Yolume 308, number 1, 54-358

FEBS 11414
© 1992 Federution of Eurapenn Biochemicul Socicticx 001457992/85.00

August 1992

Ubiquitin of Entamoeba histolytica deviates in six amino acid residues
from the consensus of all other known ubiquitins
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The amino neid sequence of ubiquitin from Emamucba histolviica, ax deduced from u cDNA nucleotide sequence, deviated at six positions from

the consensus of all ather known ubiquitina (runging from Tryvpanosama cruzi (o Heame supiens), The corresponding residues were scuttered over

the primary sequence, but came close together on the surfuce of the folded protein structure. We conclude that (i) E. hisrolytica branched ofT very
carly from the main cukaryotic line, und (ii) thix organism may yield clues us to the evolutionary development of the ubiguitin system.

Eukaryote evolution: Ubiquitin: Entcmacha

. INTRODUCTION

Entamoeba histolytica, the parasite causing amebiasis
in man, is a structurally simple eukaryote lacking mito-
chondiia, a well-developed ER/Golgi apparatus and
typical lysosomes [1]. In fact. the only typically eukar-
yotic organelle in this cell is the nucleus, but even this
may deviate appreciably from its counterpart in the
more complex eukaryotes; for instance, the basic DNA-
binding proteins of E. histolytica are different from the
usual histones [2].

Against this background we thought it interesting to
investigate the amebal ubiquitin. Ubiquitin is a 76-
amino acid protein found in all eukaryotic cells where
people have looked for it; it has not been found in any
prokaryote yet. The amino acid sequence of ubiquitin
has been highly conserved throughout evolution, which
may be a necessary consequence of its astonishing mul-
tifunctionality. The best-characterized biological role of
ubiquitin is that of a covalently bound recognition sig-
nal for non-lysosomal proteolysis; ubiquitin is also
found in linear ubiquitin-protein fusions. Putative func-
tions of ubiquitination include DNA repair, cell cycle
control, stress response and ribosome biogenesis. In a
recent review [3] it has been estimated that over forty
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gene products participate in ubiquitin trafficking; we
refer to this and to another review (4] for more informa-
tion and for literature citations.

Below we present the coding sequence for ubiquitin
derived from an amebal ¢cDNA clone. The amino acid
sequence deduced from this nucleotide sequence devi-
ated substantially from that of all other ubiquitins ana-
lyzed so far: in particular, six of the variant positions
were unique for the E. histolitica ubiguitin. We discuss
ihe implications of this finding for the evolutionary his-
tory of both E. Aistelytica and the ubiquitin system.

2, EXPERIMENTAL

2.1, Cells

E. histolyriea MM 1:1MSS trophozoites were grown axenically at
36*°C in TY1-8.33 medium [5) with 15% serum, supplemented with
penicillin (100 ug-mi™) and streptomycin sulfate (100 mg-mi™), The
amebue were harvested in lute-logarithmic growth by chilling on ice
and & 10-min centrifugation at 400 x g, and washed twice in phos-
phate-bufTered suline.

2.2, Enrichment af ubiquitin in amebal protein extract

The cells were suspended in phosphate-buflered saline with io-
doacetamide (2 mM) to suppress amebal protease activity (6], and
disrupted with a Branson sonifyer (25 pulses of 0.5 s at 40-50 W), The
prosedure for the enrichment of ubiquitin followed that described in
[7]) up to and including the ammonium sulfate {ractionations. The
ubiquitin-containing material precipituted by 80% (wiv) ammonium
sulfate was dissolved in 50 mM TrissHCL, pH 7.4, and subjected to
SDS-PAGE and immuncblot analysis,

2.3. SDS-PAGE and inununoblot analysis

Proteins were separated by SDS-PAGE (16% acrylamide. 6 M urea)
according to Schiigger and von Jagow [8], and transferred to nitrocel-
lulose or Immaobilon-P membrane by elesiroblotling. Ubiquitin was
detected with polyclonal untibodies aguinst SD3-denatured bovine
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Fig. 1. Immunoblot unalysis of £, histalytica proteins with polyclonal antibodies against SDS-denatured bovine ubiquitin. (A) Coomassic-stained
gels. (B) Immunoblots. Lanes 1, amebal homogenate (20 1p): lanes 2, fraction enriched for ubiquitin (20 ug): lanes 3, bovine ubiquitin (1 x#g). For
further details, sce section 2,

ubiquitin (prepared uccording to {7)): these were u kind gift from Dr.
A.L. Haas. Medicul College of Wiscansin,

2.4, Amino ucid sequencing

Ubiquitin bands were cut out from [mmobilon-P membrane and
subjected to automated protein sequencing with an Applied Biosys-
tems 477A gus-phase sequencer equipped with an on-line 120 A PTH
umino acid analysis system,

2.5, Fsolusion af genaric DNA and amplification procedure
Genomic DNA wis obtiuined from isolated nuclei as deseribed in
(9). Based on the avuiluble ubiquitin sequenses (Fig. 3) we choose two
highly conserved regions to design two oligonucleotide primers, Eh.
UB-520 (ATG CAA ATR TTT GTR AAA AC) and Eh-UB-AS20
(TC TTT TTG RAT ATT ATA ATC) (R = A or T): in view of the
high AT contemt of amebal coding sequences {10} we reduced the
degeneracy of the primers by incorporating adenosine and thymidine
ut variable positions. The polymerase chain reaction was performed
us deseribed [11]. The thermal eyeler (Thermal Reactor; Hybaid) was
programmed for 30 cycles us follows: melting at 94°C, | min: anneni.
ing ut 37°C, 2 min: und polymerization at 72°C, 2 min, [n the first ten
cycles an additional step (1 min at 55°C) was inserted after annealip-g,
After the lust cycle, polymerisation was extended for 20 min. An
aliquot (5 ul) of the reaction product was separated by clectrophoresis
in 29 (w/v) agarose. After staining with ethidium bromide. a single

frugment of about 190 bp was observed. The {rugment was cut out
from the gel und the DINA was extructed with phenoliehloroform, 1:1
(vfv) und with ehloroform and precipitated with ethanol, We deter-
mined the nucleotide sequence of this frugment and established that
the deduced amino ucid sequence showed substuntial homology to
known ubiquitins (sec Resulls),

2.8, Construction and screening of the ¢DNA tibrary

The AZAP cONA library from HMI1:IMSS has been deseribed in
[9): it contuins 107 independent recombinan: phages. The 190-bp am.
plifiecd cDNA fragment was labeled with digoxigenin-11 dUTP (Non-
radioactive DA labeling and Detection Kit, Boehringer-Mannheim)
and used to screen the cDNA library according to the instrustions of
the manufucturcer, Hybridization wus curried out with Sx SSC at $5°C
and the filters were washed with 1x SSC(1xS5C = 0,15 M NaCl,0.015
M sodium citrate, pH 7). Mybridizing phages were isolated and the
plasmids were released uccording to the instructions of Stratagene.
~ ((Informution on genomic DNA library))

2.7, Nueleotide sequencing

The nucleotide sequense of the amplified fragment and the inserts
of the hybridizing CDNA and genomic DNA clones was determined.
Sequence unalysis was performed by the dideoxy chain-termination
method [12]. A T7-Sequencing Kit (Pharmucis) was employed accord-
ing to the instructions of the manufacturer,
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Eh-UD-220
aA CTT ACT GGA AAG ACT ATT ACA TTA

Mat GIn Ila Phe Val Lya Thr Lau Thr Gly Lys Ths Ile Thr Lev
- 10 13

GAA QTT OAA CCA AAT GAT TCT ATT GAT GCT ATT AAA GOCT AAG ATT
Qlu Val 0lu Pro Aan Asp Zer lla Asp Ala 1le Lys Ala L¥s Ile
k14 s b 1]

CAA GAA AMA GAA GOA ATT CCA CCT GAT CAA CAA AGA CTT ATT TIT
Gln Glu Lys Glu Gly Ila Pro Pro Asp Glm Gln Arg Leu Ile Pha
33 40 4

GCA GGC AAA CAA TTA GAA GAA GOA AAG ACA CTT TCA GAT TAT AAC
Ala Gly Lys Gln Leu Glu Glu Gly Lys Thr Lau Ser Asp T¥r Asn
50 5% &0
ATT CAA AMA GAA TCA ACA CTT CAT TTA GTC TTA AGA TTA AGA GGA QGA
tla Gln Lya Qlu Ser Thr Lau iis Leu Val Lev Arg Leu Arg Giy Gly
(3] 0 73

Fig. 2. Ubiguitin fram £, histalvrica. Shown is the nucleotide sequence
of the cDNA clone; it codes far amino acids 8-76. The deduced nmine
ueid sequence is given underneath. Amino aeids 1-7 ware determined
by Neterminal sequencing of the protein, The oligonucicotide primers
used for genomic umplification (Eh-UB-A20 and Eh.UB.AS0; see
section 2,8) hybridize with the regions marked by urraws,

3. RESULTS

3.1, E histolyticu contains ubiquitin

E. Mistolytica contained a protein crossreacting with
antibodies against bovine ubiquitin: this protein was
appreciably enriched by a procedurs designed to con-
centrate ubiquitin, and it had an apparent molecular
weight identical to that of bovine ubiquitin (Fig. 1).
Also. its seven N-terminal amino acids corresponded to
those of other ubiquitins (see Fig. 2). Based on these
observations we concluded that £, histolytica. similar to

all other eukaryotes investigated so far, contains ubiq-
uitin,

3.2, Isalation and characterization of an amebal cDNA
clane for ubiqguitin

Approximately 200,000 recombinant phages from an
E. histolytica cDNA library were screened with a 190-bp
amplified fragment covering the major part of an ame-
bal ubiquitin gene (sec section 2). One hybridizing
phage was purified and the nucleotide sequence of its
cDNA insert vas determined, The sequence contained
a single open reading frame (Fig. 2) terminated by a
stop codon and followed by a 3’ non-coding region plus
poly(A) tail (not shown). The amino acid sequence de-
duced from the cDNA corresponded with a ubiquitin
molecule, from position 8 (Leu) up to position 76 (Gly).
The region flanked by the primers for the polymerase
chain reaction (indicated by arrows in Fig. 2) and the

amplified fragment predicted identical amino acids (not
shown).
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Fig. 3. Comparison of the amino acid sequence of ubiquitin from £
histalytica Wil that from other cukaryotes, Matching residues ire
indicuted by dushes; residues that ure uniquely variant in £, histolviica
ure boxed. Dd, Dicryostolinn discoidoinn, 8¢, Sacchuramycos corevise
ine, Te. Trypanasomn cruzic As, Avene sativa; T, Terrahymena pyri-
Jormis, Ne, Newrospara cressa; AL, Avabidopsis thelione; Ce, Ceucne
arhabditic elegans; Hs, Homo sapions, The sequence of M. sapiens is
identical to those of Xuenopus luevis, chicken, Drosophile melunoges
ter, Menedeca sextn and Coprines cangregatus: that of A. thaliana is
identical to those of Heliunthus wnes, Hordum vulgare, Glveine max,
Linus polyphythes and Chiconydomanas reinhardrii. Far references,
see (4]

3.3, Comparisan of the amina acid sequence of ubiquitin
Sfrom E. histolytica with (et frone other cukaryotes
Fig. 2 shows the complete amino acid sequence of the
amebal ubiquitin, based on N-terminal amino acid se-
quencing (residues 1-7) and the data from the cDNA
(deduced residues 8-76). Meanwhile we have confirmed
the full sequence with two genomic DNA clones (data
not shown).

In Fig. 3 we compare the amino acid sequence of the
amebal ubiquitin with the sequences published for other
organisms. So far, seven residues (at positions 14, 16,
19, 22, 24, 28 and 57) were known to be viriable, At
these positions the amebal ubiquitin contained, with
one exception (Ser 22), amino acids found in other ubig-
uitins as well, On top of this, the E. histolyrica sequence
deviuated from the consensus for ali other sequences at
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Fig. 4. Sterea druwing of the a-curbon buckbone of ubiquitin [19), The six positions (20, 25, 26, 32, 52, §4) at which £. histelytica side chains deviate
from the consensus of the ather ubiquiting have been filled out in black. Nate that they lie close together on the 3D structure, und that ull six residues
except lle«26 ure exposed an the surfuce.

six positions (boxed in Fig, 2). These corresponded with
20 85N, 25N>A, 26 ¥>1, 312 D>E. 52 D>E and 54
R>K: note thut all substitutions are conservative. Over-
all, the amebual sequence deviated at 8-11 positions from
eich of the other sequences, whereas the latter deviate
puirwise at. maximally. 3 positions. This unumbiguous
cleft between the pairwise distances immediately desig-
nates £, histolytica as an outgroup to all other organ-
isms of which the ubiquitin has been aralyzed. We con-
firmed this with two methods for making evolutionary
trees, the unweighted pair group method with arithme-
tic meun {13] and the computer program PROTPARS
{14]. The latter yielded 24 equivalent trees with, in each
of these, £. histalvtica branching off first: none of these
trees looked particularly convincing with respect to the
other organisms (data not shown).

4, DISCUSSION

4.1, Phytogenetic status af E. histolytica

Based, among others, on ils simple structural organi-
zation, Cavalier-Smith [15) has classified Emtamocha
(together with other primitive protozoa such as Giardia
and the microsporidia) as Archezoa: these organisms
presumably branched off very carly {rom the main
cukaryote line. For Giardia [16] and the microsporidia
[17] this classification has been confirmed by a phyle-
genetie tree inferred from 16 S-like rRNA; however. E.
histalytica branches off this tree much later (between
Euglena gracilis and Dictyosteliunt discoideun [18]), sug-
gesting that its primitive structure may be due to regres-
sion rather than representing an archaic trait, As shown
above, the deviations in the inferred amino acid se-
quence of its ubiquitin designate E. Aistolvtica as an
unambiguous outgroup to all other organisms of which
ubiquitin has been characterized; these organisms in-
clude T. cruezi, which is thought to be one of the oldest

mitochondrion-containing cells [18]). We interpret this
as very strong evidence in favor of the early branching
of Entamacha,

Why would we have more confidence in ubiquitin
than in 16 S-like rRNA as an evolutionary marker for
Entamoeha? Of course. 16 S-like rRNA has proven to
be an invaluable generic probe for evolutionury rela-
tionships: conversely, we do not claim that ubigquitin
would make a good gencric probe for evolution (judging
from the PROTPARS cutput. it does not). The point we
want to make here, though, is that clearcut melecular
evidence for an evolutionary cleft should outweigh
more indirect evidence based on a large number aof grad-
ual transitions. Thus. whereas the amebal ubiquitin
data allow for an immediate and straightforward inter-
pretation, the calculation of 16 S-like TRNA trees is
based on several assumptions: for instance, the se-
quences have to be aligned {18]. An even more compel-
ling argument is that, of all variant positions in the
amebal ubiquitin, siz were unique for this arganism. As
discussed below, this finding suggests that E. histalytica
is separated from the other organisms by a jump in the
evolutionary development of the ubiquitin system.

4.2, Evolution of the ubiguitin system

The six uniquely variant residues in the amebal ubig-
uitin were spread over nearly half of the primary se-
quence (Fig: 3). Strikingly, though, they came close to-
gether on the tertiary structure of the protein (Fig. 4:
[19)). Of the six residues, one {(Asn-20) was located in a
reverse turn, three (Ala-25, [le-26, Glu-32) on the single
a-helix, and the remaining two (Glu-52 and Lys-54) in
the large loop: all of them except He-26 faced outwardly.
We explain this by the following scenario.

At the time the ancestral £. histelytica branched off,
the six residues that are now variant still largely con-
formed to the consensus of the other crganisms. Some
time thereafter, but before the next organism (presuma-
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bly 7. cruzi) branched off, ubiquitin in the main-line
cells became engaged in one or more additional func-
tional interaction that fixed part of the surface (lower
right in Fig. 3) at ity status quo. However, because the
amebal ubiquitin had escaped this funstional fixation,
its corresponding residues were relatively free to drift.
(As noted ubove, all of these exchanges are conserva-
tive. this is probably dictated by the physical properties
of the protein [20].) .

We thus interpret our data to mean that one or imore
of the functions of ubiquitin developed after E. hiisralyvt-
ica brunched off. In agreement with this interpretation,
the pattern of hybridization of amebal mRNA with
either ubiquitin cDNA or the amplified fragment looks
much simpler than the corresponding patterns [21-23]
from other eukaryotes (1 vs. 23 bands; experiments in
progress).
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