices that could form a plausible asymmetric
protein—protein interface, as required for homodimerization of
symmetrical proteins (Fig. 2 A and D and Figs. S5-S41 in SI
Appendix). Thus, all mitochondrial transporters must be mono-
meric in structure and function.

Cytoplasmic and Matrix Network. Triplets of symmetry-related
residues with a high level of symmetry and conservation define
members of the mitochondrial transporter family, and they are
likely to be important for a common mechanism of transport
(Fig. S1-S3 and SI Text in SI Appendix). There are 2 clusters of
conserved and highly symmetric residues, which flank the com-
mon substrate binding site. The first cluster is found on the
odd-numbered a-helices on the matrix side of the transporters,
consisting of the PX[DE]XX[RK] motif (Fig. 2 C and F Lower
and Fig. S1 in SI Appendix). As shown previously, the charged
residues form a salt bridge network when the carrier is in the
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Fig. 2.  Asymmetry and symmetry in fungal phosphate transporters and mammalian uncoupling proteins. Average symmetry and conservation scores in the
subfamily of (A and B) the phosphate transporters and (D and E) the uncoupling proteins projected onto a model of the bovine ADP/ATP transporter (8). The
positive conservation score and average symmetry score are represented by the size and color of the Cgatom, respectively (Fig. 1D). (A and D) Asymmetric residues
with negative average symmetry scores. Residues in the cavity are labeled. (B and E) Symmetric residues with positive average symmetry scores. Highly symmetric
residues are labeled. Dashed circles and rectangles indicate the location of the substrate binding site and networks, respectively. Green spheres represent residues
that are absent from the repeat. Also shown are V191 and D288 (Fig. 1D). For all analyzed sequences the average of the standard deviations for all of the average
symmetry scores of the cavity residues was 0.10. (Cand F) The residues of the cytoplasmic (Upper) and matrix network (Lower) in ScPic2p and HsUCP1, respectively.
The positively and negatively charged residues of the salt bridges are shown in blue and red, respectively. Deviating polar, aromaticand apolar residues are shown
ingreen, orange and pink, respectively. The interaction energies of the network are quantified as the number of salt bridges, taking hydrogen bonds and cation-=
interactions as half the interaction energy of a salt bridge, and van der Waals interactions as negligible.

cytoplasmic state (8, 9). The second cluster has the consensus
[FY][DE]XX[RK] motif and is found on the even-numbered
a-helices on the cytoplasmic side (Fig. 2 C and F Upper and Fig.
S3 in SI Appendix). The charged residues of this motif have no
obvious function in the cytoplasmic state (8), but we propose
they come together to form a salt bridge network when the
transporter is in the matrix state with the substrate-binding site
open to the mitochondrial matrix. According to their location,
the salt bridge networks will be referred to as the matrix and
cytoplasmic networks (Fig. 3). During the transport cycle, the
matrix and cytoplasmic networks would form and disrupt to open
and close the cavity to the mitochondrial matrix and the inter-
membrane space in an alternating fashion. Several observations
support the existence of the cytoplasmic network. First, the
residues are highly conserved throughout the mitochondrial
transporter family (Fig. S3 in SI Appendix). Generally, charged
or polar residues forming salt bridges or hydrogen bonds in the
networks are strictly conserved, but hydrophobic substitutions,
which break them, are not. Second, the residues are likely to be
positioned at the water—-membrane interface, as are the residues
of the matrix network (Fig. 3). The networks would pose a
barrier to protons and other ions at the interface, preventing the
dissipation of the electrochemical gradients during the transport
cycle. Third, the residues of the networks are sensitive to

cation by sulthydryl reagents of single cysteine replacements in
the carboxyl ends of the even-numbered a-helices render the
transporter dysfunctional (23), suggesting they prevent forma-

mitochondrial

mitochondrial

Fig.3. The substrate-binding site and salt bridge networks of the mitochon-
drial ADP/ATP carrier. An ADP molecule and a comparative model of the yeast
ADP/ATP carrier ScAac2p (12) are shown in ball/stick and diagram represen-

mutation and modification. Mutant oxoglutarate transporters, in
which residues S203, E301, and N304 of the cytoplasmic network
were replaced by cysteine, had transport activities of 15%, 3%,
and 1% of the wild-type transporter, respectively (23). Modifi-
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tation, respectively. The residues involved in substrate binding are shown in
red and the contact points of the common substrate-binding site are indicated
by black circles and Roman numerals (12). The residues of the matrix and the
cytoplasmic network are shown in green and blue, respectively.
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Fig.4. Dependency of the transport mode on the interaction energies of the salt bridge networks. Transport cycles showing (A) strict equimolar exchange and
(B) uniport. The contact points of the common substrate binding site are shown as black spheres with Roman numerals. Negatively charged, positively charged
and polar residues of the networks are shown as red, blue and green sticks, respectively. The exported and imported substrates are green and cyan, respectively.
All transport steps are fully reversible, but the direction of transport (red arrows) is determined by the concentration gradients of the substrates and the
membrane potential in the case of electrogenic transport. During substrate import, the matrix network on the odd-numbered a-helices is released, whereas the
cytoplasmic network on the even-numbered «-helices is formed, and the reverse during substrate export. The structural changes might occur with 3-fold

pseudosymmetry via a rotary twist (orange arrows).

tion of the network and the closure of the transporter. The
mutations E95Q, K98A, E192Q, S195A, and K295A of the
phosphate transporter ScMirlp (Fig. S10 in SI Appendix) re-
duced the transport activity to 72%, 3%, 39%, 3%, and 33% of
the wild-type activity, showing that apolar substitutions render
the transporter dysfunctional, whereas polar substitutions are
less severe (18). Notably, mutations need not have a strong
effect, because they may only change the transport mode from
exchanger to uniporter or vice versa (see below). Fourth, the
E601K mutation in the human aspartate/glutamate transporter
HsAGC?2 alters the cytoplasmic network on H6 and causes type
II citrullinemia (24). The formation and disruption of the
networks agrees fully with the accessibility and gating aspects of
the single-binding center-gating pore model (11).

Trigger for Substrate Translocation. The networks pose an initial
activation energy barrier that must be overcome by substrate
binding to trigger the transport cycle. When a substrate enters
the cavity from the intermembrane space and binds to the major
contact points on the even-numbered a-helices, they might be
pulled together to minimize bond distances, initiating the dis-
ruption of the matrix network, the transition to the matrix state,
and the formation of the cytoplasmic network. When a substrate
is translocated from the matrix to the cytoplasm, these events are
reversed. Hydrophobic, aromatic, or polar residues in the net-
works lower the energy barrier for the translocation of substrates
with low binding energies, as is the case for dicarboxylates,
phosphate and some nucleotides (25). The phosphate anion has
2 negative charges for electrostatic interactions. Both networks
of the phosphate transporter ScPic2p have a valine rather than
an arginine or lysine residue (Fig. 2 A and C), so only 2 salt
bridges remain. The binding of phosphate will provide sufficient
energy to break the networks to trigger the structural changes
required for the transition to the alternative conformational
state. The observation that both networks in the phosphate
transporter contain the conserved deviation provides further
support for the formation of the 2 networks.

Strict Equimolar Exchange of Substrates. In most transporters, the
cytoplasmic and matrix networks are complete, but in some, 1 or
more salt bridges with interaction energies of 20—40 kJ/mol are
replaced by hydrogen bond, cation-7 or van der Waals interac-
tions (Figs. S5-S41 in SI Appendix), which have interaction
energies of 8-29, 8-16, and 1 kJ/mol, respectively. Thus, the
interaction energies of the networks can be estimated (Fig. 2 C
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and F) and may determine whether interconversion of the
transport states can occur in the absence of substrate, explaining
why they operate as uniporters or exchangers. Strong networks
are defined as having interaction energies of 2 to 3 salt bridges
and weak ones as having equal to or less than half the interaction
energies of complete networks. The division into 2 classes serves
to illustrate the principles but is qualitative, because there will be
a range of interaction energies, due to the type of substitutions,
residue geometries, local structural environments, and physio-
logical conditions.

Most mitochondrial transporters operate according to a strict
exchange mechanism. When both networks are strong, inter-
conversion between the conformational states may be prevented
in the absence of substrate, because the networks will pose a
considerable energy barrier with a low probability of disrupting
spontaneously, and thus the exchange of the substrates will be
equimolar (Fig. 44). The dicarboxylate transporter, oxoglutarate
carrier, ADP/ATP carrier, Mg?*t-ATP/Pi carrier, succinate/
fumarate carrier, and the pyrimidine nucleotide transporter are
predicted to be strict exchangers (Figs. S5, S6, S8, S14, S16, and
S24 in SI Appendix), as shown experimentally (26—33). Notably,
the uncoupling proteins (Fig. 2 and Figs. S21, and S22 in SI
Appendix) are predicted to be strict exchangers also. Although
predominantly an exchanger, a small uniport activity was ob-
served for the NAD™ transporters (34), which is not expected on
the basis of the networks. NAD™ is recycled in mitochondria by
oxidation/reduction reactions, and thus the only requirement for
net import is to replenish the pools upon mitochondrial division,
which could be achieved by exchange with mitochondrial AMP
or GMP. The S-adenosylmethionine transporters are predicted
to be strict exchangers, because the exchanged S-adenosylme-
thionine and S-adenosylhomocysteine are the substrate and
product of methylation reactions. In agreement, the human
version has no uniport activity (35), but the yeast version has
some (36). Similarly, acylcarnitine/carnitine carriers are ex-
pected to be strict exchangers, because the exchanged substrates
are the substrate and product of carnitine acyltransferase. The
rat and yeast carriers have some uniport activity, albeit 10-fold
lower than the rate of exchange (37, 38). The import of S-
adenosylmethionine or carnitine, which is required to prime the
equimolar exchange, could be carried out by related transporters
ScYmclp, ScYMR166¢, and HsSLC25A29, which are predicted
to have uniport activity (Figs. S33, S34, and S38 in SI Appendix).

Uniport of Substrates. Low interaction energies of the cytoplasmic
and matrix networks would allow transporters to have both
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exchange and uniport activities, depending on whether sub-
strates are present or not. If the cytoplasmic network is weak and
the matrix network is strong, the protein could convert from the
matrix to the cytoplasmic state in the absence of substrate,
because a weak network has a higher probability of breaking
spontaneously (Fig. 4B). Thus, net import of the substrate would
occur, as predicted and shown experimentally for the transport-
ers of thiamine pyrophosphate (Fig. S28 in SI Appendix) (39),
oxaloacetate (Fig. S11 in SI Appendix) (40), citrate (Fig. S17 in
SI Appendix) (41), aspartate/glutamate (Fig. S12 in ST Appendix)
(42), and glutamate (Fig. S29 in SI Appendix) (43). The GTP/
GDP carrier (Fig. S9 in SI Appendix) is predicted to be a net
importer in agreement with its biological function, because the
net influx of nucleotides is required for nucleic acid synthesis, yet
no uniport activity has been observed (44). If the matrix network
is weak and the cytoplasmic network is strong, net export would
be anticipated when the substrate is absent from the intermem-
brane space. The peroxisomal AMP/ATP transporters (Fig. S20
in SI Appendix) have such an arrangement, but the orientation
and transport mode in peroxisomal membranes are unknown. If
both networks were weak, then the transporter would function
as a uniporter, equilibrating the substrate pools on both sides of
the membrane. The uncharacterized HsMCART1 and
HsMCART?2 (Fig. S30 in SI Appendix), HSMCART®6 (Fig. S31 in
SI Appendix), HSMTCH1, HsMTCH?2, and TB1 (Fig. S4 in SI
Appendix) have such an arrangement.

The predicted uniport or exchange transport modes are
generally conserved among orthologs from different taxa, except
for the oxodicarboxylates and ornithine transporters (Figs. S13
and S15 in SI Appendix), but the disparities may reflect different
physiological functions in different organisms. There is also a
good correlation between the predicted transport mode and the
biological role of the transporter. For instance, most amino acid
transporters are predicted to have net import activity, because
amino acids are incorporated into proteins during synthesis in
the mitochondrial matrix.

Mechanism of Transport. Kinetic studies have suggested that most
mitochondrial carriers carry out equimolar exchange with a
sequential/simultaneous mechanism (45) in which the exchanged
substrates bind to the transporter at the same time before
transport (46). However, the single substrate-binding site is
inconsistent with this mechanism and the transporters are more
likely to have ping-pong mechanisms (45, 46) in which the
transported substrate leaves the transporter before binding of
the countersubstrate. A plausible explanation for equimolar
exchange has been given by considering the interaction energies
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of the 2 networks without the need to invoke a dimer or 2
substrate binding sites in a monomer. The structural mechanism
of the mitochondrial ADP/ATP transporters has been depicted
as a rocking 2 domain structure with the translocation pathway
in between monomers (11), like ABC transporters (47) and
major facilitators (48, 49). Our symmetry analysis suggests that
structural changes in mitochondrial transporters occur via a
3-fold symmetric mechanism instead. Symmetric motions of the
a-helices combined with structural constraints suggest that the
movements of the odd- and even-numbered o-helices could
occur via a rotary twist relative to the matrix a-helices (Fig. 4).

Methods

Full-length fungal and metazoan protein sequences with the Pfam (50) mito-
chondrial transporter family signature (PF000153) were taken from UniProt
(51). Additional sequences were identified from fungal genomes. Ortholo-
gous sequences were grouped by using a pairwise reciprocal procedure with
BLASTP (52), clustering with CLUSTALW (53) and manual inspection with
JalView (54). The upstream DNA sequences of proteins with truncated N
termini were examined for alternative start codons. The sequence redundancy
of orthologs was reduced by clustering at 90% sequence identity.

Amino acid residues related by 3-fold pseudosymmetry were grouped as
triplets by using a multiple sequence alignment of the repeats (6) for a set of
nonredundant transporters from fungi and metazoan. The symmetry-related
triplets of transport proteins from Saccharomyces cerevisiae and Homo sapi-
ens are in Fig. S1-S4 in S/ Appendix. The triplets were numbered according to
the residue number in the first repeat of bovine ADP/ATP carrier, e.g., triplet
27 corresponds to residues 27, 132, and 229 (Fig. S4 in S/ Appendix). A
symmetry score that quantifies the degree of similarity of residues in a triplet
was calculated for each target residue by taking the average of the replace-
ment scores in the residue replace ability matrix (55) for each of the other 2-aa
of the triplet (Fig. 1). A single amino acid sequence can be used, but by using
a set of orthologs, the average and standard deviation of the symmetry score
were calculated for each amino acid. To account for sequence composition
bias, a frequency distribution of the symmetry scores was determined by
enumerating over all possible combinations of triplets in each sequence in the
group of orthologs (Fig. 1D). The median value of the distribution was taken
as the expected symmetry score for a triplet chosen randomly and was sub-
tracted from the observed averaged score and color-coded (Fig. 1D). In addi-
tion, a conservation score was calculated for each aligned residue position in
a set of orthologs by using a sum of pairs method with the residue replace
ability matrix (55). With adaptations, these methods can be used to identify
important residues in other transporters with pseudosymmetry, such as in
members of the ABC transporter family (47) and the major facilitator super-
family (48, 49), whether a structure is available or not. PyMOL (56) was used for
structure visualization.
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