
Abstract On the basis of functional and phylogenetic
criteria, we have identified a total of 229 subfamilies and
111 singletons predicted to carry out transport or other
membrane functions in Saccharomyces cerevisiae. We
have extended the Transporter Classification (TC) and
created a Membrane Classification (MC) for non-trans-
porter membrane proteins. Using the preliminary phylo-
genetic digits X, Y, Z (for new families, subfamilies, and
clusters, respectively), we allocated a five-digit number
to 850 proteins predicted to contain more than two trans-
membrane domains. Compared with a previous TC of
the yeast genome, we classified an additional set of 538
membrane proteins (transporters and non-transporters)
and identified 111 novel phylogenetic subfamilies.
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Introduction

In 1993, Milton Saier identified a large phylogenetic su-
perfamily of secondary transporters that he called the
“Major Facilitators” (MFS). This observation pioneered
the use of phylogenetic tools to characterize the evolu-

tion pattern of transporter proteins. Phylogeny can also
be used for predictions of mechanistic and functional
features of transporters (Marger and Saier 1993; Saier
1999).

Generalization of this approach combining mechanis-
tic, functional, and phylogenetic analyses led to the
Transporter Classification (TC) system (Saier 2000),
which in January 2002 identifies 824 transporters
subfamilies (http://www-biology.ucsd.edu/~msaier/trans-
port/).

The first use of phylogenetic tools to generate an in-
ventory of the transporters, from a given species, based
on genome sequence data was reported in 1995 (André
1995; Nelissen et al. 1995). Both papers examined 
the partial (70%) Saccharomyces cerevisiae genome se-
quence available at that time.

The inventory of yeast transporters was first updated
in 1997 (Nelissen et al. 1997) after the complete yeast
genome became public (Goffeau et al. 1996). A second
update was performed in 1998 (Paulsen et al. 1998a),
when the use of the TC nomenclature had been validated
by the phylogenetic analysis of all predicted transporters
from the first sequenced bacterial genomes (Paulsen et
al. 1998b). These data have been edited on different web
sites (Table 1). Peculiar phylogenetic features of the
yeast transporters were recently reviewed (Van Belle and
André 2001).

These phylogenetic analyses have resulted in the dis-
covery of numerous new families and subfamilies of
yeast transporters. Major examples are the identification
of two large putative drug: proton antiporter families
(Goffeau et al. 1996; Sa Correa and Tenreiro 2002), of
six P-type ATPase families (Catty et al. 1997), of eight
ABC transporters subfamilies (Decottignies and Goffeau
1997), of a yeast-specific subfamily of the MFS, which
was first considered as of unknown function and later
identified as the siderophore transporter subfamily
(Goffeau et al. 1997; Lesuisse et al. 1998), of the large
amino acids and ammonium transporter families (Jack et
al. 2000; Marini et al. 1997; Regenberg et al. 1999;
Young et al. 1999), of the large sugar porters family
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(Kruckeberg 1996; Ozcan and Johnston 1999), of the
large mitochondrial carrier family (Belenkiy et al. 2000;
el Moualij et al. 1997; Nelson et al. 1998), and of the an-
ion:cation symporter subfamily (Llorente and Dujon
2000).

In the early classifications, only established transport-
er families with six or more predicted transmembrane
spans were considered, even though more than 800 yeast
proteins are predicted to contain one or two transmem-
brane spans (TMS) and more than 500 proteins are pre-
dicted to contain three to five TMS (Goffeau et al.
1993a, b).

In this review, we have classified phylogenetically all
S. cerevisiae membrane proteins with more than two pre-
dicted TMS, be they transporters or not. We therefore ex-
tended the TC nomenclature to include new families,
subfamilies, and clusters of putative transporters. In ad-
dition, based on similar functional and phylogenetic
principles, we introduced the MC nomenclature for
membrane proteins that are known to be non-transport-
ers.

Materials and methods

A defined set of 6,256 protein sequences predicted from S. cerevi-
siae (Blandin et al. 2000) was used as the starting material for this
study. This data set comprises: (1) some modifications relative to
the yeast new chromosome III (MIPS, http://mips.gsf.de), (2) new
genes found in the hemiascomycetous random sequence tag (RST)
project (Blandin et al. 2000) or by ORF fusion, and (3) a list of
overlapping spurious ORFs based on homology criteria with RST
sequences from hemiascomycetous yeast species (Talla and
Dujon, unpublished results).

The transmembrane domains were predicted using Alom 2
(http://www.psort.nibb.ac.jp/) and TMHMM (http://www.cbs.dtu.
dk/servicesi/TMHMM/). A total of 630 ORF products of more
than two-helical transmembrane domains predicted by either of
the two softwares were further analyzed. All members of identi-
fied phylogenetic objects (family, subfamily, and cluster) were in-
cluded when at least one of their members was predicted to con-
tain more than two TMS. All members (membranous or not) of
large membrane complexes were also included. These two sets
amounted to 220 additional proteins.

Each of the 630 membrane-containing ORFs was analyzed
manually using the Blast alignments provided by the December
2001 (or later) releases of YPD (http://www.proteome.com/

databases/YPD/), ExPasy (http://www.expasy.ch/sprot/), or NCBI
(http://www.ncbi.nlm.nih.gov/).

The phylogenetic families were classified according to the TC
system. The TC nomenclature comprises five digits. The two first
digits correspond to mechanistic classes and subclasses. The third
corresponds to phylogenetic families (or superfamilies, when
large). The fourth digit defines phylogenetic subfamilies with
closely related proteins. The fifth is defined either by the trans-
ported substrate or by high sequence identity.

ORF products with similarity scores (expected value or E val-
ue) lower than 10 e–65 were empirically considered to belong to
the same phylogenetic cluster corresponding to the fifth TC digit.
ORF products with an E value lower than 10 e–35 were empirically
considered to belong to the same phylogenetic subfamily corre-
sponding to the fourth TC digit. ORF products with an E value
lower than 10 e–20 were empirically considered to belong to the
same phylogenetic subfamily corresponding to the third TC digit.

Common sense based on examination of phylogenetic 
trees (ClustalW, ftp://ftp.ebi.ac.uk/software/unix/clustalw/; Phylip,
http://evolution.genetics.washington.edu/phylip.html) was used to
discriminate marginal cases (e.g., when E values are distorted by
the length parameter).

When possible, the TC digits were obtained from the specific
“Blast search against TCDB” (http://tcdb.ucsd.edu/tcdb/) or “Web
transport proteins prediction tool” (http://cancer.lbi.ic.unicamp.
br/transport/). For the new ORF products with no established full
TC numbers, the letters “X, Y, and Z” where used as third, fourth,
and fifth digit, respectively. The different phylogenetic members
of such new families, subfamilies, or clusters were distinguished
by numeric indexes (e.g., Z1, Z2, Z3...).

Results and discussion

Global analysis

Four years ago 312 transporters from S. cerevisiae, con-
taining at least six predicted transmembrane domains,
were classified into 42 phylogenetic subfamilies using
the three first TC digits (Paulsen et al. 1998a). We have
now given five TC digit to every S. cerevisiae protein
that is predicted to comprise three or more TMS. There-
fore we classify 850 membrane proteins into 229 sub-
families and 351 clusters. In Table 2 we list all the mem-
bers of each subfamily characterized by their ORF name
and their four digits. The same information can be re-
trieved in a variety of fashions (such as alphabetical or-
der, position on chromosomes,...) in our web site

Table 1 Websites for classification of Saccharomyces cerevisiae membrane ORFs products (TMS transmembrane spans)

Reference ORFs Sub- Single- Comments
families tons

Nelissen http://mips.gsf.de/proj/yeast/CYGD/db/index.html 186 22 21 All membrane proteins, 
et al. (1997) TMS≥10

Paulsen http://www.biology.ucsd.edu/~ipaulsen/transport/ 312 54 2 Only transporters, TMS≥6, 
et al. (1998a, b) TC nomenclature (4 digits)

André (2000) http://proj/eurofan/eurofan_1/n6/ 217 45 6 Only transporters, TMS≥6

Ward (2001) http://www.cbs.umn.edu/yeast/ 1,593 370 763 All membrane proteins, 
TMS≥2

De Hertogh http://cbi.labri.fr/Genolevures 856 231 114 All membrane proteins, TMS≥3, 
et al. (2002) TC nomenclature (5 digits)
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(http://www.genolevure). The fifth digit of each ORF
product is also available in this web site, as well as addi-
tional information, such as gene names, the number of
predicted TMS, and the putative transported substrates.

Table 3 sums up the quantitative distribution of the
major subdivisions of the S. cerevisiae transporters and
other membrane proteins. As expected, the major classes
are the secondary porters and the transport ATPases. Few
channel and porin proteins are detected. The most-inter-
esting feature of our classification is the large (190)
number of ORF products of still unknown function.

Novel features

Compared with previous compilations (Table 1), a first
novelty of the present inventory is to include the mem-
brane proteins with three, four, and five predicted TMS.
We have used two predictive softwares. For the 850 pro-
teins analyzed, Alom 2 predicts a total of 3039 TMS
while TMHMM predicts 4452 TMS. TMHMM is cur-

rently considered to be the best performing predictive
transmembrane domains program, while ALOM 2 is
considered to have the lower number of false positives
(Möller et al. 2001). In the present survey, Alom 2 pre-
dicts 68% of the TMS predicted by TMHMM, while in a
previous comparison of a set of diverse membrane pro-
teins of known structure (Möller et al. 2001), Alom 2
predicted only 55%.

One of the consequences to reduce to three, the
threshold for minimal number of predicted TMS, is the
unraveling of 26 new families, 104 new subfamilies, and
199 new clusters (Table 3). In order not to interfere with
future allocation of “official” TC numbers, we used the
temporary digits X1, X2,...,Y1,..., Z1... to identify new
families, subfamilies, or clusters respectively.

A second novel feature is the use of a new five-digit
system (MC) to characterize 179 membrane proteins
with non-transport function. Indeed, known enzymatic
functions are carried out by membrane proteins. This in-
cludes enzymes involved in lipid metabolism, polysac-
charide metabolism, subcellular membrane trafficking,

Table 3 Phylogenetic classification (TC and MC) of the S. cerevisiae membrane ORF products

Subclasses Family Subfamily Cluster ORF
(X) (Y) (Z)

Transporter Classification (TC)
1.A The alpha-Type Channels 6 9 10 12
1.B The beta-Barrel Porins 1 1 1 2
2.A The Porters, Uniporters, Symporters and Antiporters 28 74 151 211
3.A The P-P Bond Hydrolysis-driven Transporters 4 18 28 88
3.D The Oxidoreduction-driven Active Transporters 2 2 2 21
9.A The Transporters of Unknown Classification 4 10 13 67
9.B The Putative Uncharacterized Transporters 36 36 40 202
9.D Spurious and Dubious 4 4 4 68

Membrane Classification (MC)
10.A Lipids 5 21 21 42
10.B Anchoring 3 13 14 15
10.C Polysaccharides 2 10 22 36
10.D Trafficking 5 12 21 41
10.E Signaling 2 2 4 7
10.F Oxidoreductases 2 4 6 10
10.G Chaperones 3 4 5 7
10.H Subtelomeric Conserved 1 1 1 12
10.X Others 2 8 8 9

Total: 110 229 351 850

Large Transport Complexes
3.A.2.1.3 The Yeast H+-translocating F-type ATPase Complex 12
3.A.2.2.3 The Yeast H+-translocating V-type ATPase Complex 14
3.A.8.1.1 The Yeast Outer Mitochondrial Membrane Protein Translocase Complex 11
3.A.8.2.1 The Yeast Inner Mitochondrial Membrane Protein Translocase Complex 12
3.D.4.8.1 The Yeast Cytochrome Oxidase Complex 12
3.D.3.3.1 The Yeast Ubiquinol: Cytochrome c Oxidoreductase Complex 9
9.A.14 The Nuclear Pore Complex Family 58

Total: 128

Novel Phylogenetic Membrane Objects
The newly classified transporters 1 24 87 170
The predicted membrane singletons of unknown function 1 111 111 111
The spurious membrane ORFs 4 4 4 68
The non-transporters membrane proteins 25 80 112 179
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signaling, non-mitochondrial oxidoreductases, chaper-
ones, and others. These enzymatic activities were
grouped in the new class 10 (first digit). A second digit
(subclass) has been given to each general function. Each
subclass has been divided in specific metabolic pathways
to which we have allocated a third digit and an acronym.
The last two digits have been given according to the TC
phylogenetic criteria, such as E value <10 e–35 for sub-
families and E value <10 e–65 for clusters. Even though
EC numbers (which have no phylogenetic components)
are usually associated with non-transporters activities, it
is useful to use phylogenetic criteria, allowing compara-
tive classification of these membrane proteins from other
genomes.

A third novelty is the extension of subclass 9.B “the
putative uncharacterized transporters,” which now com-
prises 202 members classified in six families (12 ORFs),
111 “singletons,” and 30 “uncharacterized families” (79
ORFs). In order to cast a wider net, the members of these
30 “uncharacterized families” were associated when
their E value was below 10 e–10 [a more-stringent E val-
ue (10 e–20) was used for all others families]. Most of the
new members of this subclass have no described pheno-
type when mutated.

A fourth novel feature is the introduction of new sub-
classes 9.D, the spurious and dubious ORFs, which com-
prises a total of 68 ORF products subdivided into spuri-
ous overlapping (48 ORF products in 9.D.1), Ty-related
(12 ORF products in 9.D.2), LTR-related (1 ORF prod-
uct in 9.D.3), and dubious non-overlapping (7 ORF
products in 9.D.4). The DNA sequences of the spurious
overlapping ORFs overlap with another ORF on the 
other strand. They neither have a mutant phenotype in 
S. cerevisiae or an orthologue in other species. The dubi-
ous non-overlapping ORFs have the same properties, but
they do not overlap another ORF.

Finally, one of the major contributions of our work is
to provide a non-ambiguous phylogenetic marker (with
the use of the X, Y, Z digits and the inclusion of non-
transporter membrane proteins) to an additional set of
319 membrane proteins (179 membrane proteins plus
111 singletons, plus 79 uncharacterized family members,
excluding spurious and dubious ORFs) that were not 
established transporters in our former classification
(Paulsen et al. 1998a). This allows phylogenetic compar-
isons with related fungal genomes.

Specific comments

It is worth mentioning that a total of 128 proteins belong
to large transport complexes, such as the mitochondrial
and vacuolar ATP synthase/hydrolase (26), the yeast cy-
tochrome oxidase (12), and the yeast ubiquinol:cyto-
chrome c oxidoreductase (9), the nuclear pore complex
(58), the yeast outer mitochondrial membrane protein
translocase (12), the yeast inner mitochondrial mem-
brane protein translocase (11) (Table 3). These large
numbers of components are due to the fact that associat-

ed non-membrane proteins are included in these com-
plexes.

Most of the remaining 285 membrane proteins [856
total proteins minus 128 protein in large complex pro-
teins, minus 111 uncharacterized singletons, minus 79
ORF products from new uncharacterized families
(9.B.X), minus 68 spurious and dubious ORFs and mi-
nus 185 non-transporter membrane proteins] are likely to
be true transporters, not associated with large complexes.

Among the novel or reclassified subfamilies, let us
mention the following major features:

The unknown major facilitator subfamily (Goffeau et
al. 1997), which is one of the few large subfamilies to be
specific for yeasts, has been identified as siderophore-
iron transporters (2.A.1.16, SIT) (Lesuisse et al. 1998).

The triose phosphate transporters are now included in
a large new superfamily, the drug/metabolite transporter
(2.A.7, DMT), which comprises nine yeast members in-
volved in the transport of triose-phosphate, nucleotide
sugar or unknown metabolites (Jack et al. 2001).

The incompletely characterized transport systems
(9.B) have been totally reorganized and now comprise 38
subfamilies and 209 members, several of which are new,
such as the putative fatty acid transporters family
(9.B.17, FAT) and the YaaH family (9.B.33, YaaH), re-
ported to drive ammonium efflux (Palkova, Devaux, 
Ricicova, Minarikova, Le Crom, Jacq, unpublished re-
sults). This class 9.B contains a large number of families
and singletons of unknown function.

Several ORF products have been reclassified in new
families or subfamilies according to the January 2002
version of the TC database. For instance, new subfamilies
such as the unknown major facilitator (2.A.1.24, UMF1),
the peptide-acetyl-CoA transporter (2.A.1.25, PAT), the
eukaryotic (putative) sterol transporter (2.A.6.6, EST),
the yeast cation diffusion facilitator (2.A.42.4, CDF-4),
the equilibrative nucleoside transporter (2.A.57.3, ENT-
3), the multi-antimicrobial extrusion (2.A.66.3, MATE-
3), the oligopeptide transporter family (2.A.67, OPT), the
undetermined families 9.A.X1 and 9.A.X2 now comprise
one or several yeast members each.

One of the surprising outcomes of this classification
is the unraveling of numerous metal transporters across
the different cell and organelles membranes. Table 4 lists
40 members of 20 subfamilies possibly involved in metal
transport. Another unexpected discovery is the diversifi-
cation of 17 carboxylates transporters distributed in ten
subfamilies (Table 5). 

Prospects

Two important analyses remain to be done. The first is
the phylogenetic analysis of the about 800 proteins pre-
dicted to have only one or two TMS. This can only be
done one by one, using human expertise, because too
many false-positive predictions hinder this approach.

The second one is to develop a reliable semi-automatic
software for classification of the membrane proteins from
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Table 4 Phylogenetic classification of metal transporters in S. cerevisiae

ORF Gene TMS TMS Putative substrate
Psort TMHMM

The Alpha-Type Channels
The CorA Metal Ion Transporters
1.A.35.2.1 The Aluminum Resistance Protein YOL130w ALR1 1 1 Mn2+/ Mg2+/Al2+/Co2+

1.A.35.2.2 The Manganese Resistance Protein YKL064w MNR2 2 2 Mn2+

1.A.35.2.2 The Manganese Resistance Protein YFL050c ALR2 0 0 Mn2+

The Secondary Carriers
The SIT Transporters
2.A.1.16.1 The Ferrioxamine: H+ Symporter YEL065w SIT1 10 14 Ferrioxamine
2.A.1.16.2 The Ferric Enterobactin: H+ Symporter YOL158c ENB1 6 11 Ferric enterobactin
2.A.1.16.3 The Ferric Triacetylfusarinine C: H+ Symporter YHL047c TAF1 8 14 Ferric triacetylfusarinine
2.A.1.16.Z1 The Ferrichrome: H+ Symporter YHL040c ARN1 7 13 Ferrichrome
2.A.1.16.Z2 Undetermined Substrate YCL073c 8 12 Unknown
2.A.1.16.Z2 Undetermined Substrate YKR106w 8 12 Unknown

The CDF Transporters
2.A.4.2.1 The Mitochondrial Co2+/Zn2+ Uptake Permease YOR316c COT1 3 6 Co2+ and others
2.A.4.2.2 The Mitochondrial Zn2+ /Cd2+ Uptake Permease YMR243c ZRC1 5 6 Zn2+/Cd2+

2.A.4.4.1 The Nuclear/ER Zn2+ Uptake Permease YDR205w MSC2 12 14 Zn2+

The ZIP Transporters
2.A.5.1.1 The High-affinity Zinc Uptake Transporter YGL255w ZRT1 5 8 Zn2+

2.A.5.1.1 The High-affinity Zinc Uptake Transporter YLR130c ZRT2 6 7 Zn2+

2.A.5.2.1 The Golgi Mn2+ Homeostasis Protein YOR079c ATX2 4 8 Mn2+

The CaCA Transporters
2.A.19.2.2 The Vacuolar Mn2+ /Ca2+: H+ Antiporter YDL128w VCX1 7 11 Ca2+ (Mn2+)
2.A.19.2.Z1 Undetermined Substrate YNL321w 11 13 Ca2+

The MC Transporters
2.A.29.5.1 The MRS Protein YJL133w MRS3 0 0 Unknown
2.A.29.5.1 The MRS Protein YKR052c MRS4 0 0 Unknown

The Nramp Transporters
2.A.55.1.1 The High-Affinity Me2+ (Fe2+/Mn2+) YOL122c SMF1 9 11 Mn2+ (H-aff) and others

Uptake Transporter
2.A.55.1.2 The Putative Low-affinity Mn2+ Uptake Transporter YLR034c SMF3 8 10 Mn2+/ Fe2+

2.A.55.1.2 The Putative Low-affinity Mn2+ Uptake Transporter YHR050w SMF2 7 11 Mn2+ (L-aff)
The P-P Hydrolysis-Driven Transporters

The ABC Transporters
3.A.1.207.1 The Vacuolar Metal Resistance Protein YLL015w BPT1 8 14 Bilirubin
3.A.1.207.1 The Vacuolar Metal Resistance Protein YDR135c YCF1 12 14 Cd2+ conjugates

The P-ATPase Transporters
3.A.3.5.3 The Cu2+/Ag+ Efflux ATPase YDR270w CCC2 5 8 Cu2+

3.A.3.5.3 The Cu2+/Ag+ Efflux ATPase YBR295w PCA1 7 7

The Transporters on Unknown Mechanism
9.A.9.1.1 The Low-affinity Fe2+ Transporter YMR319c FET4 4 7 Iron
9.A.10.1.1 The High-affinity Fe2+ Uptake Transporter Complex YFL041w FET5 2 0 Iron

(Oxidase)
9.A.10.1.1 The High-affinity Fe2+ Uptake Transporter Complex YBR207w FTH1 5 7 Iron
9.A.10.1.1 The High-affinity Fe2+ Uptake Transporter Complex YMR058w FET3 2 1 Iron

(Oxidase)
9.A.10.1.1 The High-affinity Fe2+ Uptake Transporter Complex YER145c FTR1 6 7 Iron
9.A.11.1.1 The High-affinity Copper Transporter YPR124w CTR1 2 3 Cu2+

9.A.12.1.3 The Low-affinity Copper Uptake Transporter YHR175w CTR2 2 2 Cu2+

9.A.12.1.4 The High-affinity Copper Uptake Transporter YLR411w CTR3 3 3 Cu2+

The Putative Uncharacterized Transporters
9.B.1.1.1 The Metal Homeostasis Protein (ER) YBR290w BSD2 2 3 Cu2+/Co2+/Mn2+/Cd2+

9.B.11.1.1 The MRS2 Protein YOR334w MRS2 0 0 Mg2+

9.B.11.1.Z.1 Undetermined Substrate YPL060w LPE10 0 2 Mg2+

9.B.X1 The Singletons YDR182w CDC1 1 3 Mn2+ ?
9.B.X1 The Singletons YLR220w CCC1 5 3 Iron (vacuolar) 
9.B.X1 The Singletons YNR039c ZRG17 4 6 Zinc 
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other yeast species. Indeed, the sequence of numerous
fungal genomes has been recently disclosed (Gaillardin et
al. 2000; Souciet et al. 2000; Tekaia et al. 2000; Wood et
al. 2002) and many others are expected in the near future.
The use of such automatic analysis tools has been thus far
disappointing, because of the lack of a non-ambiguous
reference database such as the one we have developed.
Development of new softwares should be greatly facili-
tated by the present inventory carried out manually.
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