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Comparison of the Complete Protein Sets of 
Worm and Yeast: Orthology and Divergence 

Stephen A. Chervitz, 1. Aravind, Gavin Sherlock, Catherine A. Ball, Eugene V. Koonin, Selina S. Dwight, 
Midori A. Harris, Kara Dolinski, Scott Mohr, Temple Smith, Shuai Weng, J. Michael Cherry, David Botstein 

Comparative analysis of predicted protein sequences encoded 
by the genomes of Caenorhabditis elegans and Saccharomyces 
cerevisiae suggests that most of the core biological functions 
are carried out by orthologous proteins (proteins of different 
species that can be traced back to a common ancestor) that 
occur in comparable numbers. The specialized processes of 
signal transduction and regulatory control that are unique to 
the multicellular worm appear to use novel proteins, many of 
which re-use conserved domains. Major expansion of the 
number of some of these domains seen in the worm may have 
contributed to the advent of multicellularity. The proteins 
conserved in yeast and worm are likely to have orthologs 
throughout eukaryotes; in contrast, the proteins unique to the 
worm may well define metazoans. 

The nenlatode \voml Ccreiioi.hirbditis elegiri~s is only the second eu- 
karyote to have its genonle completely sequenced (1). The first coinplete 
eukaiyotic genoine sequence, that of the budding yeast Scrcciiai~oni~,ces 
cei,e~,isicie, has been reported previously (2). Thus. for the first time, it is 
possible to coinpare the entire conlplements of encoded proteins of two 
highly diverged eukaryotic species, one of which is a unicellular micro- 
organism and the other a multicellular animal. 

The first result is quite sui-piising: Siinple sequence cornpansons 
allow one to predict, inore often than not. orthologous pairs. In inany 
cases, orthologous pairs can be confidently delineated even within fain- 
ilies of highly similar proteins having many rne~nbers fkom each organ- 
ism. In fact, at the most stlingent comparison value, -57% of protein 
pairs contain just one worm and just one yeast protein. The set of highly 
censer\-ed proteins is encoded by a minority of the open reading frames 
(OMS)  in each organism (-40% of yeast and 20% of nTorm: see Table 
1). They car1-y out the core biological processes shared by these two 
eukaiyotes. such as intermediary metabolism, DNA and RNA metabo- 
lism. protein folding. trafficking, and degradation. 

The second result is more in line with expectation. Unlike yeast, 

5. A. Chervitz, G .  Sherlock, C. A. Ball, S. S. Dwight, M. A. Harris, K. Dolinski, 5. Weng, 
J. M. Cherry, and D. Botstein are in the Department of Genetics, Stanford University 
School of Medicine, Stanford, CA 94305-5120, USA. L. Aravind and E. V. Koonin are 
at the National Center for Biotechnology Information, National Library of Medi- 
cine, National Institutes of Health, Bethesda, MD 20894, USA. 5. Mohr and T. Smith 
are in the Department of Biomedical Engineering, Boston University, Boston, MA 
021 15, USA. 

the worn1 has a number of specialized. coinmitted cell types with 
distinct and coordinated programs of gene expression. The differen- 
tiation of cell qpes  in the animal is achieved through an elaborate 
developmental program that has been explored in detail in C. elegans 
(3). In contrast, yeast adapts dynamically to its environnlent by 
switching on different gene batteries in response to nutrient status, 
oxygen tension, mating pheromones, and other factors (4). It is widely 
believed that the physical basis of the developmental complexity of a 
nlulticellular eukaiyote is a system of protein regulators and signal 
transducers that is significantly more coinplex than that in unicellular 
organisms (5). Interspecies cornparison of the protein doinains used in 
regulation and signal transduction shows that although there is con- 
siderable sharing of domains, most of the proteins in which they 
appear are generally not orthologous. Increasing numbers of multido- 
inail1 proteins during eukai-yotic evolution are thought to have origi- 
nated largely by domain shuffling (6). Indeed. we can predict evolu- 
tionary trends including (i) the evolution of new regulato~y or signal- 
ing domains; (ii) evolution of new domain architectures from shared 
(presumably preexisting) domains; and (iii) expansion of particular 
domain families by a series of duplications. 

The comparison of 6217 yeast ORFs with 19.099 woim ORFs 
produces much inore information than can possibly be printed here. 
All of the underlying data, however, can be found in searchable form 
on our Web site within the Saccharomyces Genoine Database (SGD) 
(genon~e-u.u.u..stanford.edu.Saccharon~ycesi~von~~:), 

Shared Core Biology of Worm and Yeast: The Orthologs 
We set out to coinpare and contrast the encoded protein compleinents 
by identifying both oitl~ologous proteins (7). and shared and novel 
protein domains in yeast and woml. Distinguishing orthologs. ~vhich 
have evolved by vertical descent from a coinmon ancestor and are 
presumed to cai1y out the same function (a), from paralogs, \vl~ich 
arise by duplication and domain shuffling \vithin a genoine and hence 
may have divergent functions, is paramount when cai~ying out \vl~ole 
genoine coinparisoils (9). Failure to do so can result in functional 
nlisclassification (10) and inaccurate ~nolecular evolutionary recon- 
str-tlctions (11). In this part of our analysis. we did not attempt to 
detect distant hon~ologs, nrl~icl~ may be found by using less stringent 
criteria and more sensitive techniques (12). 

We compared the predicted proteins of yeast and worm by first 
carrying out reciprocal WU-BLASTP (13) conlparisons (that is, each 
predicted yeast protein against all the predicted proteins of the worm 
and vice versa). In every case in nrhich a high-scoring pair (HSP) was 
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detected, we collected all members of a group from both organisms by 
using several BLAST P-values as thresholds, as described in Table 1. 
The ORFs within each group were then ordered by similarity cluster- 
ing with the CLUSTALW program (14) and displayed as multiple 
sequence alignments, rooted cluster dendrograms, and unrooted trees. 
Each of these displays for every comparison can be found on our Web 
site. The numbers of worm and yeast ORFs that fall into these clusters 
at various similarity thresholds are given in Table 1. Figure 1 graph- 
ically depicts the distribution of the sequences from the worm-yeast 
clusters within functional categories. The first significant (and some- 
what unexpected) observation is that the absolute number of ORFs for 
which we find worm and yeast homologs is about the same in each 
organism. At the highest level of similarity (P < 10-loo), approxi- 
mately equal numbers of yeast and worm ORFs are present. This trend 
generally holds even at the lowest threshold we studied (P < 10-lo), 
where there are 2497 yeast ORFs (40% of total yeast ORFs) and 3653 
worm ORFs (19% of total worm ORFs). 

These observations suggest that the core biological processes of 
the two organisms are carried out by a similar number of proteins. It 
further suggests that the very large difference in the total number of 
different proteins encoded by the two organisms (-3.1-fold higher in 
worm) is not accounted for by endless close variations in the clusters 
found among the shared set, but instead are proteins that are substan- 
tially different in sequence [compare with (15)] and thus are likely to 
perform tasks that are specific to each organism. A subset of such 
organism-specific proteins, those associated with regulation and sig- 
nal transduction, were investigated and found to support this idea 
[(Id); and see below]. 

If many core biological processes of worm and yeast are indeed 
canied out by a comparable number of closely related proteins, then it 
might not be necessary to study the proteins (or the processes) in detail in 
both organisms. Instead, the annotation for the proteins involved in 
shared core biology (annotation that exists almost exclusively for yeast) 
might be transferable to the worm, provided that the orthologs between 
the two species are easily recognizable by sequence analysis alone. 
Functional conservation of proteins from different species was first 
demonstrated experimentally by showing that the mammalian RAS pro- 
tein can substitute for yeast RAS in a RAS-deficient yeast strain (1 7). The 
worm RAS homolog let-60 is involved in a variety of signaling processes 
(18) and is homologous to two yeast RAS genes (RASl and RAS2), as 
described for many families below (see also the Web site). Although 
upstream regulators and downstream effectors of RAS may have di- 
verged in the two organisms, it is likely that these orthologs may have a 
core biochemical function that is conserved, a prediction that can be 
easily tested in genetically tractable model organisms (19). In another 
example, yeast CDC28 and worm ncc-1 form an orthologous pair in the 
cyclin-dependent b a s e  family and have already been shown experimen- 
tally to be hctionally interchangeable. When expressed in yeast, the 
protein encoded by ncc-1 complements the G,/M arrest of a cdc28 
temperature-sensitive mutation, illustrating functional conservation in 
vivo (20). 

Table 1 shows that at each level of significance roughly half (61 1 
of 1 17 1 at P < 10- lo) of all the sequence similarity groups found by 
our reciprocal BLASTP procedure contain exactly two members. 
Because ascertainment of each group began with a yeast-worm HSP, 
these groups contain one worm and one yeast member. The availabil- 
ity of complete sequences for both worm and yeast makes it unlikely 
that we are missing large numbers of potential orthologs. It remains 
possible that the conservative similarity cutoffs used leave fast- 
evolving orthologs to be identified by more detailed analysis. Thus, 
most of the proteins contained in these 61 1 groups will turn out to be 
authentic orthologs, like the CDC28/ncc-1 pair cited above. 

Examination of the CLUSTALW output provides a comparably 
strong indication of many orthologous relationships within the re- 
maining groups (560 of 1 17 1 at P < 10- lo) that contain three or more 

S P E C I A L  S E C T I O N  1 
members. From several hundred such families, six examples are 
illustrated in a rooted tree display (21,22) (Fig. 2). The first example 
(Fig. 2A) illustrates the two clusters of DNA-dependent RNA poly- 
merases. In every case, the yeast and worm proteins form unambig- 
uous pairs. In this instance, most of the cases for pairing are conclu- 
sive, because the RNA polymerase I and I1 subunits were indepen- 
dently identified in yeast and worm (23). In addition, the cluster [here 
done at P < (24)] contains the yeast polymerase 111 subunit 
paired with its presumed ortholog in the worm. 

The second example (Fig. 2B) shows the cluster of DNA replica- 
tion factor C subunits, which act as processivity factors for DNA 
polyrnerases 6 and E and load proliferating cell nuclear antigen 
(PCNA) onto DNA (25). This cluster has 12 members, and the pairing 
is entirely consistent with the idea that each member of each pair is 
orthologous to the other. The third example (Fig. 2C) shows a similar 
clustering of proteasome subunits (26). In this case there are 25 
members of the cluster, which form 1 0  clear pairs, with three yeast 
and two worm sequences apparently unpaired. However, it seems 
probable that there is an additional orthology: yeast PRE2 with the 
minimally diverged (recently duplicated?) worm sequences K05C4.1 
and Y105E8A.jj. Accepting this, the 25 sequences yield 11  pairs. 

The worm has 17 tubulin genes, compared to just 4 in yeast (Fig. 
2D). Because the worm expresses specific tubulins for specific func- 
tions, a skewed worm:yeast ratio is to be expected. For instance, worm 
tba-1 a-tubulin is selectively expressed in a set of mechanosensory 
and ventral-cord motor neurons during development. Conversely, 
yeast express almost twice as many hexose transporters as worm, 
indicating the importance of sugar transport to S. cerevisiae (27). Both 
worm and yeast encode just one y-tubulin, implying that whereas 
other tubulins may have become more specialized, y-tubulin still 
functions only in a common core process. 

The comparisons for actin and actin-like proteins give a quite 

Cytoskeletal 
Ribosomal 

- proteins - 5% 
Intermediary 1 [I 
metabolism 

DNAlRN . 
metabolism 

18% 

Transport & secretton 
1 l o ,  

Fig. 1. Distribution of core biological functions conserved in both yeast 
and worm. Yeast and worm protein se uences were clustered into closely 
related groups (BLASTP P < 1 X 10-10, with the >BM( aligned length 
constraint) as described in the legend to Table 1. Each sequence group 
(including groups with two or more sequences) was assigned into a single 
functional category, relying primarily on the functional annotations for 
the yeast genes in SCD when available (44). The unclassified category 
contains groups of sequences without annotation. The boxed number 
within each category reflects the ratio of worm to yeast proteins for that 
category. 
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different result (Fig. 2F). Although there are more classical actins in Escherichia coli or Methanoccus jannaschii protein sequences. A total 
the worm than in yeast, several of the actin-related proteins (ARP of 108 mitochondrial proteins from yeast have highly conserved 
genes) of yeast have what appear to be orthologs in the worm. Like homologs in worm (P-value scores < These orthologous pairs 
y-tubulin, they appear to carry out a core process shared by the two can be assigned to diverse mitochondrial functions such as the TCA 
organisms. The true actins of the worm function in both muscular (tricarboxylic acid) cycle, electron transport, lipid metabolism, amino 
contraction and as cytoskeletal elements, so that the duplication and acid biosynthesis, intermediary metabolism, membrane transport, pro- 
divergence of specialized actins was to be expected. Somewhat tein processing, RNA metabolism, and protein synthesis. Surprisingly, 
surprisingly, there is a yeast actin-related protein with no obvious worm orthologs were identified for only 10 of the approximately 40 
counterpart in the worm, ARPl (28), which encodes a nuclear protein unique yeast mitochondrial ribosomal proteins (34). It seems possible 
related to dynactin and centractin. This lack of orthology may be that given the small size of mitochondrial ribosomal RNAs in the 
explained by the relatively unusual chromosome mechanics of C. nematodes (35), the C. elegans mitochondrial ribosomes could con- 
elegans, whose chromosomes are holocentric and thus lack defined tain a small number of proteins. However 10 proteins are unlikely to 
centromeres (29). make a functional ribosome. It therefore remains to be determined 

In the large cluster of HSP70 heat shock proteins (Fig. 2E), five whether more ribosomal protein genes are encoded in the worm 
subclusters can be recognized, each containing worm and yeast genes. genome but are missing in the currently defined gene complement, or 
The subclusters appear to reflect different localization or substrate if some have been displaced in the nematode mitochondrial ribosome 
specificities in yeast. One encodes yeast cytoplasmic HSP70 proteins by cytoplasmic ribosomal proteins. 
(SSA genes); another encodes mitochondria1 proteins (SSCI). A third Taken together, these observations show that for a substantial 
encodes yeast cytoplasmic proteins that act on nascent peptides and fraction of the yeast and worm genes, unequivocal, one-to-one or- 
associate with translating ribosomes (SSB genes) (30). Notably, the thologous relationships are readily identifiable. The simplest expla- 
fourth group encodes genes that act as chaperones in the endoplasmic nation for these results is that the proteins in this data set carry out 
reticulum; Kar2p in yeast (31) and hsp-3 and hsp-4 in worm (32) have core biological processes required by each organism. To test this idea, 
independently been characterized to have this function. a functional classification for each of the proteins in this set was 

The nuclear-encoded mitochondrial proteins of worm and yeast abstracted, mainly from the SGD (most of the yeast proteins in this set 
provide a compelling example of orthologous pairs but also a remark- have some functional annotation) but also from the Web version of 
able case of the worm apparently missing orthologs for a set of ACeDB (www.sanger.ac.uk/Projects/C-elegans). When this was done 
important yeast proteins. Comparisons were performed with PSI- for the set of proteins at the level of P < lop5', 91% of the proteins 
BLAST (33) and validated by demonstrating sequence similarity to could be classified. Of these, 79% could be assigned to rubrics fitting 
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Fig. 2. Orthologous core biological functions in yeast and worm. teins. Hyperlinked versions of these figures are available at the SCD 
Representative sequence groups are shown as rooted CLUSTALW Web site described in the text. Trees were created by means of 
Neighbor-Joining trees, clustered as described in the legend to Table CLUSTALW (74) with default parameters, which use the BLOSUM 
1, at a similarity level indicated after each description. Gene names series of weight matrices. Trees were drawn with a combination of 
are color-coded (blue, 5. cerevisiae; red, C. elegans). (A) RNA poly- the Phylip (22) and gd (BoutelI.Com, www.boutell.com) software 
merase. (B) Replication factor C. (C) Proteasome subunits. (D) Tubu- packages. This table gives only examples from the table on the Web 
lin. (E) HSP70 heat shock proteins. (F) Actin and actin-related pro- site. 
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the description of core biological processes (Fig. 1). A more detailed 
scrutiny of orthologs in different functional categories indicates, 
however, that certain central metabolic pathways (for example, those 
for the biosynthesis of several amino acids) that are present in yeast 
appear to be missing in the worm. This reflects the different nutsi- 
tional requirements of the t\vo organisms. Many of these functional 
designations are particularly reliable because they originate from 
experiments carried out directly with yeast. 

Possibly the most important opportunity to emerge from these 
results is that annotation of protein functions and activities will be 
reliably transferable between organisms as disparate as yeast and 
worm by sequence analysis. With well-annotated genomes, the iden- 
tification of orthologous pairs becomes a powerful analytical ap- 
proach. Whereas biochemical and biological experiments must be 
done to unequivocally prove the functions of proteins, the wealth of 
data from sequence analyses allows researchers to better design 
experiments and avoid duplication of work done in other systems. 

Distinguishing the Multicellular Worm from the Unicellular 
Yeast: The Divergence 
The analysis thus far has concentrated on similarity of entire proteins. 
However, there are many instances in which domains, rather than 
entire proteins, are conserved. Yeast and worm have many core 
metabolic functions that are encoded in large mult~domain proteins. A 
number of these are simple concatenations of various catalytic steps in 
the same pathway that, in the bacteria. is found on separate peptides. 
The identification of shared domains, as well as unique domain 
combinations, should provide important information on the functional 
divergences between these hvo organisms. 

The primary interest in C. elegans is not in the shared core 
functions but in the functions characteristic of multicellularitv. To 
investigate the worm proteins that are associated with such functions, 
we defined a set of 122 protein domains (36) that are widespread in 
eukaryotes and are associated with the regulation of gene expression 
and signal transduction (37). We then compared these domains in 
worm and yeast in terms of the number and domain architectures of 

rable 1. Conservation of yeast and worm protein sequences. Two reciprocal 
BLASTP analyses were performed, first with each of the 6217 yeast ORFs as 
a query against the worm ORF dataset (19,099 ORFs) (yeast versus worm), 
and second with each worm ORF as a query against the yeast ORF data set 
(worm versus yeast). For each yeast query sequence with a significant BLASTP 
worm hit (based on a conservative P-value cutoff, see below) in the yeast- 
versus-worm analysis, a sequence group was formed by combining the yeast 
query with all of its worm hits. This list was augmented by adding the yeast 
hits produced by each of these worm hits when used as a query in the 
worm-versus-yeast BLASTP analysis, imposing the same P-value cutoff. Anal- 
ogous groups were constructed by starting with each worm query sequence 
from the worm-versus-yeast analysis, again with the same P-value cutoff. All 
of the above sequence groups were processed together, removing redundant 
sequences within each group and coalescing different groups if they con- 
tained any common sequence or sequences. Within all groups collected for a 
given P-value data set, each yeast and worm sequence will occur only once. 
Different maximum P-value cutoffs were set for the initial collection of hits 
(1 X 10-lo, 1 X 1 X and 1 X 10-lOO). Sequence groups were 
also constructed with the additional constraint that 80% or more of each 
query sequence be aligned; results were similar to those without the aligned 
length constraint and can be viewed on our Web site. 

Sequence groups 
Yeast Worm 

P-value . - ORFs (%) ORFs (%) 
3 L 

Total members 
(n=6217)  (n=19099)  

the proteins in which they occur (38). The worm-yeast comparison 
highlights several distinct pathways for the evolution of innovations 
that seem to form the basis of complex signal transduction systems. In 
many cases, it appears that an ancestral regulator or an entire signaling 
system retains its general function but acquires new specificities after 
a series of duplications with subsequent divergence. We found in- 
stances of invention of domains de novo. recruitment of domains to 
novel forms of signal transduction, and amplification and diversifica- 
tion of domains already associated with signal transduction. 

Relatively small but important sets of regulatory and signal trans- 
duction domains are found in C. elegans but not in S. ce~evisiue. and 
vice versa (Table 2). These might well represent evolution of new 
regulatory or signal domains. The worn1 domains not found in yeast 
can generally be linked to the layers of complexity in signal trans- 
duction that accompany multicellularity. The most obvious examples 
are extracellular signaling and adhesion molecules, such as epidermal 
growth factor (EGF) and cadherin domains, first messengers such as 
FMRFamides and insulin-like peptides, and voltage- and ligand-gated 
channels such as degenerins. Other domains found in worm but not 
yeast include components of the programmed cell death machinery 
(such as the caspases). Also prominently figuring in this animal- 
specific class of regulatory domains are transcriptional regulators such 
as nuclear hormone receptors that are part~cularly numerous in the 
worm (Table 2). The genes encoding these classes of signaling 
domains appear to have evolved only in animals and have undergone 
varying degrees of duplication in even a simple multicellular organ- 
ism such as C. elegans. Yeast encodes its own small set of fungal- 
specific regulatory domains (Table 2), of which the most prominent is 
the C6 finger, a DNA-binding domain. 

The majority of the signaling domains, however. are detected in 
both yeast and worm. The method we used allowed us to amend the 
list of such consewed domains by discovering the yeast counterparts 
of several domains that have been thought to be unique for animals. 
Examples of important domains that were not previously detected in 
yeast include MATH. POZ. and arrestin (Table 2). 

Several interesting examples illustrate how domains originally 

0 2 4 6 8 10 
Yeast 

Fig. 3. Normalized counts of the common regulatory and signal trans- 
duction domains in yeast and the nematode C, elegans. The data are 
from the complete version of Table 2 that is available on the Web site. 
The axes show the number of proteins with the given domain per 1000 
genes. 1, POZ domains; 2, EGF; 3, MATH domain; 4, phosphotyrosine 
phosphatase; 5, homeodomains; 6, leucine-rich repeats; 7, calmodulin; 8, 
PDZ domains; 9, voltage-gated channels; 10, ankyrin repeats; 11, RING 
domain; 12, C6  fingers; 13, nuclear hormone receptors; 14, AAA-type 
ATPases. The two domains that are most abundant in yeast, namely 
serine-threonine protein kinases and WD40 domains (Table 2), were not 
used for this plot, in order to  improve resolution for the other points. 
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unrelated to signal transduction seem to have been recruited for 
inlportant regulatorq functions in animals. For example. the HIST 
(Hedgehog-INTein). PAIRED box. and POU domains appear to have 
been derived fsonl selfish elements or transposons. The HINT domain 
(39) is found in single copy in yeast where it appears to be a selfish 
genetic element (intein) in TFPI,  a vacuolar ATPase (adenosine 
triphosphatase) subunit gene. By contrast, the worm has 11 copies, 
always as a part of a molecule that is probably autocatalytically 
cleaved to produce an extracellular regulator (40). The further history 
of this domain includes the origin of Hedgehog. a key regulator of 
positional infolnlation in vertebrate and insect development. The 
history of PAIRED box and POU domains (dl), ~ v l ~ i c h  are missing in 
yeast but prominent in the predicted worm transcription regulators, 
appears similar to H K T .  These DNA-binding domains are specifi- 
cally related to the helix-turn-helix domains of the transposases of 
animal and bacterial transposons (42), which probably indicates the 
route whereby they invaded the ancestral animal genome. 

Examples of regulatory domains that are detectably conserved in 
C, elegni~s and S, cei.ei,isiae, but nevertheless act in worn  signal 
transduction pathways not found in yeast. include the immunoglobu- 
lin. FN3, LRR, and vWA domains. I11 yeast, these domains act within 

the cell. in DNA binding or intracellular protein-protein interactions. 
whereas in the worn1 they become prominent extracellular adhesion 
and signaling modules (Table 2). The SH2 domain may have some 
conserved functions in yeast and in the worm, as indicated by the 
conservation of the entire domain architecture of the SH2-containing 
transcription factor Spt6p. However, the best known role of SH2. in 
the tyrosine phosphorylation signaling system. is clearly an innovation 
for ~ rh ich  this domain had been recruited only in animals. 

A numerical comparison shows that in many cases. the number of 
proteins with the given domain in worn1 and yeast is about the same 
when nornlalized by the total gene numbers (Fig. 3). Against this 
background, the marlced expansion of several domains in the \vor-l11 is 
striking (Fig. 3 and Table 2). The domains with a disproportionate 
excess in the worm include (i) a small, distinct set of protein-protein 
interaction domains, such as the intracellular domains (MATH, POZ, 
PDZ, and LIM), and the largely extracellular domains (FN3, LRR, 
and vWA); (ii) the phosphotyrosine signaling system-tyrosine ki- 
nases, phosphotyrosine phosphatases, SH2, and PTB (two types of 
phosphotyrosine-binding domains; the PTB domain was not detected 
in yeast); (iii) the cyclic nucleotide  non no phosphate (cNMP)-depen- 
dent signaling system-the cNMP cyclases, phosphodiesterases, and 

Table 2. Unique and conserved regulatory and signal transduction domains in yeast and worm. 

*Number of proteins containing the given domain in yeast, ?Number of proteins containing the given domain in the worm. :Ratio of the number of proteins with the given 
domain in the worm to the number in yeast, normalized by the total number of genes: R = W*6.2/Y*18.9. 
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cNMP-b~nding doma~ns, (iv) homeodornains; (v) calmodulin-type References and Notes 
EF-hand domains; (vi) potassium channels; and (vii) 7TM receptors. 
hTotably, the MATH and POZ domains showed the quantitatively 
greatest expansion in the worm (Table 2 and Fig. 3). The entire range 
of the functions of these domains remains to be clarified: but a 
large family of worm proteins that contain these two domains 
combined are likely to be involved in specific aspects of chromo- 
some organization (43). Within the chosen set of domains, there 
are no significant family extensions in yeast compared to C. 
elegaizs (Table 2 and Fig. 3). In certain cases, however, such as the 
C,H, Zn finger domain-containing proteins, the numerous C. 
elegai~s and S, cerevisiae proteins form separate intraspecies 
groups, suggesting independent duplication histories. 

Conclusions 
This first reciprocal analysis of two complete eulcaryotic genome 
sequences has produced two kinds of results. First, it is clear that a 
comparable number of o~tl~ologous proteins carry out the core func- 
tions of both S. cerevisiae, a u~~icellular free-living budding yeast, and 
C, elegaiw, a multicellular nematode. Second, most of the signaling 
and regulatory genes known or expected to be involved in multicel- 
lularity have no yeast orthologs, even though they may contain 
domain sequences shared with yeast. Thus, virtually all biological 
processes characteristic of multicellular life are performed by proteins 
that are not close variants of proteins respo~lsible for the core pro- 
cesses, even though they might share some domains. 

Both of these conclusio~ls depend strongly on having virtually 
complete sequences for both organisms. If only a fraction of the total 
sequence is known, there is no way to malce infere~lces concerning 
failure to find a homolog. Likewise, if a comparable domain arrange- 
ment is not detected in an incomplete sequence, it is impossible to 
conclude that this domain arrangement is absent. 

These findings have clear i~lfere~lces with respect to the gene 
complement of the common ancestor of animals and fi~agi. Clearly, 
this hypothetical ancestor encoded all the conserved proteins respon- 
sible for core functions. Most knon-n signaling and regulatory do- 
mains must have been already encoded in this ancestral genome. 
Furthermore, cestain important, versatile regulators, such as AAA 
superfamily ATPases and SIVI;SNF2 helicases, are conserved in yeast 
and \vorm in terns of their absolute rather than normalized counts. 
The respective sets of proteins appear to show one-to-one orthologous 
relationships, which suggests that their fu~lctio~ls have been estab- 
lished already in the common ancestor of fililgi and animals. At the 
level of entire signal transduction pathn-ays: however, there is rela- 
tively little conservation between wolm and yeast. Taken together: 
these observations suggest that the common ancestor possessed signal 
transduction systems that R-ere distinct from those seen either in yeast 
or in the worm, although they might have resembled the less elaborate 
yeast pathn-ays more closely. A notable observation is the small 
number of conserved transcription factors in yeast and worm, lirhich 
suggests that the common ancestor encoded only a small fraction of 
the extant tra~lscription regulators. There may be tn-o equally inter- 
esting explanations for this: (i) the common ancestor had only a 
rudimentary system for transcription regulation and (ii) the ancient 
regulators have been displaced by new ones that evolved after the 
radiation of the major eukasyotic lineages. 

Finally, the basic assumption that the so-called "model organisms" 
will provide reliable functional annotation for the human DNA se- 
quence is strongly supported by our observations. First, the sum of the 
biology of worm and yeast can be obtained efficiently by sh~dying 
core functions largely in yeast and signal transduction largely in the 
\vo1m: with virtually 110 overlap. Second, the evolutio~lasy distance 
(and biological diversity) between yeast and \vor111 did not interfere 
with the finding of orthologs and shared domains, making it likely that 
a robust chain of annotation is possible through all of the eul<aryotes. 
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Neurobiology of the Caenorhabditis elegans 
Genome 

Cornelia I. Bargmann 

Neurotransmitter receptors, neurotransmitter synthesis 
and release pathways, and heterotrimeric GTP-binding 
protein (G protein)-coupled second messenger pathways 
are highly conserved between Caenorhabditis elegans and 
mammals, but gap junctions and chemosensory receptors 
have independent origins in vertebrates and nematodes. 
Most ion channels are similar to  vertebrate channels but 
there are no predicted voltage-activated sodium channels. 
The C, elegans genome encodes at least 80 potassium 
channels, 90 neurotransmitter-gated ion channels, 50 pep- 
tide receptors, and up to  1000 orphan receptors that may 
be chemoreceptors. For many gene families, C. elegans has 
both conventional members and divergent outliers with 
weak homology to known genes; these outliers may pro- 
vide insights into previously unknown functions of con- 
served protein families. 

The nervous system of C. elegans has an unprecedented set of tools 
that are available for its analysis: a complete cell lineage that 
reveals the developmental origin of every neuron, a wiring diagram 
from serial section electron micrographs that describes all the 
synapses between neurons: and now the genome sequence with all 
the genes required to build the animal (I, 2) (Table 1). The nervous 
system contains about one-third of all the somatic cells in C. 
elegans and probably dominates a comparable portion of the genes, 
but at this point only a handful of those genes are understood. 

Comparison of the predicted C. elegans genes with molecules in 
the vertebrate nervous system reveals many parallels and a few 
strilting differences (3). Conserved gene systems include the neu- 
rotransmitter biosynthetic enzymes: synaptic release mechanisms: 
and neurotransmitter receptors, including both ligand-gated ion 
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channels and G protein-coupled receptors. Most ion channels and 
second messenger pathways are also highly conserved. The gene 
for the voltage-activated sodium channel is absent, although volt- 
age-gated potassium and calcium channels abound (4). Caenorhab- 
ditis elegans also lacks the rhodopsin molecules that are widely 
used for vertebrate and invertebrate vision. In two cases, gap 
junctions and olfactory receptors: the nematode and vertebrate 
gene families are unrelated in sequence but have similar properties. 

Caenorhabditis elegans often has one recognizable member of a gene 
family R-here vertebrates have three or four very similar genes: consistent 
with the general model that the mammalian genome experienced two 
large-scale genome duplications early in chordate evolution (5). A few C. 
elegans gene families are represented by dozens or even hundreds of 
family members; these families are often quite large in vertebrates as 
well. The multigene families provide insight into the aspects of neuronal 
fimction that define different types of neurons or distinct functions within 
one neuron. The C elegans genome highlights the special iinportance of 
diversity in sensory recognition (olfactory receptors), neuronal excitabil- 
ity (potassium channels), and information transfer and cell-cell recogni- 
tion at the synapse (neurotransmitter receptors and gap junctions). 

Regulation of Excitability 
There is no voltage-activated sodium channel in the C, elegans 
genome, which is consistent with the absence of such an activity in 
electrophysiological recordings of Ascaris motor neurons (4, 6). 
Jellyfish are more primitive invertebrates than nematodes, and they do 
possess voltage-activated sodium channels: which suggests that the 
ability to generate a sodium-based action potential was lost during 
nematode evolution (7). Caenorhabditis elegans neurons are small 
and have high membrane resistance: and they are able to propagate 
signals efficiently R-ithout the large-scale amplification provided by 
the sodium channel (8,  9). 

On the other hand, voltage-activated calcium channels and potas- 
sium currents have been observed in recordings from C. elegans 
neurons and muscles (9, 10). Voltage-activated calcium channels 
depolarize cells and allon- calcium entry for synaptic exocytosis and 
muscle contraction. They consist of one a1 subunit that defines the 
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