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First Glimpses/Report

Classification of Transmembrane Protein Families
in the Caenorhabditis elegans Genome and
Identification of Human Orthologs

Maido Remm™? and Erik Sonnhammer'-3

TCenter for Genomics Research, Karolinska Institute, Stockholm, 17177 Sweden; ?Estonian Biocentre, Tartu, 51010 Estonia

The complete genome sequence of the nematode Caenorhabditis elegans provides an excellent basis for studying the
distribution and evolution of protein families in higher eukaryotes. Three fundamental questions are as follows:
How many paralog clusters exist in one species, how many of these are shared with other species, and how
many proteins can be assighed a functional counterpart in other species? We have addressed these questions in
a detailed study of predicted membrane proteins in C. elegans and their mammalian homologs. All worm proteins
predicted to contain at least two transmembrane segments were clustered on the basis of sequence similarity.
This resulted in 189 groups with two or more sequences, containing, in total, 2647 worm proteins. Hidden
Markov models (HMMs) were created for each family, and were used to retrieve mammalian homologs from the
SWISSPROT, TREMBL, and VTS databases. About one-half of these clusters had mammalian homologs. Putative
worm-mammalian orthologs were extracted by use of nine different phylogenetic methods and BLAST. Eight
clusters initially thought to be worm-specific were assighed mammalian homologs after searching EST and

genomic sequences. A compilation of 174 orthology assignments made with high confidence is presented.

[Tables describing transmembrane protein

ftp.cgr.ki.se/ pub/data/worm.]

The first multicellular organism with a completely se-
quenced genome is the roundworm Caenorhabditis el-
egans (Consortium 1998). The genome comprises ~100
million basepairs, and is predicted to encode ~19,000
proteins. Previous analysis has revealed that approxi-
mately two-thirds of the proteins can be assigned a
tentative biochemical function on the basis of se-
quence homology to proteins of known function. A
majority of the proteins have homologs within the
worm genome (paralogs). The fraction of proteins with
a detectable paralog has been estimated by two differ-
ent methods to within 66% and 95% (Sonnhammer
and Durbin 1997; Teichmann and Chothia 2000). It
was also noted that a large fraction of the paralog clus-
ters do not match proteins in other species. Sonnham-
mer and Durbin (1997) presented a dozen of the largest
such cases and showed that some clusters could be as-
signed a tentative function by use of hidden Markov
models (HMMs). Multiple alignment-based homology
search methods such as HMMs and profiles are consid-
ered more sensitive than single-sequence methods
(Eddy 1996, 1998; Park et al. 1998). Examples of HMM-
based protein family databases are Pfam (Bateman et
al. 2000) and SMART (Schultz et al. 2000).

Our aim was to classify all membrane proteins in
C. elegans by grouping them in clusters of paralogs, and
annotating them according to sequence homology to
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families and orthology assignments

are available from

proteins with a known function and orthology to
mammalian proteins. The membrane proteins are at-
tractive for several reasons. They form a rather well-
defined group of an easily predicted class of proteins.
Membrane proteins contain many interesting recep-
tors and signaling proteins that are particularly impor-
tant in multicellular organisms and cannot be studied
in bacteria or in yeast. Membrane proteins are also
challenging for many sequence comparison programs
because of high degeneracy in hydrophobic membrane
domains. Because of their special environment, mem-
brane proteins, overall, are thought to be less con-
strained in sequence than water-soluble domains, and
therefore evolve more rapidly.

Our main interest was concentrated on the G-
protein-coupled receptor (GPCR) family (Kolakowski
1994; Horn et al. 1998). GPCRs are represented in the
Pfam database by five different families. These models
and/or simple pairwise comparisons are often used to
discover novel GPCR genes (Bargmann 1998; Robert-
son 1998, 2000). However, the use of only models of
well-established families reduces the chance of finding
any new genes that could have the same function, but
lack obvious sequence similarity. Alternative methods,
not dependent on sequence similarity to known
GPCRs could be useful to discover distinct novel fami-
lies. For example, several new GPCR sequences have
been found from Drosophila genome by modeling the
pattern of their transmembrane domains (Clyne et al.
1999). We use a similar approach to find and charac-
terize membrane proteins from C. elegans. Briefly, we
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cluster all predicted membrane proteins from the C.
elegans proteome into families, generate an HMM for
each family, and use these HMMs to find related mam-
malian genes.

After this classification of worm membrane pro-
teins and their mammalian homologs, it is also impor-
tant to find orthologs, as they are likely to be func-
tional counterparts. By definition, orthologs are genes
that have a common ancestor and are separated by a
speciation event (Fitch 1970; Hillis et al. 1996). After
the speciation, one or both orthologs may be dupli-
cated and form paralogous gene families. Paralogs of-
ten undergo functional differentiation, and are there-
fore less likely to be functional counterparts in differ-
ent species. Distinguishing orthologs from paralogs in
genomic studies is often not straightforward. Further-
more, when analyzing partially sequenced genomes,
one cannot rule out the possibility of incorrect ortho-
log assignments to paralogs if the true ortholog has not
yet been sequenced.

Traditionally, phylogenetic trees have been con-
structed to detect orthologous proteins (Chervitz et al.
1998; Yuan et al. 1998). As a quick alternative, the
BLAST program (Altschul et al. 1997) has often been
used to find probable orthologs between different spe-
cies (Tatusov et al. 1997; Mushegian et al. 1998; Maka-
rova et al. 1999; Wheelan et al. 1999). In this case, all
sequences from one species (or clade) are compared
with all sequences from other species (or clade). The
sequences that are most similar to each other in both
comparisons (best hits) are considered putative or-
thologs. Available ortholog databases include COGs
(Tatusov et al. 2000), a comprehensive collection of
bacterial and yeast orthologs, and HOVERGEN (Duret
et al. 1994) with mammalian orthologs and phyloge-
netic trees.

All orthology detection methods have a substan-
tial error rate. To reduce the risk of incorrect orthology
assignments and increase confidence in the prediction,
we have used nine different phylogenetic methods and
BLAST, and only accepted assignments in which most
methods agree. This procedure resulted in 174 putative
worm-mammal orthology assignments. We provide a
detailed description of these assignments that can
serve as a basis for preparing model experiments in C.
elegans to investigate the function of human genes.

RESULTS

Prediction of Membrane Proteins in C. elegans Reveals
a Clear Bias Toward 7 TM Proteins

To find transmembrane proteins in the C. elegans ge-
nome, we ran all proteins from the Wormpep98 data-
base through the TMHMM program (Sonnhammer et
al. 1998). This program predicts transmembrane re-
gions in proteins with a HMM trained on known mem-

1680 Genome Research
www.genome.org

brane proteins. The distribution of proteins with dif-
ferent numbers of predicted transmembrane regions is
shown in Figure 1.

In total, 6167 proteins were predicted to contain
one or more transmembrane regions. However, no
method exists to distinguish reliably signal peptides
from TM regions, thus, many of the proteins with a
single N-terminal TM segment are probably secreted
soluble proteins. However, as most worm proteins are
predicted from genomic DNA, the N terminus is un-
verified, and using an N-terminal criterion for recog-
nizing signal peptides is unreliable. TMHMM has a
false prediction rate of ~1% in soluble proteins, and
about the same rate of false negatives. The false nega-
tive rate for TM segments in multi-spanning proteins is
much higher, ~10%-15% (A. Krogh, pers. comm.).

As seen in Figure 1, there is a large peak at 6-7
predicted transmembrane regions. This is in agreement
with the known overrepresentation of 7-transmem-
brane GPCR proteins in C. elegans, which has been de-
scribed before (Troemel et al. 1995; Sonnhammer and
Durbin 1997; Robertson 1998; Troemel 1999; Robert-
son 2000).

Because our main interest is to study integral
membrane proteins, and to avoid non-membrane pro-
teins, we only considered the 3854 proteins with two
or more predicted TM regions for cluster analysis.

Clustering of the Predicted Membrane Proteins
Many of the membrane proteins belong to paralogous
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Figure 1 The number of predicted transmembrane domains in
all proteins of the wormpep98 database. The high peak of 7
transmembrane proteins corresponds to large G-protein-coupled
receptor families. On the right axis, the number of proteins in
each category can be read as percentages of the entire C. elegans
proteome, assuming 20,000 proteins in total.
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families — groups of proteins with similar sequences
and functions. We collected such families by all-versus-
all BLAST searches, followed by single linkage cluster-
ing of homologous domains. For detailed descriptions
of clustering, see the Methods section. Multiple align-
ments for each cluster were created and corrected
manually, and incorrectly clustered sequences were re-
moved. A HMM was created from each multiple align-
ment. This HMM was used to search for additional
members in the Wormpep98 database. If one protein
matched several HMM models, it was assigned to the
group/HMM with the lowest E-value. The length of the
HMMs (i.e., of the conserved domain) was nearly al-
ways between 100 and 1000 states, with an average of
385 states (see Fig. 2A for a distribution of the con-
served domain lengths).

After creating nonoverlapping models for each
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Figure 2 (A) Distribution of the length of HMMs used in this
study. This distribution illustrates the typical length of conserved
domains in worm membrane proteins. (B) Paralogous family sizes
and distribution of proteins between these families. The X-axis is
drawn in logarithmic scale. (Open bars) Cluster distribution by
size; (gray bars) the number of proteins belonging to given size of
families.

cluster, we searched for additional members of those
families from the wormpep98 using HMMPFAM with a
cutoff E-value of 1le-2. Forty-six proteins that had less
than two TM regions predicted initially were added to
the clusters by this procedure. This resulted in 189 clus-
ters with more than two members, containing 2744
domains, which belong to 2630 unique proteins, as
114 domains belong to multi-domain proteins, many
of which appear to be fused gene predictions. A total of
1270 of the predicted membrane sequences were not
included in clusters because they did not have any
well-conserved paralogs.

The resulting clusters, with two or more members
and two or more TM regions, cover 13.8% of all pro-
teins in the wormpep98 database. The four largest clus-
ters are G-protein-coupled receptor (GPCR) families,
the largest family containing 624 members. The largest
non-GPCR cluster was the acetylcholine and GABA re-
ceptor family with 80 members. The distribution of
cluster sizes and of proteins in different cluster sizes is
shown in Figure 2B. About one-third of all TM proteins
are found in large clusters with >65 members, about
one-third in medium sized clusters with 2-64 mem-
bers, and the remainder are singletons.

Finding Mammalian Homologs

After clustering the paralogous families, we had a
representative set of HMMs for membrane proteins in
C. elegans. We used these HMMs to search for mamma-
lian homologs in a dataset consisting of the 71,822
mammalian entries in the SWISSPROT, TREMBL, and
VTS databases. Of these sequences, 3608 had an
HMMPFAM match at an E-value of le-2 or better to
106 HMMs. These homologs were then used to (1) col-
lect worm-mammal ortholog candidates; (2) assign a
potential function to paralog families in the worm
genome; and (3) define worm-specific protein families,
that is, the families without obvious mammalian ho-
mologs.

The clusters of paralogs annotated with a median
number of predicted transmembrane domains, and a
number of worm and mammalian homologs, are de-
scribed in Table 1. The clusters are divided by their
general function. The most abundant functional cat-
egories were characterized as GPCR proteins (24 clus-
ters, 1529 worm proteins) and ion channels or various
transporters (50 clusters, 558 worm proteins). There
were four GPCR families with mammalian homologs.
The remaining 20 GPCR clusters did not have clearly
significant mammalian homologs, but were assigned
putative GPCRs on the basis of weak similarity to well-
characterized GPCR proteins. These GPCR families
cover 86% of the proteins with six to eight predicted
TM regions. A total of 63 non-GPCR families (401
worm proteins) did not have any mammalian homo-
log in protein databases. As shown below, subsequent
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Table 1. Description of Clustered Worm Protein Families

HOMOLOGS MEDIAN ORTHO DESCRIPTION OF CLUSTER
WORM  MAMM ™ LOGS MAMMALIAN HOMOLOGS ID
G-protein coupled receptors
130 1420 7 8 GPCR (Pfam family 7tm_1) 2
5 151 7 1 GPCR (Pfam family 7tm_2) : 29
4 48 7 2 GPCR (Pfam family 7tm_3) 43
3 25 7 1 Frizzled/Smoothened homologs 208
Putative G-protein coupled receptors
624 0 7 0 CPCR (Pfam families 7tm_4, /tm_5) 1
134 0 7 0 (GPCR) 3
107 0 6 0 (GPCR) 4
79 0 6 0 (GPCR) 5
71 0 7 0 (GPCR) 6
68 0 7 0 (GPCR) 12
53 0 7 0 (GPCR) 7
51 0 7 0 (GPCR) 22
4 0 6 0 (GPCR) 8
29 0 7 0 (GPCR) 10
29 0 7 0 (GPCR) 24
25 0 7 0 (GPCR) : 20
13 phase1 7 ? (GPCR) matches human genomic sequence AC004980 13
14 0 7 0 (GPCR) 18
11 0 7 0 (GPCR) 19
10 0 7 0 (GPCR) 34
8 0 7 0 (GPCR) 56
7 0 7 0 (GPCR) 54
5 0 6 0 (GPCR) 57
5 0 7 0 (GPCR) 39
Enzymes:
5 12 4 3 steroid 5-alpha-reductase 163
4 7 4 2 vacuolar ATP synthase 16 kD subunit 177
3 7 3 1 cholesterol 25-hydroxylase / lathosterol oxidase 187
3 2 3 1 putative fatty acid desaturase MLD 189
3 9 4 1 acyl-coa desaturase 207
3 6 6 1 cytochromes 51
3 9 7 1 cytochrome B-245 heavy chain 219
3 2 8 1 choline/ethanolamine phosphotransferase 202
2 1 3 1 putative lysophosphatidic acid acylitransferase 176
2 5 3 1 1-acyl-SN-glycerol-3-phosphate acyltransferase 230
2 3 7 1 prenyicysteine carboxyl methyltransferase 305
2 14 9 2 acyl-coa cholesterol acyltransferase 253
2 6 9 1 phosphatidylserine synthase 287
Transporters and ion channels:
80 142 4 3 acetyicholine & GABA receptors 27
65 26 12 3 various transporters 101
46 87 11 4 glucose and organic cation/anion transporters 105
45 22 6 2 pH sensitive K-channel TWIK 9
45 204 9 11 multidrug resistance proteins 28
14 82 12 2 neurotransmitter transporters 115
12 78 4 3 glutamate [NMDA] receptors 119
12 5 11 2 vesicular transporters . 117
12 35 12 2 cationic amino acid transporters 118
11 121 5 4 voltage-dependent K-channels 38
11 93 8 4 cation pumps 25
9 83 4 4 cyclic nucleotide gated channels 121
9 35 12 3 Na/H exchangers 152
8 39 6 2 aquaporins 30
8 13 9 1 sulfate transporters 124
7 2 3 1 copper uptake proteins 160
7 1 4 1 mitochondrial tricarboxylate carriers 131
7 28 6 3 vanilloid receptor, Ca-channel in sensory neurons 44
7 7 7 2 NDP-sugar transporters, Golgi complex 33
7 14 9 1 retrovirus receptor / Na-dependent Pl transporters 127
7 8 10 1 retinal rod Na/Ca/K exchangers 137
7 14 12 2 organic anion/prostaglandin transporters 136
7 22 12 1 monocarboxylate transporters 125
6 15 2 1 fatty acid transport proteins / CD36 receptors 130
6 33 8 1 amino-acid transporters 40
6 4 8 1 Fe-transporters 50
6 45 10 1 rhesus antigens, ammonium transporters 155
6 7 10 1 equilibrative nucleoside transporters 123
6 53 11 3 chloride channels 134

(Continues on following page)
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6 10 1 1 sodium coupled ascorbic acid transporters 135
6 3 12 1 similar to bacterial transporters, receptors for FLV 133
5 10 8 1 vacuolar proton pump, chlatrin-coated vesicles 37

5 11 10 3 P-type ATPases 164
4 10 5 1 calcium activated potassium channels 157
4 9 6 2 6TM Zn transporters 42

4 22 6 1 Na/Ca exchangers 211
4 4 9 2 CGI-19 protein 165
4 37 11 1 sodium bicarbonate cotransporters, band 3 172
4 28 11 2 Na-K-Cl symporters 156
4 8 12 1 sodium dicarboxylate cotransporters 141
4 17 19 3 voltage-dependent calcium channels 179
3 75 2 1 G-protein-coupled inward rectifier K+ channels 231
3 5 7 1 NMDA receptor glutamate-binding subunit 300
3 2 7 1 O-glcnac transferase p110 subunit 307
3 9 8 1 folate transporters 193
3 5 9 3 similar to yeast transporter Emp70 213
3 20 10 1 natural resistance-associated macrophage proteins 221
3 9 10 1 H+/peptide cotransporters 171
2 23 9 1 transient receptor potential proteins 276
2 10 11 1 Na/nucleoside cotransporters 306

Miscellaneous receptors and adhesion molecules
25 12 11 1 PATCHED protein homologs 102
14 66 4 2 leukocyte surface antigens 148
2 1 6 1 EGF-receptor related protein 294
2 5 7 1 KDEL receptor 268
Exact biochemical function unknown:

26 2 4 1 bestrophin (vitelliform macular dystrophy protein) 106
15 3 11 1 ET-protein 113
14 5 4 3 < 116
9 2 5 1 melastatin 46
9 6 7 1 cold-inducible glycoprotein CIG30 16
7 8 7 3 developmental proteins KE4 15
6 2 3 1 polyposis locus protein 1 (TB2 protein) 150
6 5 4 1 - 153
6 1 6 1 activation of RAG-1 in human lymphoid progenitors 36
6 2 7 1 = 215
6 1 10 1 - 139
5 2 2 1 = 188
5 5) 7 2 BB1 (tumor related antigen) 32
4 2 6 1 FGF receptor activating protein FRAG1 178
4 1 6 1 SDR2 protein 192
3 1 2 1 © 223
3 2 2 1 - 186
3 4 5 1 UOG-1 protein, related to yeast longevity 210
3 3 5 1 cleft lip and palate transmembrane protein 205
3 4 6 1 androgen-regulated protein FAR-17 47

3 1 6 1 = 199
3 12 8 1 presenilin, related to familial Alzheimer's disease 212
3 1 9 1 similar to archebacterial Mg-transporters 158
2 1 4 1 = 269
2 1 4 1 - 291
2 18 5 1 reticulon, neuroendocrine-specific protein 239
2 5 6 1 SURF-4 protein 303
2 1 7 1 - 273
2 4 7 1 = 302
2 4 8 1 rhomboid-related protein 264
2 1 8 1 - 257
2 14 9 1 CLNS3 protein, related to Batten disease 266
2 7 10 1 placental protein DIFF33 204
2 3 10 1 - 262
2 18 12 1 polycystic kidney disease protein 208

Matches to mammalian EST or human genomic sequences

5 EST 7 1 - 41

4 EST 6 1 - 173
3 EST 8 1 S 161
2 EST 2 1 - 232
2 EST 9 1 - 299
4 phase2 4 ? - 166
15 phase1 12 ? - 112

The columns WORM and MAMMALIAN show the number of Caenorhabditis elegans and mammalian homologs found in used
protein databases with each HMM-model (with HMMPFAM cutoff level E < Te-2). The column MEDIAN TM shows median
number of predicted transmembrane domains in all matching worm proteins. The number of mammalian-worm ortholog
assignments within each cluster is shown in column ORTHOLOGS. The description line shows description of mammalian
homologs. Each orthology assignment is described in detail in Table 2, available as supplementary information at http://
www.genome.org. Families are organized into groups by their general biochemical function. Fifty-six families for which
mammalian homologs were not found are not shown here. Mammalian homologs found in unfinished genomic DNA are
marked “phase1” or “phase2”. This table can also be downloaded from ftp.cgr.ki.se/pub/data/worm.
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searches in EST databases and human genomic se-
quences revealed mammalian homologs for some of
these seemingly worm-specific families.

Finding Orthologs

As a next step, we tried to find orthologous membrane
proteins between C. elegans and human. Orthologs are
likely to have the same functions and similar biological
roles. Thus, these orthologs might be an invaluable
source of clarifying the function of uncharacterized
human genes. The study of many gene functions in the
worm is significantly simpler than in mammalian
model organisms (e.g., transgenic mice).

If two orthologs had a common ancestor and di-
rectly diverged by speciation only, they should be easy
to pick up as the most similar sequences in a two-way
all-versus-all sequence similarity comparison. How-
ever, complicating factors such as subsequent gene du-
plication and different divergence rates make the
simple two-way sequence comparison technique unre-
liable. Therefore, we also use phylogenetic methods to
reconstruct the evolution of these sequences more re-
liably.

If no duplication has occurred since the specia-
tion, the two genes form a one-to-one relationship. If
subsequent duplications have occurred, one-to-many
or many-to-many types of orthology was assigned.

The phylogenetic trees were analyzed to identify
orthologous sequences between C. elegans and human
proteins. All worm sequences from a given cluster and
all found mammalian homologs were aligned and used
to calculate phylogenetic trees. Other non-human ho-
mologs were included into the phylogenetic tree to
improve the chance of finding correct orthologs if the
human sequence is still undiscovered. Ten such pairs
of orthologs were found with mouse or rat sequences.

The phylogenetic trees can be calculated in differ-
ent ways and the results are highly dependent on the
chosen method and parameters used. We used several
different programs and different models of evolution
to calculate different trees that were analyzed for or-
thologs. Overall, nine different combinations of pro-
grams, methods, and evolutionary models were used
(see Methods). Assignments were made only if a ma-
jority of programs supported the orthology with high
confidence value.

Table 2 lists the proteins involved in 174 putative
human-worm orthology assignments that were identi-
fied with the described procedure. The list is grouped
by general functions of the mammalian proteins. From
the orthologs in the table, ~30% were one-to-one rela-
tionships, 40% were one-to-many or many-to-one, and
30% were many-to-many orthologous relationships.
With the completion of the human genome sequence,
the fraction of one-to-many and many-to-many or-
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thologs is likely to increase. The different types of or-
thologous relationships are illustrated in Figure 3.

Orthologs in EST and Genomic Sequences to
Worm-Specific Families

In the previous sections, we used worm-centric gene
clusters and corresponding HMMs to find worm-
mammalian homologs and orthologs. This method is
efficient for finding reliable orthologous relationships
between proteins from distant species. The HMMs
can also be used for searching DNA databases for new,
uncharacterized human genes. We used the program
ESTWISE to search the human UNIGENE and EMBL
EST databases with the remaining worm-specific
HMMs. The matching ESTs were assembled and the
homology was verified with the DOTTER program
(Sonnhammer and Durbin 1995). The sequences were
translated and aligned together with the C. elegans ho-
mologs to build phylogenetic trees, which were ana-
lyzed for orthologous relationships. As a result, we de-
tected five putative orthologs in clusters that did not
have any known mammalian homologs previously.
We also searched against all currently available human
genomic sequences (~90% of the genome) and de-
tected fragments of homologs in three more families.
These results are listed at the bottom of Tables 1 and 2,
but as they are based on less reliable data, we did not
include them in the set of 174 high-confidence assign-
ments. An example with alignment and a phylogenetic
tree of two assembled human EST sequences and
several previously thought worm-specific proteins is
shown in Figure 4.

Phylogenetic Methods or Two-Way BLAST?

As mentioned above, we used the consensus of nine
different phylogenetic methods to assign orthology.
This approach is relatively reliable, but is labor inten-
sive and time consuming, particularly if compared
with the two-way all-versus-all BLAST method. Ortho-
log detection with the BLAST program is very fast and
can be automated easily, but it has several drawbacks.
We were interested in comparing the performance of
phylogenetic methods with the commonly used two-
way BLAST method.

In our hands, two-way BLAST detects 168 ortholog
pairs of the final 174 orthologs (true positives). In ad-
dition, BLAST detects 34 pairs that were not confirmed
by phylogenetic methods. We took a closer look at
cases in which the BLAST results were different from
tree-based methods. For 17 of these cases, we were able
to find a reason for the BLAST failure; hence, we believe
they are false positives. Another 17 cases remained un-
resolved, some of them could be real orthologs that
were missed by the phylogenetic methods because of
errors in multiple alignment or low confidence. The
following reasons were found to be responsible for the
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Table 2. Sample of Orthology Assignments between Caenorhabditis elegans and Human Membrane Proteins

CLUS ORTHOLOGS SCO
TER RE
ID C.ELEGANS l MAMMALIAN ORTHOLOGS DESCRIPTION OF MAMMALIAN ORTHOLOGS
ORTHOLOGS |
_ GPCR families:

2 C50H2.1 FSHR_HUMAN, LSHR_HUMAN, '"HORMONE RECEPTORS 69
TSHR_HUMAN

2 T23B3.4 GASR_HUMAN, CCKR_HUMAN GASTRIN/CHOLECYSTOKININ RECEPTORS 63

B Y40H4A a ACM2_HUMAN, ACM3_HUMAN, MUSCARINIC ACETYLCHOLINE RECEPTORS 92
ACM4 HUMAN, ACM5 HUMAN

2 T21B4.4 AATR_HUMAN, AA2A_HUMAN, ADENOSINE A1-3 RECEPTORS 64
AA2B HUMAN, AA3R_ HUMAN

2 F14F4.1, T07D10.2 V1AR_HUMAN, ViBR_HUMAN, VASOPRESSIN AND OXYTOCIN RECEPTORS 66
V2R HUMAN, OXYR HUMAN

2 ZK455.3 GALR_HUMAN, GALS_HUMAN, GALANIN RECEPTORS 79
GALT HUMAN

2 C30F12.6 TRFR_HUMAN, CAA09746 THYROTROPIN-RELEASING HORMONE RECEPTOR 96

2 C38C10.1, C49A9.7 NK1R_HUMAN, NK2R_HUMAN, NEUROKININ RECEPTORS 88
NK3R_HUMAN, NK4R_HUMAN

29 B0457.1, B0286.2 094867, 094882, 094910, 095490 ALPHA-LATROTOXIN RECEPTOR, LATROPHILIN 71

43 ZC506.4 MGR2_HUMAN, MGR3_HUMAN METABOLIC GLUTAMATE RECEPTORS 60

43 F45H11.4 MGR1_HUMAN, MGR5_HUMAN METABOLIC GLUTAMATE RECEPTORS 78

206 |T23D8.1, F27E11.3 000144, Q14332, 094815, 094816, FRIZZLED HOMOLOGS 64
075084, Q13467, BAA84093

Non-human orthologs are shown only in groups where the corresponding human gene is missing. The names starting with letters
AAC, AAD, AAF, BAA, CAA or CAB are coding sequences from EMBL database, not indexed in TREMBL. They can be retrieved by
searching “proteinID” field in “EMBL_features” database. The C. elegans orthologs for which worm EST sequences are known are
shown in bold. The description column shows brief information from the SWISSPROT or TREMBL description field (uppercase) and
from other sources (lowercase). The last column shows the reliability index (average bootstrap value) for orthologous pairs. Families
are organized into groups by their general biochemical function. Functional categories not shown here include Enzymes, Transporters
and ion channels, Miscellaneous receptors and adhesion molecules, Exact biochemical function unknown, and Matches to mammalian
or human genomic sequences. The complete table is available as supplementary information at http://www.genome.org.

H13N06.5
66

F26D10.5

94 [ CAA20238 HUMAN
100

Q9Z1W1_MOUSE

Q92504_HUMAN

KE4_MOUSE

I
TO1D3.5

Q9X260_THERMA

Many-to-many orthologs

]

Figure 3 Examples of orthology. A part of the tree of the cluster 15 is shown. The

[P o— BAA92100_HUMAN
100

missed. Note that this is only true when
BLAST is run as described in Methods; de-
fault BLAST parameters will generate many
more errors. The BLAST method can thus
be used rather safely to generate ortholog
candidates, which then need to be verified
by phylogenetic methods. Phylogenetic
methods may also produce false positives
onetoone DY sO-called long branch attraction of dis-
otthologs  tant outliers. This is a known artifact of dis-
tance-based phylogenetic methods. These

tree is calculated with CLUSTALW, with 1000 bootstrap replicates. The bottom pair ~ false positives can be revealed by adding a

of orthologs illustrates one-to-one type of orthology. The top group shows many-
to-many type of orthology in which two worm proteins are orthologous to two
human proteins (and two mouse proteins). Sequences with a dot in the name are

worm proteins.

errors in two-way BLAST: (1) If an alignment contains
a large insertion, BLAST reports two segments and the
overall significance is based on the strongest match
only; (2) BLAST uses gap penalties, but phylogenetic
methods do not; (3) BLAST assumes a constant molecu-
lar clock, which is sometimes not correct (see Fig. 5);
and (4) BLAST does not separate orthologs from para-
logs, but this can be achieved by rooting the tree with
an outgroup.

The number of different reasons observed for two-
way BLAST errors is shown in Table 3. The main prob-
lem with two-way BLAST is the relatively high rate of
false positive hits — only a few true assignments were

proper outgroup or by comparing pairwise
similarity scores of the potentially ortholo-
gous sequences (see Methods). We detected
two cases of long branch attraction in our
initial list of orthologs.

We conclude that although the BLAST-based
method is fast and works relatively well, phylogenetic
methods are still necessary to reliably assign orthology
suggested by BLAST. However, the best end result is
gained when results from phylogenetic methods are
confirmed also by the BLAST-based method.

DISCUSSION

This work describes a number of steps taken to arrive at
a comprehensive list of orthologous membrane pro-
teins between C. elegans and mammals. Because the
mammalian gene set is not yet complete, these assign-
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Figure 4 Human EST sequences matching apparently worm-specific families. An ESTWISE search with a worm-specific HMM model
(cluster 173) identified at least two new mammalian genes, one of which seems orthologous with a C. elegans gene. (A) Multiple
alignment of the translated and assembled mammalian ESTs and their worm homologs. EST1 was assembled from mammalian EST
sequences Al113283, HSM011691, and HSZZ18477. EST2 was assembled from mammalian EST sequences AlI060175, MM1135871, and
AA559273. (B) Phylogenetic tree of the same family, calculated with CLUSTALW.

CO6E1.1

evolution of these families in C.

elegans. As expected, a number
TO3F6.5 BLAST s .
[ DP1_HUMAN orthologs of worm families did not have
100 L any mammalian homologs in
DP1_MOUSE PHYLOGENETIC

80 the protein databases. How-

ever, for five of these families,

orthologs

F56B3.6

100

C36H8.1
—C-
B0496.6

Figure 5 Example of different orthologs detected by phylogenetic or BLAST-based methods
(CLUSTER 150). The tree was calculated by the neighbor-joining method. BLAST detects the pair
with the shortest distance, whereas phylogenetic methods can compensate for unequal rates of

divergence and make a more correct grouping.

ments are tentative, but they have been subjected to
rigorous testing and manual analysis. The steps taken
include prediction of membrane proteins in C. elegans,
classifying these proteins into families, finding mam-
malian homologs with HMM searches, and a detailed
analysis of orthologous relationships.

The classification of predicted membrane proteins
also provided a good overview of the distribution and
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mammalian homologs were
found after searching EST data-
bases with HMMs. Homologs
for three additional families
were found from human ge-
nomic sequences. Thus, our
HMM models are an excellent
platform for novel gene discov-
ery. It is possible that homologs
will be found for some of the remaining 75 worm-
specific families once the human genome is com-
pletely finished and assembled.

Nineteen of the seventy-five worm-specific fami-
lies are likely to be GPCRs. This is in good agreement
with the primitive structure of the worm nervous sys-
tem (Mombaerts 1999).

The list of orthologs is an important result of our
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Table 3. Causes of Incorrect Orthology Assignments by Two-Way BLAST

number of trans-
membrane seg-

ments is more fre-

Constant No rooting with
Reason 2 segments Gap penalties molecular clock outgroup Total quent than overes-
timation.
False negatives 2 4 0 0 6
False positives 3 4 5 5 17 Clustering of C.

See text for details.

research. Orthologs are likely to have the same biologi-
cal function. Thus, the list of potential orthologs is an
excellent starting point for experimental studies in C.
elegans. The prediction of orthologs is typically done in
a relatively quick and dirty way, by use of only pair-
wise-similar detection programs. We present a more
careful approach using phylogenetic methods, which
is more consistent with the definition of orthology
(Fitch 1970). The study shows that the orthologs pre-
dicted by BLAST are often different from tree-based or-
thologs. Moreover, different phylogenetic methods
can produce highly different results. Thus, we strongly
suggest using several different methods to assign or-
thology.

Naturally, all of the identified ortholog pairs and
groups are preliminary, because not all of the human
proteins are yet available through protein or EST data-
bases. The list can be finally confirmed only after the
completion of the human genome sequence.

METHODS

Data

The Wormpep98 database was used as the full proteome se-
quence of the C. elegans that is based on the official version
wormpepl7 (http://www.sanger.ac.uk/Projects/C_elegans/
wormpep/) which contains 19,099 protein sequences. The
data in this database is of somewhat low quality and is known
to contain some errors due to wrong gene predictions. Thus,
we were cautious when interpreting any alignment data in-
volving worm proteins from wormpep98 database. The mam-
malian proteins were retrieved from a nonredundant set of
SWISSPROT + TREMBL + SWISSNEW + TREMBLNEW from
October 11, 1999 (Baker et al. 2000). This set of mammalian
proteins contained 52,838 proteins, 20,181 of which were of
human origin. Additionally, 19,093 hypothetical human pro-
teins were added to mammalian dataset from the VTS data-
base, version 7 (N. Miyajima, Kazusa DNA Research Institute,
Kisarazu, Japan). Overall, 71,882 mammalian proteins were
used in this study. UNIGENE database (Schuler 1997) version
105, or later, and EMBL EST database (Baker et al. 2000) were
used to search for additional orthologs.

Prediction of Transmembrane Regions

Transmembrane regions were predicted with the HMM-based
program TMHMM (Sonnhammer et al. 1998). The default set-
tings for this program are rather conservative and may miss
weak transmembrane domains. The underestimation of the

elegans Paralogs

The clustering was

done in several

steps. First, only

the proteins with
6-8 predicted transmembrane domains were clustered. Subse-
quently, the remaining proteins with 2-48 predicted trans-
membrane domains were clustered. The clustering of both
datasets was based on similarities detected by an all-to-all
search with the BLAST2 program (Altschul et al. 1997). BLAST
search and clustering was performed in several rounds, with
decreasing stringency (E-value cutoff from 1e-50 to 1e-5). The
sequence similarities detected by BLAST were clustered to-
gether by single-linkage clustering.

The domain boundaries were not used in the clustering
step. Nevertheless, only the actual matching domains of se-
quences were retrieved and used in multiple alignment. This
helped to manually eliminate wrongly clustered sequences
after multiple alignment. Multiple alignment was done with
the program CLUSTALW, version 1.4 (Thompson et al. 1994)
and edited with the alignment viewer BELVU (E. Sonnham-
mer, unpubl.). The manual editing involved pruning un-
aligned parts, removing poorly aligned sequences, correcting
of alignment errors around gaps, and an occasional realign-
ment with ClustalW.

HMM Construction

The HMM models were constructed from manually edited
multiple alignments. The HMMBUILD and HMMCALIBRATE
programs from the HMMER2.1.1 (S. Eddy, unpubl.) package.
Both global (default) and local (-f option) models were created
with HMMBUILD, but in most searches, only the default
model was used. For EST database search, the local HMM
models that allow partial matches to the HMM were used. The
HMM files and seed alignments are available upon request.

Homology Searches

HMMPFAM programs from the HMMER package were used to
find both worm and mammalian homologs. In all of our
searches, we used the E-value cutoff 1e-2. Wormpep98 data-
base to search C. elegans homologs and a dataset of 52,838
mammalian protein sequences was used to find mammalian
homologs (see above). Many of the proteins matched several
different HMMs. In this case, the sequences (domains) were
assigned to the HMM/group with the best matching E-value.

Ortholog Detection with Phylogenetic Methods

Multiple alignments for the tree calculation were constructed
from each group of homologs by the program HMMALIGN
from the HMMER package. Gappy columns and gappy se-
quences (>50% gaps) were removed from the alignment be-
fore calculating the phylogenetic tree. Sequences >99% iden-
tical to any other sequence were also removed from align-
ment.

Different phylogenetic programs give different tree to-
pology according to the method used and the model of evo-
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lution assumed. There is no overall consensus among biolo-
gists as to which phylogenetic method best reflects the evo-
lution proteins, particularly in the case of membrane
proteins. Thus, instead of choosing one arbitrary method, we
used several different programswith different options. The
programs PHYLOWIN with observed distance, Poisson correc-
tion and PAM distance (Galtier et al. 1996), ClustalW with
observed distance and Kimura correction (Thompson et al.
1994), PHYLIP with PAM distance (Felsenstein 1993), PUZZLE
with BLOSUM62 matrix (Strimmer and von Haeseler 1996),
ProtML with Jones matrix (Adachi and Hasegawa 1996), and
PAUP with parsimony criterion (Swofford 1998) were used to
build distance-based phylogenetic trees for ortholog detec-
tion. For most programs, the bootstrap technique was used to
estimate reliability of the given branching order. A total of
100-500 bootstrap tests were run on trees to assess the signifi-
cance of the branching order. Only bootstrap values >50%
were considered positive. In PUZZLE, the reliability is shown
as the number of puzzling attempts that support a given
branch. The ProtML method does not use bootstrapping, but
the significance of branching order can be estimated directly
from the standard error of branch lengths. The list of or-
thologs was made on a consistency principle — the ortholog
was marked only if the majority of nine phylogenetic meth-
ods used supported given pairing of orthologs. The final reli-
ability index (the score in Table 2) for the orthologous
branching is calculated as the average support of the nine
different methods. The different methods seem sufficiently
uncorrelated to justify this simple procedure. In the 76 cases
in which one or more methods did not support the consensus
branching, 37 different binary patterns of support among the
9 methods were observed. The most frequent pattern was ob-
served 15 times (all methods but ProtML was supported). The
pattern of support thus varies considerably and is not fixed on
a particular set of methods.

In smaller families, the location of root and pairing of
orthologs is not obvious. In these cases, all similar sequences
from SWISSPROT-TREMBL were used to root the phyloge-
netic tree. Another weakness of distance-based phylogenetic
methods is a possibility of the long-branch attraction. In this
case, putative orthologs are not truly related and are paired
together only because of a common dissimilarity to other se-
quences. Long-branch attraction was checked and eliminated
by checking the similarity of paired sequences in BELVU. If
sequences had a negative similarity score, they were removed
from the list of orthologs.

Ortholog Detection with Two-Way BLAST

Exactly the same worm and mammalian sequence domains
were used for phylogenetic methods and BLAST searches.
Both worm-mammalian and mammalian-worm BLAST
searches were run without SEG filtering. The sequences that
were best hits to each other in both directions were marked as
orthologs. The cutoff value for ortholog pairs was set at 50 bits
(corresponds approximately to E-value 1e-5 if recalculated to
current size of SWISSPROT + TREMBL).

DNA Database Searches with HMMs

The program ESTWISEDB version 2.1.19c from the WISE2
package (E. Birney, unpubl.; http://www.sanger.ac.uk/
Software/Wise2/) was used for searching DNA databases. This
program can directly compare HMM with DNA sequences.
The human UNIGENE database (ftp://ncbi.nlm.nih.gov/
repository/unigene/), version 104 or higher, was searched di-
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rectly with ESTWISEDB. The EST database was too large to
search directly, so the filtering program BLASTWISE was used.
The BLASTWISE procedure is as follows: (1) Twenty-five pro-
tein sequences are generated from the HMM (with the pro-
gram HMMEMIT from the HMMER2.1.1 package); (2) these
25 protein sequences are used to search the EST database with
the program TBLASTN and with cutoff E-value 10 for poten-
tial homologs; and (3) matching EST sequences are retrieved
and used in the final ESTWISEDB similarity search against the
original HMM (local match model).

Searching Human Genomic Sequences

All available human genomic sequences were downloaded
2000-07-25 from Genbank (ftp://ncbi.nlm.nih.gov/refseq/
H_sapiens/Contigs/). These were searched with TBLASTN us-
ing the consensus sequence from each worm cluster align-
ment as query sequence.
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