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Evidence That Eukaryotes and Eocyte Prokaryotes
Are Immediate Relatives

Maria C. Rivera and James A. Lake

The phylogenetic origin of eukaryotes has been unclear because eukaryotic nuclear genes
have diverged substantially from prokaryotic ones. The genes coding for elongation factor
EF-1a were compared among various organisms. The EF-1a sequences of eukaryotes
contained an 11-amino acid segment that was also found in eocytes (extremely thermo-
philic, sulfur-metabolizing bacteria) but that was absent in all other bacteria. The related
(paralogous) genes encoding elongation factor EF-2 and initiation factor IF-2 also lacked
the 11—amino acid insert. These data imply that the eocytes are the closest surviving

relatives (sister taxon) of the eukaryotes.

The evolutionary antecedents of eukary-
otes have been difficult to identify because
eukaryotic nuclear gene sequences have
diverged extensively from their prokaryotic
homologs. Their frequent nucleotide and
amino acid changes confound tree recon-
struction (1) and multiple sequence align-
ment (2) algorithms and cause incorrect
trees to be artifactually selected (3). The
probability of these artifacts could be re-
duced, however, if slowly changing and
well-aligned features, such as inserts that
consist of many nucleotides, could be ob-
served and analyzed. We report here the
identification, sequencing, and analysis of
an 11-amino acid segment within the gene
coding for protein synthesis factor EF-la
that occurs in all eukaryotes and eocytes (4)
but not in other prokaryotes.

Elongation factor EF-1a (termed EF-Tu
in eubacteria) is an ubiquitous protein that
transports aminoacyl-tRNAs to the ribo-
some and participates in their selection by
the ribosome. The structure of the guano-
sine diphosphate (GDP)-binding domain
of EF-Tu from Escherichia coli has been
determined by x-ray diffraction (5). Within
this domain (Fig. 1), sequence DCPGHg,
(6) ends a B strand, forms part of the GDP
binding site, and initiates a short a helix.
The sequence KNMITG,,, which is con-
served in EF-la and EF-Tu sequences, ter-
minates this helix. The B strand that fol-
lows is terminated by GPMP, ,; at the GDP
binding site; QTREH, 4 then starts a 3,
helix. The amino acid motifs of the eukary-
otic EF-lat are similar, except that the
four—amino acid sequence GPMP,,; is re-
placed by the 1l-amino acid sequence
GEFEAGISKDG and its variants.

Unlike that in other prokaryotes, the
EF-la sequence from the eocyte Sulfolobus
acidocaldarius (7) contained an 1l-amino
acid segment similar to the eukaryotic one.
In order to investigate this segment in all
three taxonomic subdivisions of the eocytes
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[the Pyrodictiales, the Thermoproteales, and
the Sulfolobales (8)], we amplified genomic
DNA (9) from the eocytes Pyrodictium occul-
tum, Desulfurococcus mucosus, and Acidianus
infernus with the polymerase chain reaction
(PCR) and primers to the KNMITG,, and
QTREH, 4 regions (Table 1).

The amino acid sequences, translated
from DNA, shared the eukaryotic motif
rather than that found in methanogens,
halobacteria, and eubacteria (Table 2).
The longer, 11-amino acid segment, pres-
ent in eocytes and eukaryotes, shares little
obvious similarity with the shorter, four—
amino acid segment found in other prokary-
otes. In order to ascertain which form of the
segment existed first, we compared se-
quences of the related (paralogous) proteins
EF-2 (termed EF-G in eubacteria) and IF-2

1/
NH, terminus
1

deain\\\:Q
C
iy, =3

Fig. 1. Structure of the GDP binding domain of
trypsin-treated elongation factor EF-Tu from E.
coli (5). Open arrows represent B strands,
spirals represent helices, and GDP (labeled) is
represented by shading. The dashed line rep-
resents a sequence removed by trypsin treat-
ment. The connection to structural Domain Ill is
shown by a small, solid arrow. The large, solid
arrow indicates the NH,-terminus of the amino
acid segment (GPMP, ) analyzed here. The
DCPGHg,, KNMITG,,, and QTREH, 4 regions
are indicated (6).




because both diverged from EF-la before
the last common ancestor of eukaryotes and
prokaryotes (10) (Table 2). The sequence
DCPGHgy, (or its variants) was used as the
upstream boundary because neither EF-2
(EF-G) nor IF-2 contained the KNMITGq,
sequence. Sequences from EF-2 and IF-2 all
contained the four-amino acid segment,
which indicates that GPMP, 5 (or its vari-
ants) is the original (plesiomorphic) form of
this segment and that the 11-amino acid
segment must be the derived (synapomor-
phic) form.

Two theories have been proposed to ex-
plain the origin of eukaryotes: the eocyte
theory and the archaebacterial theory (Fig.
2). In the archaebacterial tree (11), eukary-
otes share a most recent, common ancestor
with three groups: the halobacteria, methan-
ogens, and eocytes. In the eocyte tree (12),
eukaryotes share a most recent, common
ancestor only with the eocytes. The tree that
requires the fewest changes is most parsimo-
nious and is favored (13). Because the 11—
amino acid segment in eukaryotes is homol-
ogous to that found in eocytes, the observed

Eocyte Tree

Karyotes
Eubacteria  H. M. T Eocytes Eukaryotes

volcanii vannielii celer

Archaebacterial Tree

Eubacteria H. M. T Eocytes
volcanii - vannielii celer

Eukaryotes

Fig. 2. Rooted tree illustrating two theories pro-
posed to explain the origin of eukaryotes. The
trees corresponding to both theories were re-
constructed from 16S and 18S ribosomal RNA
sequences (71, 12) and rooted in the branch
leading to the eubacteria as proposed by others
(26). Each solid box indicates one change from
the 4-amino acid segment to the 11—amino acid
form or the reverse. The eocyte tree is favored
because it requires only a single change, where-
as the archaebacterial tree requires two inde-
pendent but identical changes. The archaebac-
terial tree could also be explained by one ap-
pearance of the 11—-amino acid form and one
reappearance of the 4-amino acid form, but
even so, two changes would be required. The
EF-1a synapomorphism cannot discriminate
among the possible branchings below the eo-
cyte-eukaryote node, so that any tree having
eocytes and eukaryotes as sister taxa will be
consistent with these data. Represented are
Halobacterium volcanii, Methanococcus van-
nielii, and Thermococcus celer.

distribution of the segment among species
can be accomplished by one change if the
relationships are as shown by the eocyte
tree, whereas two changes are required by
the archaebacterial tree. Thus, these data
support the hypothesis that eocytes are the
closest relatives of the eukaryotes.

Several lines of reasoning buttress this
interpretation. First, the 11-amino acid seg-

Table 1. Nucleotide se- Eocytes

quences for Desulfuro-

coccus mucosus  (D. Qpuco, ... --A ..
muco:), Pyrodictium oc- Svacid. ... ..A ... ... ..

cultum (P. occu.), Acid-
ianus infernus (A. infe.),
and Sulfolobus aci-
docaldaritus (Su. acid.)

D.muco.

Ainfe, A A ..a
Su.acid. ..A .. ...

REPORTS

ments present in eocytes and eukaryotes are
very likely homologous. Eight of eleven
amino acids [seven in Sulfolobus and Acidi-
anus] are identical to the consensus eukary-
otic sequence. Amino acid shuffling of the
segments (14) produces alignments scores
that are 6.6 to 6.9 standard deviations lower
than those found for the Saccharomyces cere-
visiae—Sulfolobus alignment, thereby imply-

Poccu. ggT GCT AGC CAG GCC GAC GCC GCC ATC CTA GTC GTG TCT GCC AGG

. ..T ..T ..A ..G ... .. C ..G ... AGC ..T ...
..A .. T ..T ..A..A.AA.. .CA.T..... T .A.
G ... .. T.A.TT.G ..A..A..... A A
P.occu. AAG GGT GAG TTC GAG GCC GGT ATG AGC GCT GAG GGT
c ... LA LG Ll L T..o. oo .. c
..T..A ..... A ... . AA LA L.
AT Lo Ll L. A ... oL .l ..A ..A

within the KNMITg; to QTREH, ;5 segment. The first three nucleotides listed encode the glycine
immediately following KNMITgs. Lowercase letters indicate primer sequences and uppercase letters
indicate nonprimer regions. Triplets corresponding to amino acids are separated by spaces.

Table 2. A comparison of elongation factor EF-1a and EF-Tu sequences in, and EF-Tu, EF-G, and
IF-2 sequences near, the KNMITg, to QTREH,,4 region. Eleven—amino acid and four—amino acid
segments are delimited by solid boxes. The dashed boxes enclose the sequences used as primers.
The following designations are used to indicate taxa: eukaryotes are human, Homo sapiens; tomato,
Lycopersicon esculentum; yeast, Saccharomyces cerevisiae; and hamster, Mesocricetus sp.
Eocytes are D. muco., Desulfurococcus mucosus, P. occu., Pyrodictium occultum; A. infe.,
Acidianus infernus; and Su. acid., Sulfolobus acidocaldarius. Methanogens and their relatives are
T. celer, Thermococcus celer and Mc.van., Methanococcus vannielii. H. maris. indicates the
halobacterium, Halobacterium marismortui. Eubacterial taxa are represented by Th. mar., Thermo-
toga maritima; S. plat., Spirulina platensis; E. coli, Escherichia coli; and Mitoch., yeast mitochon-
drion. The EF-1a sequences from Mc.van. and Thermoplasma acidophilum (not shown) contain
three and two, respectively, additional amino acids at the beginning of their four—amino acid
segments. These extra amino acids do not alter our conclusions because, technically, they
represent individual changes (autapomorphies) that cannot serve to distinguish among any trees
(13). All EF-1a segments (including that from T. acidophilum) except those of Desulfurococcus,
Pyrodictium, and Acidianus, which were sequenced by us, were obtained from GenBank.

Taxon Organism Left primer 11-amino acid 4-amino acid Right primer
segment segment
Eukaryotes Human :'ld'n'if"rf;i TSQADCAVLIVAAGV [GEFEAGISKNG rQ-TiE-lﬂl
Eukaryotes Tomato | KNMITG! TSQADCAVLIIDSTT |GGFEAGISKDG :QTREH '
Eukaryotes Yeast IKNMITG| TSQADCAILITIAGGV |GEFEAGISKDG |QTREH |
1 1 1
Eocytes P. occu. | KNMITG} ASQADAATLVVSARK |GEFEAGMSAEG |QTREH 1
Eocytes D.muco. IKNMITGI ASQADAAILVVSARK |GEFEAGMSAEG |QTREH '
Eocytes A.infe. |KNMITG' ASQADAATIAVSAKK |GEFEAGMSEEG QTREH
Eocytes Su.acid. | KNMITG| ASQADAATLVVSAKK |GEYEAGMSAEG |QTREH |
| | ]
Methanogens T.celer 'KNHITGI ASQADAAVLVVAVTD ---GVMP 'QTKEH |
and relatives Mc.van. | KNMITG) ASQADAAVLVVNVDD AKSGIQP| |QTREH |
| I ] ]
Halobacteria H.maris. | KNMITG] ASQADNAVLVVAADD ---GVQP :QTQEH:
| 1 '
Eubacteria  Th.mar. |RNMITG} AAQUDGATILVVAATD ---cPMP| |QIREH !
Eubacteria  S.plat. i KNHITGI AAQMDGAILVVSAAD ---GPMP IQTREH
Eubacteria  Mitoch. ! KNMITG] AAQMDGATIVVAATD ---GQuP| |QTREH |
Sequences of EF-Tu, EF-G, and IF-2 near the KNMITG-QTREH region
Molecule Conserved
EF-Tu T.celer  |DAPGHi RDFV|KNMITGI ASQADAAVLVVAVTD ~--GVMP| QT
EF-Tu Mc.van. lDCPGH: RDF1 | KNMITG| ASQADAAVLVVNVDD AKSGIQP| 1QT|
EF-Tu H.maris. | !bceeH, RDFv: KNMITG) ASQADNAVLVVAADD ---GVQP :QT \
EF-Tu Th.mar. lDCPGHI ADYI, KNHITGl AAQMDGAILVVAATD ---GPMP| QT :
EF-Tu S.plat. lDCPGH ADYV! KNMITG] AAQMDGAILVVSAAD ---GPMP :Q'rI
! 1
EF-2 Hamster :DSPGH:VDFS SEVTAA LRVTDGALVVVDCVS ---GVecv :QT:
EF-2 Su.acid.  |DTPGH| VDFS GRVIRS LRVLDGSIVVIDAVE ---GIMT| 1QT,
EF-2 Mc.van.  \DTPGH! VDFG GDVTRA MRAIDGAVVVCCAVE ---GVMP 'Q'rl
EF-2 S.plat. | DIPGH] VDFT IEVERS MRVLDGVIAVFCSVG ---GVQP |QS
1 1 i
IF-2 E.coli DTPGH} AAFT SMRARG AQATDIVVLVVAADD ---GUMP :_QIJ
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ing homology (15). Second, the alighments
are well defined. No gaps are needed to align
the eukaryotic and eocytic EF-1a sequences,
and no gaps are needed to align the EF-2 and
the IF-2 sequences with those EF-la se-
quences that contain the four-amino acid
segment (except for three amino acids
unique to Methanococcus vannielii). Third,
the sequences encoding EF-1a are not likely
to be laterally transferred between orga-
nisms. EF-la is present in all cells and,
during protein synthesis, interacts with cel-
lular components encoded by genes dis-
persed throughout the bacterial genome,
including aminoacyl-tRNAs, ribosomal pro-
teins, elongation factor EF-Ts, and 16S and
18S ribosomal RNAs (16).

Other results also support a sister rela-
tionship between the eukaryotes and eo-
cytes. For example, the major heat shock
protein of Sulfolobus shibatae is a molecular
chaperone related to a eukaryotic t-com-
plex gene (17). Similarly, the eukaryotic
ribosomal RNA operons (18) are organized
like those of Sulfolobus, Desulfurococcus,
Thermoproteus, and Thermococcus. By con-
trast, the tRNA-containing ribosomal
RNA operons of halobacteria, methano-
gens, and eubacteria (19) share a different
pattern.

Although many characters support the
eocyte tree (20), some do not. First, eubac-
teria, halobacteria, and eukaryotes share
ester-linked fatty acids and functional fatty
acid synthetases (21). This does not support
either the archaebacterial or eocyte tree but
does support an alternative topology. Sec-
ond, halobacteria, methanogens, and eo-
cytes have at least traces of a distinct ether
lipid (22), which supports the archaebacte-
rial tree and does not support the eocyte
tree. If both exceptions were valid, no tree
would be acceptable. The exceptions there-
fore emphasize the need for caution and an
appreciation of the chimeric origins (23) of
some nuclear sequences in an analysis of the
phylogenetic relationships of eukaryotes.
Reconstruction of the prokaryotic ancestry
of eukaryotes requires caution; however,
the phylogenetic distribution of the 11—
amino acid segment implies that the eo-
cytes are the closest surviving relatives of
eukaryotes. This lends support to the pro-
posal (12) that the eukaryotes and eocytes
comprise a monophyletic superkingdom,
the karyotes.
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Conformation of the TAR RNA-Arginine Complex by
NMR Spectroscopy

Joseph D. Puglisi, Ruoying Tan, Barbara J. Calnan,
Alan D. Frankel, James R. Williamson*

The messenger RNAs of human immunodeficiency virus—1 (HIV-1) have an RNA hairpin
structure, TAR, at their 5’ ends that contains a six-nucleotide loop and a three-nucleotide
bulge. The conformations of TAR RNA and of TAR with an arginine analog specifically
bound at the binding site for the viral protein, Tat, were characterized by nuclear magnetic
resonance (NMR) spectroscopy. Upon arginine binding, the bulge changes conformation,
and essential nucleotides for binding, U23 and A27-U38, form a base-triple interaction that
stabilizes arginine hydrogen bonding to G26 and phosphates. Specificity in the arginine-
TAR interaction appears to be derived largely from the structure of the RNA.

The diverse structures formed by RNA
molecules contribute to their specific recog-
nition by proteins (I, 2). The interaction of
the HIV Tat protein with TAR, an RNA
hairpin located at the 5’ end of the viral
mRNAs, provides a well-characterized sys-
tem for the study of RNA-protein recogni-
tion. The binding of Tat to TAR is essen-
tial for Tat to function as a transcriptional
activator (3-6). The predicted secondary
structure of TAR consists of two stem re-
gions separated by three unpaired nucleo-
tides (a bulge) and a loop of six nucleotides
(Fig. 1A). Many mutational studies have
identified nucleotides in and near the bulge
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that are important for specific binding of
Tat (4, 7-10). The loop region is not
involved in Tat binding but is important for
activation of transcription (4-6, 10, 11).
Specific binding of Tat to TAR is mediated
by a single arginine (12) within a nine-
residue stretch of basic amino acids, as
shown by specific binding of model peptides
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