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Abstract. The relationship among the three cellular
domains Archaea, Bacteria, and Eukarya has become
a central problem in unraveling the tree of life. This
relationship can now be studied as the completely
sequenced genomes of representatives of these cellu-
lar domains become available. We performed a bio-
informatic investigation of the Encephalitozoon
cuniculi proteome. E. cuniculi has the smallest se-
quenced eukaryotic genome, 2.9 megabases coding
for 1997 proteins. The proteins of E. cuniculi were
compared with a previously characterized set of
eukaryotic signature proteins (ESPs). ESPs are found
in a eukaryotic cell, whether from an animal, a plant,
a fungus, or a protozoan, but are not found in the
Archaea and the Bacteria. We demonstrated that
85% of the ESPs have significant sequence similarity
to proteins in E. cuniculi. Hence, E. cuniculi, a mini-
mal eukaryotic cell that has removed all inessential
proteins, still preserves most of the ESPs that make it
a member of the Eukarya. The locations and func-
tions of these ESPs point to the earliest history of
eukaryotes.
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Introduction

The microsporidia were once considered to be the
deepest-branching eukaryote taxon. Carl Woese and
his team found the microsporidia to be very close to
the root of the Eukarya based on their ribosomal
RNA phylogeny (Vossbrinck et al. 1987). However,
this deep divergence was due to a long-branch
attraction artifact resulting from rapid evolution of
the microsporidia (Gribaldo and Phillippe 2002). The
recent analyses of combined protein data resulted in
the identification of the microsporidian Encephalito-
zoon cuniculi as a member of the fungal kingdom
(Baldauf et al. 2000). In fact, E. cuniculi is an intra-
cellular fungal parasite. This lifestyle has caused the
shrinking of its genome. E. cuniculi is thus a candi-
date for the ‘“minimal” eukaryotic cell. It has the
added virtue to have had its genome fully sequenced.

Let us examine the concept of a minimal cell. The
search for the minimal cell began in the cellular do-
main of the Bacteria with the investigation of the
Mycoplasma, a group of small parasitic bacteria
(Razin 1997). Mycoplasma genitalium, an intracellu-
lar parasite, has one of the smallest known bacterial
genomes. Because of its small size, it was among the
first bacterial genomes to be sequenced. The genome
of M. genitalium has only 580,000 base pairs (bp),
which codes for 468 proteins (Fraser et al. 1995). The
characterization of the minimal cell began by com-
paring the proteins found in M. genitalium to those
found in Haemophilus influenzae, an early sequenced
gram-negative bacteria causing ear infections
(Mushegian and Koonin 1996). Computer analysis
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produced a set of 240 proteins of M. genitalium that
have orthologs in H. influenzae. This set was ex-
panded by the addition of 16 other “gene displace-
ment”’ proteins. Thus the genome of a minimal cell
would code for the 256 proteins that would carry out
the bare essential cellular functions such as DNA
replication, protein synthesis (translation and tran-
scription), metabolism (glycolysis), and various
membrane related functions. It was assumed that the
minimal bacterial cell would be a minimal cell for the
other cellular domains. However, when Mushegian
and Koonin compared these 256 proteins with those
from other domains, a lack of correspondence
unexpectedly appeared. For example, they found that
different sets of proteins were involved in Eukarya
and Archaea DNA replication. The authors con-
cluded that the last common ancestor of the three
cellular domains “had an RNA genome” and that
DNA replication had evolved twice: once in Bacteria
and independently in Archaea and FEukarya.
(Mushegian and Koonin 1996). Hence, a minimal
eukaryotic cell or a minimal archaeal cell would differ
from a minimal bacterial cell.

To characterize a “minimal” eukaryotic cell we
began our study with E. cuniculi. The genome of
microsporidian E. cuniculi has been sequenced (Kat-
inka et al. 2001). Its length is 2.9 million bp, close to
the median size of sequenced prokaryotic genomes
(2.6 million bp). E. cuniculi has 1997 predicted genes,
44% of which have known functions (Katinka et al.
2001). These data imply that E. cuniculi is
approaching the size of a minimal eukaryotic cell. To
understand the differences between minimal cells of
Eukarya and Bacteria, we need to characterize the set
of proteins in E. cuniculi that is unique to the
eukaryotes but absent from other cellular domains.
Previously, we collected a set of proteins that were
found in all sequenced eukaryotic cells and absent in
Bacteria or Archaea (Hartman and Fedorov 2002).
We called this set eukaryotic signature proteins
(ESPs). Each protein from the ESP set has homologs
in all main eukaryotic branches—animals (Drosophila
melanogaster and Caenorhabditis elegans), plants
(Arabidopsis thaliana), fungi (Saccharomyces cerevi-
siae), and protists (Giardia lamblia)—but does not
have homologs in the Archaea and Bacteria. The
extracellular eukaryotic parasite G. lamblia was spe-
cifically chosen for the characterization of these
ESPs, because it is still considered to be one of the
deepest-branching taxon of the eukaryotes (i.e., the
diplomonads). The numbers and composition of the
proteins from the ESP set of Giardia led us to con-
clude that the origin of eukaryotes involved the for-
mation of the nucleus from prokaryotic
endosymbionts in an RNA-based cell (Hartman and
Fedorov 2002). Here we compare the ESPs with
proteins of a minimal and highly diverged eukaryotic

cell of E. cuniculi. The surprising result is the over-
whelming agreement (85%) between the eukaryote-
specific proteins of E. cuniculi and the previously
characterized set of Giardia ESPs. What can the
genome of the intracellular microsporidian parasite
E. cuniculi tell us about the origin of the eukaryotic
cell? The answer is a great deal as we investigate a
minimal eukaryotic cell, which has eliminated all but
the most essential functions.

Materials and Methods

Protein sequence databases of S. cerevisiae, D. melanogaster, A.
thaliana, G. lamblia, and 44 bacteria and archaea were downloaded
as previously described (Hartman and Fedorov 2002). Protein se-
quences of E. cuniculi (1997 entries) were downloaded from Gen-
Bank (Benson et al. 1999).

ESPs of Giardia. In our previous paper (Hartman and
Fedorov 2002) we performed consecutive BLAST2.0 alignments of
S. cerevisiae proteins with proteins of D. melanogaster, C. elegans,
A. thaliana, and G. lamblia and those of 44 bacteria and archaea
species. We used a blast score of 55 bits. This score was based on
our consultation with experts in bioinformatics, as the Giardia
database was in contigs only and was not assembled or annotated.
As a result, 347 yeast proteins that have significant sequence sim-
ilarity to proteins of all studied eukaryotes, but not to any bacteria
or archaea (identity threshold of 55 blast score bits), were selected.
We call this set ESPs of G. lamblia, since Giardia represents the
most divergent eukaryotic proteins in the studied group.

ESPs of E. cuniculi.  The comparison of G. lamblia and
E. cuniculi proteins began with collecting ESPs of E. cuniculi which
followed our previous approach for gathering ESPs of Giardia. We
started from 6271 S. cerevisiae proteins and compared them with
proteins of D. melanogaster, C. elegans, A. thaliana, E. cuniculi, and
44 sequenced bacteria and archaea using BLAST 2.0 alignment
program (Altschul et al. 1997). This resulted in 401 S. cerevisiae
sequences with significant similarity to all sequenced eukaryotes
but not to any bacteria or archaea. The same similarity threshold of
55 blast score bits (used in our previous paper on Giardia ESPs
[Hartman and Fedorov 2002]) has been employed in the present
study which approximately corresponds to a P-value of 1076, This
threshold is sufficiently stringent and, thus, allows us to assume
that matched proteins share a common origin. We were also ob-
liged to use the same 55 blast score as we were about to compare
the E. cuniculi ESP results with those of G. lambia. We then com-
pared the 347 ESPs of Giardia with the 401 ESPs of E. cuniculi. It
was found that 238 proteins are common to the ESPs of G. lamblia
and E. cuniculi, while 109 ESPs are unique to G. lamblia and 163
are unique to ESP of E. cuniculi. These unique sets were studied
further using PSI-BLAST programs.

PSI-BLLAST. For each unique protein from the ESP set
of G. lamblia that does not match an E. cuniculi ESP, we found the
best-matched protein from D. melanogaster and A. thaliana pro-
teome using the BLAST 2.0 program. These three protein se-
quences were aligned with each other by CLUSTALW 1.8 (Higgins
and Sharp 1988) and the multiple alignments obtained was used as
input for the PSI-BLAST program (Altschul et al. 1997) in the
search of the E. cuniculi protein database. The results of the round
2 PSI-BLAST output were analyzed automatically by our PERL
program (prog_PSI_401_2). When a protein from the G. lamblia
ESP set had a PSI-BLAST alignment score with the E. cuniculi
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Table 1. Comparison of ESP sets of G. lamblia and E. cuniculi
BLAST 2.0 PSI-BLAST (round 2)
Protein No. common No. unique No. weak-homolog unique
set (=55 score bits) (<55 score bits) (> 88 score bits) (<40 score bits)
347 ESPs, G. lamblia 238 109 57 52
401 ESPs, E. cuniculi 238 163

database higher than 88 bits, (in 98% of the cases it was > 100 bits),
the protein was called a ““putative homolog™ and is shown in green
in Fig. 1. Otherwise, the protein was called “‘unique” and is shown
in red on in Fig. 1. At round 2 of PSI-BLAST all “unique” proteins
had a psi-blast score of <50 bits. We did not perform the re-
ciprocal procedure for the PSI-BLAST comparison of unique E.
cuniculi ESPs with the Giardia database because the G. lamblia
database consists of multiple short nucleotide sequences translated
in six possible reading frames. This would lead to false negative
results. All computational procedures were performed automati-
cally by the PERL script prog_PSI_401_2. The program and all
described protein sets are available at our web page, www.mco.edu/
medicine/fedorov/E_cuniculi.

Protein Groups. All 401 proteins were compared with
each other by BLAST 2.0 binaries (Altschul et al. 1997). Next we
performed the simplest grouping procedure: (1) two proteins were
considered similar and put in the same group if they had a simi-
larity score >55 bits, and (2) groups were pooled together if any
member of one had sequence similarity (=55 bits) to any protein of
another group. This procedure yielded 214 different protein groups.

Results

Since Giardia proteins (open reading frames) are still
not assembled or annotated, we cannot compare
eukaryote-specific proteins of G. lamblia with those of
E. cuniculi directly. In our previous paper, 914 pro-
teins of S. cerevisiae which have sequence similarity
to D. melanogaster, C. elegans, and A. thaliana (blast
score, 55 bits) and no sequence similarity to Bacteria
and Archaea were compared with the fragmented
Giardia database. That comparison resulted in a set
of 347 proteins comprised of 180 unrelated protein
groups. We called these proteins ESPs of G. lamblia.

Here we used the same set of 914 eukaryote-spe-
cific proteins of S. cerevisiae and aligned it with the
entire set of 1997 E. cuniculi proteins. This analysis of
401 budding yeast proteins showed significant se-
quence similarity to the microsporidian proteome
(similarity level, > 55 blast score bits). We called the
401 proteins that were obtained E. cuniculi ESPs. The
401 ESPs of E. cuniculi were compared to the 347
ESPs of G. lamblia. The main results of this com-
parison are summarized in Table 1 and the entire
comparison is presented in Fig. 1. Two hundred
thirty-eight proteins are common in the two sets,
while 109 are unique to G. lamblia ESPs and 163 to
ESPs of E. cuniculi (see Table 1). However, when the
109 unique ESP G. lamblia proteins were compared

with the entire set of E. cuniculi proteins using PSI-
BLAST alignment, 57 of these proteins showed weak,
yet significant, similarity to the microsporidian
(shown in green in Fig. 1). The other 52 proteins re-
mained specific to Giardia (shown in red in Fig. 1).
Reciprocal psi-blast of E. cuniculi unique ESPs was
not performed for reasons outlined under Materials
and Methods.

The ESP sets have some redundancy because of
recent evolutionarily duplication of a substantial part
of the S. cerevisiae genome. In order to take this
redundancy into account, we divided the ESPs into
unique protein groups. The similarity threshold of a
blast score equaling 55 bits was used for grouping
procedure. As a result, 401 ESPs of E. cuniculi were
divided into 214 unique groups, while 347 ESPs of G.
lamblia were divided into 180 unique groups. Com-
parison of these groups demonstrated that 108 of the
180 Giardia ESP groups are common to E. cuniculi
ESPs (55-bit threshold of BLAST 2.0). When
“putative homologs™ revealed by psi-blast were tak-
ing into account, the number of common groups in-
creased to 142.

Discussion

There are three groups of proteins in the ESPs of E.
cuniculi: (1) those that can be matched to the ESPs of
G. lamblia by means of a blast score of 55 bits, (2)
those that can be matched to the ESPs of G. lamblia
by means of psi-blast, and (3) those that have no
sequence similarity to the ESPs of Giardia. We dis-
cuss the relevance of these three groups to the
structures of the eukaryotic cell.

The Plasma Membrane and the Cytoskeleton. As
we discussed in our previous paper, one of the deepest
distinctions between prokaryotes and eukaryotes is
found in the plasma membrane (Hartman and Fe-
dorov 2002). There is a lack of clathrin and associ-
ated proteins in the ESPs of E. cuniculi (see Fig. 1).
Since E. cuniculi is an intracellular parasite, it possi-
bly has a diminished need for clathrin-based endo-
cytosis. This conjecture points out a difference
between being an intracellular parasite (E. cuniculi)
and being an extracellular parasite (Giardia).
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Giardia

E. cuniculi

PLASMA MEMBRANE AND ENDOCYTOSIS

Clathin (Che 1)
clathnn-associated proteins :ﬂplz' Apm1,
Ms1 #4:52 Aps3; Aplt; Aol Apld;
2 Apmd)
ayrmamln {Dmﬂ . Mgm1; Vips1)

clathrin-associated proteins (Apl2; Ao/f

oml)
dynamin (Dnm1; Mgm1; Vps1)

Giardia

Vacuole

vacuolar protein (Fept)
retromer complex companent (Vpsi5)

vacuolar ATPase V0 domain subunit ¢ (Cup5) vacuolar ATPase V0 domain subunit ¢
vacuolar ATPase V0 domain ¢" (Ppal; Tfp3) vacuolar ATPase V0 domain ¢ (Foa

Vacuolar membrane protein (Vps13)
vacuolar ATPase V1 domain su F (Vs
vacuolar ATPase V1 domain su H (Vma13)

CYTOSKELETON
Tubulin
alpha-tubudin (Tub1; Tub3) alpha-tubulin (Tub1; Tub3)
beta-tubulin (Tub2) beta-tubulin (Tub2)
gamma tubulin-like protein (Tub4) gamma tubulin-like protein [ Tub4)
Tubufin-assosiated proteins

kinesin-related protein (Kip2; Kar3)

kinesin-relaled protein involved in mitosis
(Kip3)

kinesin heavy chain homalog (Smy1)

microtubule-binding protein (Bim1)

putative light chain of dynein (Dyn2)

kinesin-related protein (Kip2, Kar3)
kinesin-related protein invelved in mitosis

(Kip3}
kinesin heavy chain homelog (Smy1)
microtubule-binding protein (Bim1)
putative light chain of dynein 7))

SIGNALING CASCADE
Calmodulin

(Cmad1)
Ca-binding protein (Cdc31)

(Cmd1)
Ca-binding protein (Cde31)

Phoshatidylinositol

phosphatidylinositol kinases (Vps34; Pik1:
Sitd; Mss4, Telt, Tor2; Tort, Mect)

phosphatidylinositel kinases (Vps34; Pik1;
Sttd; Mssd; Telt, Tor2, Tort, Mect; Trat)

Actin

(Actt)

(Acti)

Actinrelated proteins

(Arpt; Arp2, Arp3; Arp4, ArpS; ArpB; ArpT)

(Arp1. Arp2. Arp3. Arp4, ArpS, Arp. Arp7)

phosphatidylinositol phosphatases (InpS1,  phosphabdylinositol phosphatases (Inp51;
Inp52; Inp53) Inp52; Inp53)
Ubiguitin
ubiquitin (Ubid) ubiquitin (Ubid)
ubiquitin-like protein (Smi3) ubiguitin-ike protein (-7

ubiquiin-like protein (Rub1)

ubigquitin-fike protein (Rub1)

Aclin-assosiated proteins

light chain for myasin (Mic1)

Iughlchanf-nmmn{ )
myosin (M Myod, Myo5)

Ubiquitin conjugation enzymes

(Cde34, Ubct; Ubcd; Ubcs; Ubch
UbcB, Ubcd; Ube11; Ubc12,
Ubc13; Pex4; Qnd, RadB)

(Cdc34; Ubc1; Ubcd; UbcS; Ubcs;,
Ubc8; Ubcg; Ube11; Ubet2,
Ubc13; Pex4; On8; Radé)

PROTEIN SYNTHESIS ANEI ERE&KDOWN
Small ribosomal proteins

nbosomal protein S7 [rplﬂ][" 'a; RpsTh)
nbosomal protein 521 (Rt 3, Rps21ib)
nbosomal protein 524 {RpsE'ta Rps24b)
ribosomal protein S26A (Rps26a; Rps26b)
nbosomal protein 527 (Rps27a; Rps27h)

ribosomal protein 524 (Rps24a; Rps24b)
ribosomal protein S26A (Rps26a; Rps26b)
nbosomal protein S27 (Rps27a; Rps2Th)

ribosemal protein S31 [ubiquitin related) ribosomal protein S31 [ubiquibn refated]
(Rps31) [Rps31)
Large ribosomal proteins
.. ribosomal protein L6 (Fp'6n. Fplka)

ribosomal protein L13 (Rpi13b; Rpl13a)
ribosomal protein L14 (Fp!14s Rplidn)
ribosomal protein L18 (Rpl18a; Rpl18b)
ribosomal protein L20 (Rpl20b; Rpl20a)
ribosomal protein L21 (Rpi21b; Rpl21a)
ribosomal protein L24 (Rpl24a; Rpl24b)
ribosomal protein L29 (Fp27)
ribosomal protein L33 (Rpl33a)
ribosomal protein L35 (Rpl35b; Rpl3sa)
ribosomal protein L36 (Rpl36a; Rpl36b)
ribosomal prolein L40 [ubiquitin related]
(Rpl40a; Rpl40b)

ribosomal protein L13 (Rpl13b; Rpi13a)
ribosomal protein L18 (Rpl18a; Rpi18b)
nbosomal protein L20 (Rpi20b; Rpl20a)
ribosomal protein L21 (Rpi21b; Rpi21a)
nibosomal protein L24 (Rpi24a; Rpl24b)

ribesornal protein L33 (Rpl33a)
ribosomal protein L35 (R0 050 Fpisa)
ribosomnal protein L36 (71 z)

ribosomal protein L40 [ubiguitin related)
(Rpld0a; Rpldlb)

Ubiquitin proteases
(UbpS5, Ubp14; Ubp8; Ubp15, Ubp12, (Ubp5, Ubp8; Ubp12, Ubp14, Ubp1s,
Doad; Ubps; Ubp10) Dioad; UbpT, Ubp9, Ubp11
bp1 by 10)
— ubiquitin ligases (!
— miscellaneous { Ufd2 Uid4, Ulgt, Apct )
GTP-binding proteins

Ras (Ras1; Ras2, Rsr1; Rsgl; Tem1)

Rho (Rho1; Rho2; Rho3; Rhod; RhoS;
CdedZ, Ra1)

Adf (Arft; Arf2; Adf3; Sart; Ar1)

A gap (Age2, Ges1, Agel)

Ran (Gsp1; Gsp2; Yrb1)

Rab (Ypt1; Ypit6; YpiT, Ypt10; Ypi31; Ypt32;

Ypt52; ¥pts3; Vps21)
Rab gap (Mdr1; Msb3)
GTP-binding related (Cind; Ypti1; Ar3)

Ras (Ras1; Ras2, Rsr1; Rsg1; Tem1)

Rho (Rho1, Rho2; Rho3; Rhod, Rho5;
Cdcd2)

Arf (Arf1; Arf2; Arf3; Sart; A1)

Arf gap [ AgeZ; Gest, foe)

Ran (Gsp1, Gsp2, Yrb1)

Rab (YpH1; Ypt6, Ypt7, YpH0; Ypt31; Ypl32,
Ypl52, Ypls3; Vps21)

Rab gap (Mdr1, Msb3)

GTP- blndng ralated (Cind; ‘l"plﬁ Ad3;
Rnal. 5 Gyp1. GypT)

Translation factors

translation elongation factor EF-1beta (£
lranslation elongation factor EF-1gamma
(Cam1, Teld)

Cyclin

B-type cyclin (Clb1; CIbZ; Clb3; Cibd; ClbS5;
Cib6)

cell cycle checkpoint protein (Bub3)

cyclin-dependent kinase-activaling kinase
(Cak1)

B-type cyclin (Clb1; Cib2, Clb3; Clb4; Clb5;
Cib6)

cell cycle checkpoint protein (Bub3)

cyclin-dependent kinase-activating kinase
(Cak1)

Proteasome associated proteins

subunits of proteasome regulatory particle
(Rpn1. RpnB; Rpn11, Rpn10; )

subunits of proteasome :eguatory pahcla

{ani ana an11
J

Kinases and phosphateses

serinefthreonine protein kinase (CdcT, Sky1;
YT 1w, Vps15, lks1)
involved in cell cycle (Cde50)
subunit of the Cdc28 protein kinase (ks 1)
LAMMER Protein Kinases (Kns1)
[ subunit of casein kinase || (Ckb1; Ckb2)
dual- specrflcrry tyrasine phosphatases
(Pp vhi; Tep1; Cdc14)

sernefthrecnine protein kinase (CdcT, Skyl
YKI1Tiw; VpsiS, lkst)

imvolved in cell cycle (Cdc50)

LAMMER Frotein Kinases (Kns1)

P subunit of casein kinase | (Ckb1; Ckb2)

protein pmsphatase regulatory subunits pratein phosphatase regulatory subunits
(Cdc55; Crb1, Sds22; Rist; Tpd3) (CdcS5; Cnb1; Sds22, Fis1 Tpad)
protein phosphatase type 2C -
{Pict; Ple2, Pic3; Pied)
myotubulanin dual specif phosphatase -
(Yirt 10w)
14-3-3 proteins
(Bmh1; Bmh2) {Brnh1; Bmh2)

Signal pe_ntﬂdase
(Sped) (Spcl)
MEMBRANE
ER and Golgi

transport protein particle TRAPP comp. (Bet3) transport protein particle TRAPP comp. (
HODEL receptor (Erd2) HDEL receptor (Erd2)

integral membrane proteins (Sac1, Figd) integral membrane prntems (Sact; Figd)
- SNARE docking (5« y1, Vpsd5)
subunit of coatomer (Sec26) subunit of coatomer (Sec26)

vesicle coat component (Sec24) vesicle coat cbmponent {534:24}
miscellanaous (Gpis) miscellaneous {Gpns R Yip1
A

Fig. 1. Continued.
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Lipid attachements

geranylgeranyliransferase type Il [} (Bet2)

geranylgeranylransferase type llc (Betd)

geranylgeranyltransferase type | (Cde4dd)

famesyltransferase beta subunit (Ram1)

CAAX famesyliransferase . (Ram2)

farnesy! cysteine-carboxyl methyliransferase
(Ste4)

N-mynistoyl transferase (Nmit1)

Rab geranyltransferase regulalory (Mrs6)

geranylgeranyltransferase type Il i (Bet2)

geramylgeranyltransferase type llee (-0 19)

geranylgeranyltransferase type | { )

famesyltransferase beta subunit (Ram1)

CAAX famesyltransferase a. (Ram2)

famesyl cysteine-carboxyl methyitransferase
{ !

N-mynstoyl ransferase (Nmt1)

Rab geranyliransferase regulatory (Mrs6)

NUCLEUS
Histones
histone H2A (Hta1, Hta2) histone H2A ( )
histone H28 (Hib1; Htb2) histone H2B ( b2)

histone H3 (Hht2, Hht1)

histone H3 (Hht2, Hht1)
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Giardia E. cuniculi
OTHERS
Enzymes
riboflavin kinase ) —
FAD synthetase (-a4) e
pratein carboxd methylase (Yer047¢) protein carboxyl methydase (Yer047c)

N-terminal acetyltransferase (Nat3)
acetyliransferase (SAS gene family) (Esat)

N-terminal acetyltransferase (Nat3)
acetyltransferase (SAS gene family) (Esat)

glue phosphate N f gluc phosphate N-acetyltransferase
(Grat) (Gnat)

UDP Glucose pyrophosphorylase (Yhi012w) UDP Glucose pyrophasphorylase (Yhi012w)

phosphoryltransferase (Gpi13) phosphoryltransferase (Gpi13)

i Similar to NADH dehydrogenase (¥111)

— Phosphoacetylgiucosamine mutase (Fom1)

Desaturaseydroxylase enzyme (5o 7)
N-AGPinositol de-N-acetylase (5o 17)

histone H4 (Hhf1; Hhf2) histone H4 (Hhf1; Hhf2) — Polyphasphale synthetase (\/ic2 Vic? Vicd)
Histone-associated profeins — Mannosyltransferase (P2 Pl Prots)

histone acetylransferase (GenS, Hat2) histone acetyltransferase (GenS; Hat2) — Lipid phosphate phosphatese (Cpo ' Lop')

Chromatin binding proteins (Csed) Chromatin binding proteins (Csed, o Phosphorylcholine transferase (gt Pell)

Espl. F 31) - Sterol-ester synthetase (4o 1 Arel)

Topoisomerase | Clusters of unknown proteins

(Tef5; Trid) (Tr5; Tri4) (Ydr126w, Erf2; Ydr459c, Yni326c; Yol003c) (Ydri26w, Erf2; Ydrd59c, Yni326¢; Yol003c)
Transcriptional factors (Psr2; Ypl063w, Psr1, Nem1) (Psr2; Ypl0B3w; Psr1; tiam1)

{Hap3; Set2, Sps18; Ssi1, Gis1, Hu
Vent Mob2 S07)

(Hap3; Set2; Sps18; Ssi1; Hap?

)

{¥gl014w; Mpt5; YIID13c)
(Tom1; Rsp5; Huld)
(Yil0B8c; YIOBOW; Yni101w)

(Ygio14w, Mpts; Yilo13c)
(Tom1, Rsp5, Huld)
(YilD8Bc; YBIOB9w, Yni101w)

Zine fingers
(Mot2; Cth1; Sas2; Glo3; Tis11; Ybr267Tw)  (Mol2, Cth1, Sas2; Glo3, Tis11,
3 VL )
DNA-repair enzymes
1)

RNA-polymerase

subunits of RNA polymerases (Rpc18 Foot) subunits of RNA polymerases ( )
Spliceasomal proteins
(Smd3; Prp8; Prpd; Lsm2) (Smd3; Prp8; Prp8; Smd:
Hihads b2 ]

RNA enzymes
RNA expnuclease [Rex3) RHNA exonuclease (Rex3; ~ o)
nbonuclease H (Rnh70) ribonuclease H (Rnh70)

mRNA guanylyltransferase [capping] (Ceg1)
RNA (guanine-7-)methyitransferase (Abd1)

mRNA guanylyitransferase [capping] (Cegt)
RNA (guanine-T-)methyltransferase (Abd1)

poly{A) polymerase (Pap1) poly{A} polymerase (Pap1)

s miscellaneous (Fnatd CR2)
Nucleolus

nucleolar protein (Ebp?) nucleclar protein (Mop13)

small nucleclar RNP proteins (Gar1)
protein required for biogenesis of the 605
ribosomal subunil (Brx1)

small nucleolar RNP proteins (Gar1)
protein required for biogenesis of the 60S
ribosomal subunit (Brx1)

Nuclear Pore and Transport

nuclear pore protein (Gle2; Nsp1; Hi2)

karyopherin alpha (Srp1)
putative nuclear protein (Mak16)

nuclear pore pratein (Gle2, ]
karyophenn alpha (Srpt; K ap25)
putative nuclear prolein (Mak16)
nuclear pore complex (i ) )

RNA binding and export

Fig. 1.

( )

Comparison of proteins from the 347-ESP set of G.

(Ypl2d9c, Msbd) (Ypl248c; Msbd)

(Msi1; Rsa2) (Msi1; Rsa2)

(imp4; Rpft) (Imp4; Rpf1)

(Mrd1; Yni110c) (Mrd; ¥rit10c)

(Gdi1) (Gdit)

(YdI060w; Bms1) (Ydi0B0w, Bms1)

(021w, Ypl100w; Ygr223c) (¥ |

(Yki121w; Ymri02c) ( Z)

(Ssf1; Ssf2) ( )

(Vips24; Fi1 2w) e

[ 728w | ] ki

— { 2 53c)
Unigue unknown proteins

Sas3; Ydi216¢, S3; Las21; Ynr048w,
RipT; Yhr122w; Yird08c; Nip7; Ypr031w,
Hri1; Nmd3; Yer082c; Yki099¢, Pri2; Yih1,
Yert26¢; Nudt, Ypl247c, Ypi236e,
Plp1; Ufd1; YgridSw, Crm1; Plk1; YKI6,
Yer266¢, Ydr3d9c, Ydrd11c; YarD83w;
Yil00Sw, Yhr186¢, Ydr365¢, Abp140,
Bph1; Ymr0B8w, YjI108¢; Sgit;

Sas3, Ydi216¢, SP3; Las21, Ynr0ddw,
Rip7, Yhr122w, Yr408¢; Nip7; Ypr03iw,
Hrt1; Nmd3; Yer082¢, YkI0S9¢c; Pn2, Ythi;
Yer126c; Nudi; Ypl24Tc, Ypl236c,

Plp1; Ufd1; Ygri4Sw; Crm1; Ptk1; Yki§;
Ydr266c; Ydradgc; Ydrdtic, Ydr083w,

that this protein is missing from the 401-ESP set of E. cuniculi,

lamblia and 401-ESP set of E. cuniculi. The unique identifier sym-
bols for the proteins are from the Saccharomyces Genome Data-
base (http://genome-www.stanford.edu/Saccharomyces) and are
shown in parentheses in different colors. The black color of a
protein identifier from the ESP set of G. lamblia shows that this
protein is also present among 401 ESPs of E. cuniculi or has a
“putative homolog” in the E. cuniculi proteome revealed by PSI-
BLAST. The black color of a protein identifier from the ESP set of
E. cuniculi means that this protein is also present among the 347-
ESP set of G. lamblia. The green color of a protein identifier shows

however, its “putative homolog,” detected by psi-blast, is present in
the E. cuniculi proteome. The red color of a protein identifier from
the 347-ESP set of G. lamblia shows that this protein does not have
any sequential similarity to E. cuniculi proteins. The red color of a
protein identifier from the 401-ESP set of E. cuniculi means that
this protein does not show sequence similarity above 55 bits
(BLAST 2.0 score) while screening the G. lamblia contig database.
The sum of all black and red identifiers for G. lamblia is equal to
347, and that for E. cuniculi is equal to 401.
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The ESPs most closely associated with the plasma
membrane are cytoskeletal proteins, such as actin and
associated proteins. G. lamblia and E. cuniculi have a
full complement of actin and actin-related proteins
(see Fig. 1). The three-dimensional structure of actin
showed unexpected structural similarities to hexoki-
nase and HSP 70 (Kabsch and Holmes 1995). These
three proteins have a common nucleotide-binding
motif, as they all bind ATP in the presence of calcium
or magnesium ions. The ““actin fold”” was also found
in the bacterial proteins FtsA and MreB (Kabsch and
Holmes 1995). What is the evolutionary relationship
between actin and bacterial proteins that have the
“actin fold”? The role of MreB filaments in the cell
shape of bacteria has suggested that the actin cyto-
skeleton evolved from MreB filaments (van den Ent
et al. 2001). However, a careful sequence comparison
of MreB and actin demonstrated that MreB and actin
most likely had a common ancestor in the very dis-
tant past but that MreB was not an evolutionary
precursor of actin (Doolittle and York 2002). Pre-
sumably, actin and all the related nucleotide-binding
proteins evolved from a common ancestor which
bound a nucleotide. This gene may have undergone
gene doubling and various insertions, eventually
evolving into MreB and, independently, actin pro-
teins (Kabsch and Holmes 1995). Finally, in all such
cases there is an alternative explanation of an inde-
pendent origin of proteins with very little or without
sequence similarity due to convergent evolution. Both
G. lamblia and E. cuniculi have a full set of actin-
related proteins (abbreviated Arp in Fig. 1). Arpl is
involved in spindle alignment. Arp2 and Arp3 are
involved in actin polymerization. Arp4, Arp5, and
Arp7 are involved in chromatin remodeling. Arp6 is
localized to heterochromatin (Goodson and Hawse
2002).

Both G. lamblia and E. cuniculi have tubulins
among their ESPs. The three-dimensional structure
of tubulin showed structural similarities to glyceral-
dehyde—3-phosphate dehydrogenase and bacterial
protein FtsZ (Nogales et al. 1998). These three types
of proteins have a common nucleotide-binding motif
which is similar to the Rossmann fold, distinct from
the actin fold (Doolittle 1995). As in the case with
actin, we consider the existence of a deep ancestor to
tubulin and FtsZ rather than bacterial FtsZ as the
possible precursor to tubulin.

In close association with cytoskeleton composed of
actin and tubulin, there are the motor proteins dy-
nein, myosin, and kinesin. This association allows the
eukaryotic cell to move, phagocytize, and divide. The
control of this structure is modulated through inter-
action with calcium ions. Both E. cuniculi and G.
lamblia have kinesins in their ESPs (Fig. 1). E. cuni-
culi has four myosins among its ESPs, whereas none
exists in G. lamblia. It appears that myosin is a later

addition to the evolving eukaryotic cell, as fungi
branched much later in the phylogenetic tree than the
diplomonads. The absence of dynein in the ESPs of
both E. cuniculi and G. lamblia is due to its rela-
tionship to AAA proteins which are widely dispersed
among the bacteria (Vale 2000). The motor proteins
myosin and kinesin have a common structural motif
with the G proteins (Kull et al. 1998). The similarity
of these proteins is due to a common nucleotide-
binding motif, which differs from that of actin or
tubulin.

The fact that many ESPs have structural similarity
to the bacterial proteome is not surprising because,
likely, all cells share a common origin. However, the
lack of sequential similarity of the discussed conser-
vative structural proteins with their prokaryotic
counterparts gave us a foundation to conjecture that
the cytoskeleton including the motor proteins of the
eukaryotic cell evolved out of a set of nucleotide-
binding proteins from a primitive RNA-based cell
and not out of a bacterial or an archaeal cell (Hart-
man and Fedorov 2002).

The Endoplasmic Reticulum and Protein Synthe-
sis. The cytoskeleton of the eukaryotic cell is
closely associated with the endoplasmic reticulum
(ER). E. cuniculi has a significantly larger number of
ER and Golgi ESPs than found in G. lamblia (16 and
6 proteins, respectively). This difference implies that
the ER and Golgi of the parasitic fungus E. cuniculi
are more complex than those of G. lamblia. The
evolutionary study of the ER and Golgi complex is
still in its infancy (Beznoussenko and Mironov 2002).
We need a much larger sample of ER and Golgi
proteins from single-celled protozoans, which are not
parasitic, to infer the origin and evolution of these
membranes.

Prominent among the ESPs of E. cuniculi and G.
lamblia are ubiquitin, ubiquitin ligases, and proteases
(Fig. 1). Some proteins of Archaea and Bacteria have
a 3D structural fold similar to that of ubiquitin and
are involved in the biosynthesis of sulfur-containing
coenzymes (Wang et al. 2001). These prokaryotic
proteins and ubiquitin might have diverged from a
common ancestor, yet they have evolved indepen-
dently in prokaryotes and eukaryotes. We found
several proteasome-associated proteins from the 19S
proteasome regulatory particle in the ESP sets of
both G. lamblia and E. cuniculi (Fig. 1). There are
more proteins associated with the proteasome regu-
latory particle of E. cuniculi than that of G. lamblia
(eight and four proteins, respectively). This might
point to an evolution from the simpler regulatory
system of G. lamblia to that of the fungi. We
hypothesize that the eukaryotic protein degradation
complex composed of the ubiquitin, ubiquitin ligases,
ubiquitin proteinases, and 19S regulatory proteasome



particle did not originate from prokaryotes. At the
same time, the ancient proteasome likely came from
an archaeal endosymbiont (Bouzat et al. 2000).

The Nucleus. Using the relatively strong thresh-
old for protein similarity of 55 blast score bits (~107°
e-values), we revealed four histones (H2A, H2B, H3,
and H4) in the nuclear ESPs of G. lamblia and only
two histones (H3 and H4) in E. cuniculi. However, if
we search for sequence similarity using psi-blast, as
opposed to blast, then we pick up highly diverged
histones H2A and H2B of E. cuniculi. The eukaryotic
histones share the same 3D structure with the ar-
chaeal histone-like proteins of the Euryarchaeota
(methanogens, etc.) (Arents and Moudrianakis 1995).
Unlike actin, tubulin, ubiquitin, and the GTP-bind-
ing proteins whose 3D counterparts are found
throughout the Archaea and Bacteria, the histone
fold is only found in the Euryarchaeota, and not in
the Crenarchaeota or the Bacteria. Presently, the
simplest explanation for the evolution of histones is
that a histone-like protein came from an ancient ar-
chaeal cell and subsequently evolved into the full
eukaryotic complement of histones. As for other
proteins connected to the DNA structure, there are
two topoisomerase I ESPs (Trf4 and Trf5) found in
both E. cuniculi and G. lamblia. There are eight E.
cuniculi ESPs involved with DNA repair that are not
found in G. lamblia.

The ESPs found in the nucleus are dominated by
proteins involved in the synthesis, processing, and
transport of RNAs out of the nucleus into the cyto-
plasm. There are two ESPs (Rpcl19 and Rpb8) asso-
ciated with the RNA polymerases of G. lamblia. We
could only detect by psi-blast one diverged ESP
(Rpcl9) in E. cuniculi. The ESPs representing tran-
scription factors are much more diverse in E. cuniculi
(29 proteins) than in G. lamblia (9 proteins). They
share only four transcription factors in common.
These deep distinctions show that transcriptional
factors play a major role in the evolution of eukary-
otes. However, when we compare groups of zinc
finger ESPs between these two cells, we find more
than 70% identity. The groups of nucleolar proteins
ESPs associated with the synthesis and transport of
ribosomal RNA are very similar in both E. cuniculi
and G. lamblia. There are more ESP spliceosomal
proteins in E. cuniculi (10) than in G. lamblia (4). The
ESPs involved in the transport proteins and the nu-
clear pore proteins are found in equal abundance in
E. cuniculi and G. lamblia.

The Cell Cycle and Cellular Coordination. The
regulators of the eukaryotic cell cycle (cyclins, serine/
threonine kinases, and ubiquitin proteins) are present
among ESPs (Fig. 1). When we compare the cyclin
ESPs of E. cuniculi with those of G. lamblia, we see
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complete agreement between these two cells. How-
ever, when we compare the ESPs representing kinases
and phosphatases of these two groups, we get a dif-
ferent picture. There is a significantly higher number
of kinases and phosphatases in G. lamblia than in E.
cuniculi (24 versus 10 proteins). This must be due to
the difference in intracellular versus extracellular
lifestyles.

The GTP-binding proteins ras (plasma mem-
brane), rho (cytoskeleton), rab (endoplasmic reticu-
lum), arf (Golgi), and ran (nucleus—cytoplasm) are
very prominent among the ESPs of E. cuniculi and
Giardia. We hypothesize that these proteins ras, rho,
rab, and arf have evolved from the membrane-protein
synthesizing machinery and the cytoskeleton of the
host cell. They are now localized on the cytoskeleton
and membranes (the plasma, endoplasmic reticulum,
and Golgi) of the eukaryotic cell (Hartman and Fe-
dorov 2002).

Enzymes. There are 10 enzymes found in E. cu-
niculi that are not found in the ESPs of G. lamblia.
This may be due to the fact that E. cuniculi, as a
fungus, belongs to the crown of the eukaryotic tree
(Katinka et al. 2001), while G. lamblia, as a dip-
lomonad, branched earlier. Finally, there are 108 and
91 of ESPs of E. cuniculi and G. lamblia, respectively,
that have no assigned function. Among them, 57
proteins were found in both E. cuniculi and G.
lamblia.

Conclusions

We found 401 ESPs in E. cuniculi. These ESPs rep-
resent 214 unique protein groups. Comparison of the
ESPs of G. lamblia with the proteins of E. cuniculi
demonstrated that 85% of the 347 ESPs of G. lamblia
have sequence similarity to ESPs found in E. cuniculi.
Proteins from the ESP sets fall into two main cate-
gories: (1) proteins related to the observable struc-
tures in the cytoplasm of the eukaryotic cell such as
the plasma membrane (clathrin), the cytoskeleton
(actin and arps, tubulin, and associated kinesins), the
endoplasmic reticulum, the Golgi, and the nucleus
(histones, etc.), and (2) proteins involved in the
coordination of the eukaryotic cell such as GTP-
binding proteins (i.e., ras, rho, rab, arf, and ran),
calmodulin, ubiquitin, cyclin, serine—threonine kin-
ases, and phosphatases, 14-3-3 proteins, and en-
zymes modulating PIP (phospatidyl inositol
phosphates). These cellular structures and their
defining proteins are unique to the eukaryotic cell and
so are the control proteins.

A significant number of ESP sets prominent in the
cytoplasm, such as actin, tubulin, kinesins, ubiquitin,
and GTP-binding proteins, all have counterparts in
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prokaryotes with similar 3D folds but no significant
sequential similarity. These proteins are also found
among the most conserved proteins in the eukaryotic
cell (Copley et al. 1999). The best that can be inferred
from these facts is that prokaryotic proteins and their
ESP counterparts had a common ancestor, and that
ancestor was a more primitive RNA-based cell
(Doolittle and York 2002; Nogales et al. 1998).

The large number and diversity of ESPs point to a
very ancient origin of the eukaryotic cell. These
proteins are congruent with the recent hypothesis
which places eukaryotes at the root of the universal
tree of life (Gribaldo and Phillippe 2002; Penny and
Poole 1999). The data presented here are also con-
sistent with our previous hypothesis that the
eukaryotic cell had an RNA-based cell as one of its
ancestors (chronocyte) and that the nucleus was
formed by the engulfing of prokaryotic cells that
became the nuclear endosymbiont (Hartman and
Fedorov 2002).
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