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Eukaryote-specific Domains
in Translation Initiation Factors: Implications
for Translation Regulation and Evolution
of the Translation System
L. Aravind1 and Eugene V. Koonin
1National Center for Biotechnology Information, National Library of Medicine, National Institutes of Health,
Bethesda, Maryland 20894 USA

Computational analysis of sequences of proteins involved in translation initiation in eukaryotes reveals a
number of specific domains that are not represented in bacteria or archaea. Most of these eukaryote-specific
domains are known or predicted to possess an �-helical structure, which suggests that such domains are easier to
invent in the course of evolution than are domains of other structural classes. A previously undetected,
conserved region predicted to form an �-helical domain is delineated in the initiation factor eIF4G, in
Nonsense-mediated mRNA decay 2 protein (NMD2/UPF2), in the nuclear cap-binding CBP80, and in other,
poorly characterized proteins, which is named the NIC (NMD2, eIF4G, CBP80) domain. Biochemical and
mutagenesis data on NIC-containing proteins indicate that this predicted domain is one of the central adapters
in the regulation of mRNA processing, translation, and degradation. It is demonstrated that, in the course of
eukaryotic evolution, initiation factor eIF4G, of which NIC is the core, conserved portion, has accreted several
additional, distinct predicted domains such as MI (MA-3 and eIF4G ) and W2, which probably was accompanied
by acquisition of new regulatory interactions.

Initiation of translation is a multistep process that in-
cludes the formation of a ternary complex of initiator
tRNAfMet, GTP, and a GTPase initiation factor. This is
followed by the association of this complex with the
ribosome and mRNA, which is accompanied by GTP
hydrolysis. The principal stages of initiation are the
same in all cells (Dever 1999). In spite of this general
functional similarity, however, there is little direct cor-
respondence between the translation initiation factors
in archaea/eukaryotes and in bacteria. Archaea and eu-
karyotes share several homologous components of
their initiation complex that have no counterparts in
bacteria, and in some cases, when homologs are pres-
ent, they participate in related but distinct functions
(Makarova et al. 1999).

The intricate molecular mechanisms of translation
initiation in eukaryotes and the proteins involved in
this process have been studied in considerable detail
(Table 1). The aspect that is understood best is the
GTPase cycle, which involves the trimeric GTPase eIF2,
its GDP/GTP exchange factor—the multisubunit factor
eIF2B, and the GTPase-activating protein eIF5 (Dever
1999). GTP hydrolysis is required for the recognition of
the start codon, which also involves eIF1 (Sui1) and
eIF1A (Pestova et al. 1998). The cap that is present at
the 5�-end of most eukaryotic mRNAs is recognized by

eIF4E, which, in turn, binds to the large eIF4G protein,
which then recruits the helicase eIF4A. This RNA heli-
case unwinds the secondary structure around the cap
and allows scanning for the start codon (Dever 1999;
Pestova and Hellen 1999). The giant, multi-subunit
complex eIF3 interacts with GTPase-activating proteins
eIF5 and eIF1 (Asano et al. 1998; Asano et al. 1999) and
also with the eIF4 complex (Lamphear et al. 1995).
These interactions of eIF3, respectively, are believed to
recruit the Met-tRNA and mRNA to the ribosome. In
the cap-independent translation initiation that is typi-
cal of picornaviruses, eIF4G directly binds the internal
initiation sites and recruits the ribosome (Dever 1999;
Pestova and Hellen 1999). Although a number of de-
tails in these processes are well understood, certain key
questions remain unanswered, such as the principal
sequence and structural determinants of specific pro-
tein–protein and protein–RNA interactions. These in-
clude the interactions between different initiation fac-
tors, for example, eIF3 and eIF4G, and their interac-
tions with mRNA.

One approach to improving our understanding of
the properties of these molecules is the computational
dissection of different translation components into
(predicted) conserved domains and the mapping of the
functions to them. The development of sensitive pro-
file search methods and robust means of statistical
evaluation of search results have made this approach
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Table 1. Phyletic Distribution and Conserved Domains in Components of the Eukaryotic Translation Initiation System

Protein/GI numbera
Phyletic

distributionb Domain organizationc

Structural
class of

conserved
domain Comments

eIF1 (SUI1) 4240113 EAB [Bacteria =
Ec, Hi, Ssp]

Sui1 domain � + � Probably horizontally transferred into
bacteria

eIF1A (eIF4C) 626955 EAB OB-fold domain � Bacterial IF1 ortholog
IF2 (eIF5B) 1723187 EAB Multidomain GTPase � + � Ortholog of bacterial IF2, appears to be

necessary for joining of the 2 ribosomal
subunits in both eukaryotes and bacteria

eIF2� 124203 EA S1 RNA-binding
domain

�

eIF2� 4503505 EA Zinc ribbon � A similar Zn-ribbon found in eIF5
eIF2� 3790165 EA(B) GTPase (Zn-ribbon

insertion)
� + � The most similar bacterial homologs are

elongation factors SelB/EF-TU
eIF2B� 2494303
eIF2B� 2661031
eIF2B� 417036

EAB [Bacteria =
Ssp, Bs,
Tma, Rhoru]

�-helical DEF domain
for the eIF2 GTPase

� Probably horizontally transferred into
bacteria

eIF2B� 2506383 E(AB) Nucleotidyltransferase +
I-patch repeats

� + � Several bacteria encode homologous
proteins that are unlikely to function in
translation

eIF2B� 2408098 E(AB) Nucleotidyltransferase +
I-patch repeats + W2

� + � and
�

Several bacteria encode homologous
proteins that are unlikely to function in
translation

eIF2C 3253159 EAB [Bacteria =
Aae]

Argonaute homolog � + � Apparent horizontal transfer from archaea
to Aquifex. Expansion of this family in C.
elegans

eIF3-p39 (TIF34p) 6323795 E WD40-�-propeller � Probable mRNA-binding subunit
eIF3-p40 2351380 E(AB) JAB/PAD domain � + � Related to/part of the signalosome complex
eIF3-p44 (TIF35p) 6320637 E C-terminal RRM � + �
eIF3-p47 2055431 E(AB) JAB/PAD domain � + � Related to/part of the signalosome

complex. Missing in S. cerevisiae
eIF3-p48 2351382 E PINT domain � Related to/part of the signalosome

complex. Missing in S. cerevisiae
eIF3-p66 2351378 E ? ? Related to/part of the signalosome

complex. Missing in S. cerevisiae
eIF3-p110 (NIP1) 1718197 E PINT domain � Related to/part of the signalosome complex
eIF3-p116 (PRT1p) 3123230 E RRM + �-propeller � + � and

�
Probable mRNA-binding subunit

eIF3-p150 E ? �
eIF3-p162 (TIF32p) 2580607 E ? �
eIF4A 6322912 E(AB) Superfamily II helicase � + �
eIF4B 464817 E Two RRM domains � + �
eIF4E 1352435 E Unique �/� fold � + � 25 kD subunit of eIF4F
eIF4G 3941724 E NIC domain

NIC + MI
NIC + MI + W2

� Other domains added to the NIC domain in
certain eukaryotic lineages. 150kD
subunit of eIF4F

eIF4H 2914759 E RRM � + � Closely related to eIF2B, appears to be
vertebrate-specfic

eIF5 1708419 E Zn ribbon + W2 � and � The Zn-ribbon is closely related to the ribbon
in eIF2 � subunit. A related ribbon is seen
in Archaea as a stand-alone protein

eIF5A (eIF4D) 124229 EAB OB fold protein � The bacterial ortholog is EF-P. Eukaryotic
eIF5A contains a lysine to hypusine
modification that is necessary for
function.

eIF6 6325273 EA Duplication of a unique
domain

?

aFor each factor, a Gene Identification (GI) number of a representative eukaryotic sequence is given to ensure unambiguous identi-
fication in databases
bE—eukaryotes, A—archaea, B—bacteria. In cases when bacteria and/or archaea encoded homologs of the respective eukaryotic factor
that do not seem to be true orthologs, B and/or A is indicated in parentheses. When the distribution of the orthologs of the respective
eukaryotic factor in bacteria is sporadic, the species encoding it are indicated in square brackets. Species abbreviations: Aae—Aquifex
aeolicus, BS—Bacillus subtilis, Ec—Escherichia coli, Hi—Haemophilus influenzae, Rhoru—Rhospirillum rubrum, Ssp—Synechocystis sp,
Tma—Thermotoga maritima.
cA question mark indicates absence of distinct, recognizable domains.
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effective (Altschul et al. 1997; Aravind and Koonin
1999a). The recent computational analyses of the
translation system have resulted in the identification
of several distinct, conserved nucleic-acid-binding do-
mains in ribosomal proteins, eIF1, rRNA/tRNA-
modifying enzymes, and aminoacyl-tRNA synthetases,
as well as conserved enzymatic and interaction do-
mains in eIF3, eIF2B�, and eIF2B� (Koonin 1995; Ara-
vind and Ponting 1998; Aravind and Koonin 1999b;
Makarova et al. 1999; Wolf et al. 1999). Some of these
predictions have been experimentally confirmed, sup-
porting the utility of the computational approach in
understanding the functions and evolution of the con-
served components of the translation machinery
(Asano et al. 1999; Korber et al. 1999).

Here we present an analysis of the conserved
domains and phyletic distribution of all known eu-
karyotic translation initiation factors. As part of this
analysis, we predict a conserved �-helical domain
in eIF4G that is also present in a number of other
proteins such as Nonsense-mediated decay protein 2,
the nuclear cap-binding complex 80-kD subunit, and
nucampholin. We propose that a common domain
had been recruited early in eukaryotic evolution for
the regulation of translation initiation, mRNA degra-
dation, and splicing. We also observe that eIF4G has
undergone domain accretion in the course of eukary-
otic evolution, with the core domain being com-
bined with other domains in plants and animals. We
show that almost all eukaryote-specific components
of the translation initiation complex belong to pro-
tein families whose phyletic distribution is limited
to eukaryotes, and most of them are known or pre-
dicted to possess an �-helical structure. Thus it appears
that one of the major innovations at the onset of the
evolution of eukaryotes involved the derivation of sev-
eral new components of the translation initiation
machinery.

RESULTS AND DISCUSSION

Phyletic Distribution and Conserved Domains
of Eukaryotic Translation Initiation Factors
We sought to investigate the origins of eukaryote-
specific components of the translation initiation sys-
tem by analyzing their phyletic distribution and de-
tecting all the conserved (predicted) globular domains
present in them. Table 1 shows the currently recog-
nized components of the eukaryotic translation initia-
tion system, their phyletic distribution, and the detect-
able conserved domains. The most prominent general
feature of this distribution is that several of the com-
ponents are shared between eukarya and archaea, but
very few have counterparts in bacteria. However, three
initiation factors, namely, IF2, eIF1A, and eIF5a, are
universal and appear to have retained at least part of

their respective functions from the common ancestor
of all life forms. IF2 is a multidomain GTPase involved
in the delivery of the initiator Met-tRNAfMet to the ri-
bosome and the joining of the two ribosomal subunits
in the bacterial translation initiation process (Laalami
et al. 1991, 1996). In archaea and eukaryotes, it was
believed to function similarly to the bacterial IF2, in
delivering the Met-tRNAMet to the ribosome (Choi et
al. 1998; Lee et al. 1999). Recently, however, it has
been shown that eukaryotic IF2 is identical to eIF5B
and mediates joining of the large and small ribosomal
subunits rather than recruiting Met-tRNAMet (Pestova
et al. 2000). The bacterial ortholog of eIF1A is the ini-
tiation factor IF1; these factors contain a characteristic,
conserved nucleic-acid-binding oligomer-binding
(OB)-fold domain that is likely to be involved in ini-
tiator codon recognition in all translation systems
(Sette et al. 1997; Battiste et al. 2000). eIF5A and its
bacterial ortholog EF-P also are OB-fold proteins (Kim
et al. 1998; Peat et al. 1998) that might function simi-
larly in all three domains of life in the formation of the
first peptide bond (Aoki et al. 1997). In the case of eIF1
and eIF2B�/�/�, which are conserved in archaea and
eukaryotes, orthologs are sporadically represented in
subsets of bacteria, with a distinct relationship to the
archaeal counterparts (Table 1). Horizontal transfer of
the respective genes from archaea to bacteria seems to
be a plausible scenario for their evolution, but it is not
clear whether or not the bacterial orthologs of these
archaeal/eukaryotic factors retain the same function in
translation.

A significant number of translation initiation fac-
tors are shared by archaea and eukaryotes, to the ex-
clusion of bacteria (Table 1). These include the GTPase
eIF2 and the exchange factors involved in the GTPase
cycle as well as less studied proteins such as eIF2C and
eIF6. These factors are likely to represent the core ini-
tiation system that was present in the common ances-
tor of archaea and eukaryotes. A protein related to the
zinc-ribbon domain of eIF5 and eIF2� is highly con-
served in archaea, but its function in translation, if
any, is unclear (Makarova et al. 1999). The remaining
components appear to be specific to eukaryotes and
include the large complexes eIF3 and eIF4 (Table 1).
The recognizable conserved domains found in several
of these proteins are typically found only in eukary-
otes. In eIF4, which is predominantly involved in rec-
ognizing the eukaryote-specific cap structure in
mRNAs, the only ancient conserved domain is the su-
perfamily II RNA helicase domain of eIF4A. This heli-
case has archaeal and bacterial homologs, but none of
these appear to be true orthologs, even if some of them
might play analogous roles in translation initiation.
Structure determination has shown that eIF4E, which
is directly involved in cap-binding, possesses a novel
�/� fold that has no homologs, detectable by sequence
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or structural comparison, outside the eukaryotes (Mar-
cotrigiano et al. 1997; Matsuo et al. 1997).

The eIF3 complex contains several characteristic
eukaryotic domains such as RRM, WD40, and related
�-propeller domains, PINT, and JAB/PAD domains
(Aravind and Ponting 1998; Hofmann and Bucher
1998) (Table 1). Some of these domains have been de-
tected in one or more bacterial species (Table 1), but in
the majority of cases, the provenance of the respective
genes could be attributed to horizontal transfer from
the eukaryotes (Ponting et al. 1999). We sought to ex-
pand this list of conserved domains detected in eukary-
ote-specific initiation factors in order to obtain addi-
tional information on their functions and evolution.
One of the principal targets of this analysis was eIF4G,
a large protein that is involved in multiple interactions
with eIF4A, eIF4E, and possibly eIF3, as well as mRNA,
and is required for both cap-dependent and cap-
independent initiation (Dever 1999; Pestova and
Hellen 1999). A short peptide enriched in aromatic and
hydrophobic residues has been shown to be respon-
sible for the interaction of eIF4G with eIF4E (Marcotri-
giano et al. 1999), but the nature of other conserved
domains in this protein has so far remained obscure.

NIC—A Common Domain in eIF4G
and Other Cap-associated Proteins
A sequence comparison of eIF4G and related proteins,
such as DAP-5/NAT1/p97 and PAIP1, from different eu-
karyotes reveals a conserved central region that is pre-
dicted to adopt a predominantly �-helical structure
(Levy-Strumpf et al. 1997; Craig et al. 1998). To iden-
tify the approximate limits of the globular domain
contained in this region, the sequences were filtered
for low complexity using the SEG program (param-
eters: window = 45; initiation complexity = 3.4, exten-
sion complexity = 3.75). It has been shown that re-
gions of high complexity roughly correspond to globu-
lar domains (Wootton and Federhen 1996). The
sequence of the predicted globular domain was used as
a query in an iterative PSI-BLAST search, which re-
sulted in the detection of similar sequences, with sta-
tistically significant e-values (typically, E < 0.001), in
the Nonsense-mediated mRNA decay 2 protein
(NMD2/UPF2), the nuclear cap-binding protein 80-kD
subunit (CBP80), and other, less studied proteins such
as nucampholin encoded by the let-858 gene of Cae-
norhabditis elegans, YelA from Dictyostelium discoideum,
and SGD1p from yeast. This set of proteins was consis-
tently retrieved form the NR database using other que-
ries such as CBP80 and NMD2. In addition, searches
started with the conserved sequence from CBP80
helped in detecting divergent versions of this domain
in the yeast protein GCR3 and its ortholog from Schizo-
saccharomyces pombe. Given the presence of this region
of similarity in a large set of diverse proteins, we pre-

dict that it defines a new conserved domain and ac-
cordingly named it NIC after NMD2, eIF4G, CBP80.

NIC is a large region that consists of approximately
240 amino acid residues (Fig. 1A). The boundaries of
the predicted domain were determined with consider-
able precision using NMD2, which contains a tandem
duplication of NIC region, and CBP80, in which NIC
occurs at the extreme N-terminus. Secondary structure
predictions indicate that the NIC domain assumes an
all �-helical fold that contains inserts rich in charged
residues and is predicted to be exposed (Fig. 1A). The
conservation pattern of the predicted NIC domain is
centered around hydrophobic and polar residues that
are likely to be important in maintaining the �-helices.
A notable feature is a conserved glycine that is present
in the carboxyl-terminal region of the domain and
could determine a crucial turn in the three-dimen-
sional structure (Figure 1A). This conservation pattern,
together with the predicted helical structure of the NIC
domain, suggests that it could participate in protein–
protein interactions or nucleic-acid-binding. A match
to the RRM signature has been reported in the region of
the eIF4G protein (Goyer et al. 1993) where we predict
the NIC domain; we were unable to find statistical sup-
port for the presence of an RRM domain and consider
it highly improbable, given that the NIC domain is
predicted to possess an all �-fold, whereas the RRM
contains a prominent �-sheet.

All the characterized proteins containing the pre-
dicted NIC domain function either in translation or in
mRNA metabolism. CBP80 (Izaurralde et al. 1994) and
eIF4G (Dever 1999; Morino et al. 2000) are associated
with the 5�-cap of mRNA in the nucleus and in the
course of translation, respectively. Neither of these
proteins, however, directly binds cap—a function that
is mediated by CBP20 in the nuclear cap-binding com-
plex (Izaurralde et al. 1994; Fortes et al. 1999) and by
eIF4E in the cytoplasmic translation complex (Quio-
cho et al. 2000). NMD2/UPF2 is involved in the degra-
dation of mRNAs when translation initiation is inhib-
ited or when they contain premature nonsense codons
(Cui et al. 1995). Nucampholin and related NIC-
domain proteins have not been functionally character-
ized; however, these proteins contain highly charged
serine-arginine-rich segments at their extreme car-
boxyl termini (Fig. 2), which are typical of several RNA-
binding proteins (Blencowe et al. 1999), suggesting a
role in RNA metabolism similar to that of other NIC-
containing proteins.

Evidence from different deletion and mutagenesis
analysis of eIF4G points to the functional importance
of the predicted NIC domain. These studies on yeast
(Dominguez et al. 1999; Neff and Sachs 1999) and hu-
man eIF4G (Imataka and Sonenberg 1997; Morino et
al. 2000) and circumstantial evidence for the plant
counterpart (Kim et al. 1999) suggest that a fragment of
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eIF4G that entirely encompasses the NIC region is nec-
essary for the interaction with the helicase eIF4A. Point
mutations in the predicted NIC domain of yeast
eIF4G2 (Neff and Sachs 1999) and human eIF4G1
(Morino et al. 2000) disrupt the interaction with eIF4A.
Similarly, PAIP1, a vertebrate protein whose only re-
gion of similarity with eIF4G is centered around the
predicted NIC domain, binds eIF4A and helps in link-
ing the 5�–end of mRNA with the 3�-polyA tail (Craig et
al. 1998). Furthermore, in the case of the vertebrate
eIF4G, there is evidence that the region containing the
NIC domain is also necessary for eIF3-binding (Lamp-
hear et al. 1995; Morino et al. 2000). A fragment of
eIF4G1 that encompasses only the eIF4E-binding site
and the predicted NIC domain can drive cap-
dependent translation along with eIF4E (Morino et al.
2000). When fused to a heterologous RNA-binding do-
main, the NIC-containing fragment of eIF4G circum-
vents the need for the cap or eIF4E in translation and
promotes translation initiation from the binding site
of the RNA-binding domain (De Gregorio et al. 1999).
These observations suggest a protein–protein-
interaction-dependent adapter role for the NIC do-
main.

Mutations in the highly conserved Y776 and F862
and the moderately conserved F938 in the human
eIF4G1 (highlighted in blue in Fig. 1A) abrogate eIF4A
binding and translation initiation (Morino et al. 2000).
Similarly, several temperature-sensitive mutations in
the yeast eIF4G2 that are suppressed by the overexpres-
sion of eIF4A also map to well-conserved hydrophobic
residues (Fig. 2) (Neff and Sachs 1999). The conserva-
tion of these residues in most of the diverse predicted
NIC domains (Fig. 1A) suggests a common structural
basis for their protein–protein interactions, not only in
translation initiation but also in other contexts. Addi-
tionally, the region of eIF4G encompassing the pre-
dicted NIC domain has been reported to bind RNA in
the case of plant eIF4G, but the contribution of the
NIC domain to this activity is unclear because dele-
tions N-terminal of the predicted NIC domain result in
loss of RNA binding (Kim et al. 1999). Based on all
these observations and the predicted structural features
of the NIC domain, we conclude that it is likely to be
the primary adapter domain of eIF4G involved in mul-
tiple, specific protein–protein interactions within the
initiation complex.

This interpretation has interesting implications for

Figure 2 Domain organization of selected eukaryotic translation initiation factors and their homologs. The individual domains are
drawn approximately to scale and are labeled by the acronyms that are indicated in the text. Zn in eIF2� and eIF5 indicates a zinc-ribbon.
The additional unlabeled regions in CBP80 and YGR278w represent predicted globular domains that are not found in other proteins. The
orange bar at the carboxyl terminus of YGR278w shows the RS repeat segment that is also found in several proteins participating in RNA
metabolism. I-patch is an isoleucine-rich hexapeptide repeat domain, and NUCT is a nucleotidyl transferase domain of the sugar-
nucleotide diphosphate-transferase family (Koonin 1999).
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the function of the NMD2/UPF2 protein, which has
been shown to interact physically with another pro-
tein in the RNA degradation pathway, UPF1 (an RNA
helicase), via a region located carboxyl-terminally of
the two predicted NIC domains (He et al. 1997). In
contrast, the region containing the predicted NIC do-
mains inhibits the NMD2–UPF1 interaction, but in
part mediates the interaction of NMD2 with UPF3, an-
other protein in the degradation pathway (He et al.
1997). This suggests a regulatory function for the NIC
domain, mediated by specific protein–protein interac-
tions. Mutations in the eIF3 subunit PRT1(p116) result
in mRNA degradation via the NMD pathway (Barnes
1998). Together with the presence of predicted NIC
domains in both eIF4G and NMD2, this suggests that
NMD2 could interact with the translation initiation
complex similarly to eIF4G and sense the state of trans-
lation of a message prior to its degradation. In this
context, it is notable that NMD3, another component
of the NMD pathway that is highly conserved in ar-
chaea and eukarya, also plays an essential role in trans-
lation at the stage of 60S subunit assembly (Belk et al.
1999; Ho and Johnson 1999). The archaeal orthologs
of NMD3 contain an additional carboxyl-terminal re-
gion that is homologous to eIF5A (Fig. 2), which sug-
gests the possibility of functional cooperation between
eIF5A and NMD3 in eukaryotes. More generally, these
findings indicate that the NMD system of mRNA deg-
radation might have evolved as an extension of the
ancestral translation initiation system.

The presence of predicted NIC domains in the
nuclear cap-binding protein CBP80 is of particular in-
terest because it suggests a common evolutionary ori-
gin for the nuclear and cytoplasmic cap-binding com-
plexes. Early in eukaryotic evolution, an ancestral pro-
tein containing the NIC domain could have served as
an adapter in both the nuclear and the cytoplasmic
contexts, with subsequent divergence and evolution of
distinct binding specificities. The predicted NIC do-
main in CBP80 is likely to function as an adapter in the
interactions of the splicing complex with the cap, as
supported by genetic evidence (Izaurralde et al. 1994;
Fortes et al. 1999). The other family of NIC-domain
proteins that is conserved throughout the eukaryotic
crown group is typified by the products of the C. el-
egans let-858 gene. Mutations in this gene that encodes
the nuclear protein nucampholin are lethal, with a
phenotype typical of treatments that completely block
gene expression (Kelly et al. 1997). Together with the
presence of SR-repeats, this indicates that, similarly to
CBP80, nucampholin could also function as an adapter
affecting nuclear pre-mRNA processing or transport.
The single predicted NIC domains found in yeast
SGD1p, human DAP-5/NAT-1/p97, and YelA from Dic-
tyostelium are likely to perform a regulatory function.
DAP-5/NAT-1/p97 has been shown to suppress both

cap-dependent and cap-independent translation and is
activated during apoptosis by caspase cleavage, which
results in a fragment that contains the NIC domain
(Imataka et al. 1997; Levy-Strumpf et al. 1997; Ya-
manaka et al. 1997; Henis-Korenblit et al. 2000). This
protein seems to function by preventing the normal
interactions of eIF4A/eIF3 in initiation by forming
nonfunctional complexes with either of these initia-
tion factors (Henis-Korenblit et al. 2000). Similarly,
YelA appears to repress sporulation in Dictyostelium,
which could be enacted through selective inhibition of
translation of genes whose products normally promote
sporulation (Osherov et al. 1997). Some of the func-
tionally uncharacterized proteins containing predicted
NIC domains, for example, yeast Sgd1p and its or-
thologs, are also conserved in all crown group eukary-
otes as well as in the early branching eukaryote Leish-
mania major (Fig. 1A). These proteins might define ad-
ditional, so far undetected, conserved regulatory
pathways affecting mRNA stability, pre-mRNA process-
ing, or translation.

Other Eukaryote-specific Domains and Prediction
of New Translation Regulators
In addition to the predicted NIC domain, there are
several other conserved domains present in eukaryotic
translation factors and in certain other proteins that
potentially could function in translation initiation or
mRNA metabolism. In an earlier study, we have de-
scribed proteins conserved throughout eukarya that
contain the SUI1 (eIF1) domain and are predicted to
play a role in translation (Aravind and Koonin 1999b).
Another conserved region is located to the carboxyl
terminus of the predicted NIC domain in plant and
animal eIF4G and DAP-5/NAT1/p97, but not in PAIP1
or yeast eIF4G (Figs. 1B, 2). This region, predicted to
form an �-helical domain (Fig. 1B), was also found in
two copies in the animal protein MA-3 (Pdcd4) that is
induced during programmed cell death and inhibits
neoplastic transformation (Shibahara et al. 1995;
Cmarik et al. 1999). In this protein, the predicted do-
main shared with eIF4G is the only recognizable con-
served feature (Fig. 2). Accordingly, we named this pre-
dicted domain MI after MA-3 and eIF4G. Experimental
evidence suggests that in eIF4G the MI domain could
form a second eIF4A-binding site (Imataka and Sonen-
berg 1997). A group of uncharacterized plant proteins
contain four tandem-repeated predicted MI domains
(Figs. 1B, 2). These multi-MI domain proteins could act
as translation regulators analogous to DAP-5/NAT1/
p97, by blocking the interaction of eIF4G with the rest
of the translation initiation complex. A protein con-
taining a single predicted MI domain was found in
Plasmodium falciparum, suggesting an ancient origin
for this predicted domain in eukaryotes, followed by its
loss in the Saccharomyces cerevisiae lineage (Fig. 1B).

Aravind and Koonin

1180 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on June 13, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


This correlates with the loss of several subunits of the
eIF3 complex in S. cerevisiae (Table 1) and indicates that
the MI domain may have a role in mediating and regu-
lating some of the interactions of eIF4G with eIF3.

The extreme carboxyl termini of the animal eIF4G
and DAP-5/NAT1/p97 contain a small but notably con-
served domain shared with the eIF2B� subunit and eIF5
(Koonin 1995). This domain contains two conserved
tryptophans (hence named W2) and participates in the
interaction of the eIF2B� subunit and eIF5 with the
eIF2� subunit (Asano et al. 1999) as well as in the in-
teraction of animal eIF4G with the protein kinase
MNK1 (Morino et al. 2000). Iterative database searches
with the W2 domain detected a protein containing this
domain as the only identifiable feature that is con-
served in plants and animals (KIAA0005 [Human, GI:
286001]; CG2922 [Drosophila, GI: 7296717], T23K8.13
[Plant, GI: 4646206[, Fig. 2). This protein is predicted
to act as a potential translation regulator that could
modulate interactions of eIF2B�, eIF5, and eIF4G with
other proteins such as eIF2� and MNK1. Two distinct
pairs of initiation factors, namely eIF2�/eIF5 and
eIF2B�/eIF2B�, differ from each other by the presence
or absence of the W2 domain (Fig. 2). This observation
supports the mobility of the W2 domain early in eu-
karyotic evolution, probably under selection driven by
the emergence of additional functions in eIF2� and
other regulatory interactions such as those with the
MNK1 kinase.

Evolution of the Eukaryotic Translation
Initiation System
Eukaryotes possess several unique components of the
translation initiation system (Table 1). Preliminary
searches in eukaryotes that have branched prior to the
radiation of the crown group (e.g., Plasmodium falcipa-
rum; G. Subramanian, E.V. Koonin, and L. Aravind,
unpub.) show that several of these proteins should
have been present already in their common ancestor.
Some of these proteins/domains clearly have been re-
cruited from families that were present in the common
ancestor of eukaryotes and archaea. These include the
RNA helicase eIF4A, the nucleotidyltransferase and I-
patch domains of eIF2B�/�, and the GTPase subunit (�)
of eIF2. The case of eIF2C is less clear because this
poorly characterized translation factor (Zou et al. 1998)
is highly conserved in several, but not all, eukaryotes.
We have detected divergent homologs of this protein
in a number of archaea (L. Aravind and E.V. Koonin,
unpub.), which suggests its emergence in the common
ancestor of the archaeal–eukaryotic lineage, but
whether or not this protein is involved in translation
in archaea remains unclear.

The eIF3 and eIF4 complexes are clearly of eukary-
otic provenance. Both these complexes contain �-he-
lical domains that are unique to eukaryotes and par-

ticipate in multiple adapter functions. A significant
part of the eIF3 complex is composed of proteins con-
taining JAB/PAD and PINT domains. These proteins or
their paralogs are subunits of other large eukaryotic
protein complexes, namely, the signalosome and the
proteasome regulatory (lid-specific) complex (Aravind
and Ponting 1998; Hofmann and Bucher 1998; Wei
and Deng 1999). It seems likely that this complex had
evolved as a general mediator of protein–protein inter-
actions and had been recruited to function in different
contexts by duplication and addition of new specific
subunits. JAB appears to be an ancient domain that
probably functions as an enzyme in prokaryotes (Pont-
ing et al. 1999; L. Aravind, unpub.), whereas its inac-
tive versions had been recruited for protein–protein
interactions and regulatory functions in eukaryotes.
The other major component of these complexes, the
PINT domain, can be confidently detected only in eu-
karyotes and appears to have an entirely �-helical
structure (Aravind and Ponting 1998). In the eIF4 com-
plex, the principal adapter domain appears to be the
helical NIC domain, which is also seen in other protein
complexes such as the nuclear cap-binding complex
and the RNA-degradation-associated NMD complex.
The predicted MI and W2 domains that are found in
different eukaryotic initiation factors also appear to
possess �-helical structure and probably emerged early
in the evolution of eukaryotes.

The remaining detectable domains of the eIF sub-
units are RRM and the WD40-type �-propeller, which
are prevalent in eukaryotes. The folds found in these
proteins are, however, ancient and predate the radia-
tion of the three main divisions of life. Several other
initiation factors such as eIF4E, eIF3-p150 and p163
(TIF32p) have homologs only in eukaryotes and con-
tain no detectable domains shared with any other pro-
teins. Of these, eIF4E surprisingly has a novel �/� fold
that so far has not been seen in other proteins, whereas
the rest are predicted to have a high �-helix content
(Table 1).

This distribution of sequence similarity and struc-
tural features suggests that eukaryotes have recruited
domains for translation initiation factors from new
protein families that arose through rapid sequence evo-
lution of preexisting folds and underwent an expan-
sion early in the evolution of eukaryotes (Table 2). The
predominance of �-helical domains with no apparent
equivalents in the other main divisions of life suggests
that such domains are easier to invent than those of
the �/� and all-� classes—eIF4E seems to be the only
new �/� fold involved in translation (Table 2). Once
invented, new domains get fixed in sequence space if
they are recruited for critical functions such as trans-
lation or transcription. In cases like the PINT and NIC
domains, however, there is clear evidence for partici-
pation in diverse complexes, which suggests that these
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domains emerged as general protein–protein interac-
tion adapters and have diversified into specific niches
after subsequent duplications.

A number of unique domain fusion events can be
seen in the eukaryotic translation initiation factors,
but in archaea only one such case, the fusion of a para-
log of eIF5A with NMD3 (Figure 2), is observed. eIF4G,
in particular, has undergone domain accretion in the
course of the origin of multicellular eukaryotes (Figure
2). The yeast versions contain only one detectable con-
served module, the predicted NIC domain. In contrast,
the animal and plant proteins additionally contain the
MI domain located carboxyl-terminally of the NIC do-
main, with only the animal proteins having a further
addition of the carboxyl-terminal W2 domain. This
suggests that eIF4G has acquired new regulatory func-
tions in multicellular eukaryotes through the binding
specificities conferred by the accretion of additional
domains. Modification of this key adapter in the
course of evolution therefore appears to be one of the
flexible points that allows new inputs to be received by
the otherwise rigidly conserved translation initiation
system.

Thus the eukaryotic translation initiation system
contains a number of specific (predicted) domains that
are absent in archaea and bacteria and that seem to
serve as focal points for new regulatory interactions.
On the basis of the detection of these conserved do-
mains and their arrangement in proteins, we predict
new regulators of translation or RNA metabolism. Ex-
perimental investigation of specific functions of the
predicted domains discussed here should further our
understanding of the regulation of translation initia-
tion, a critical step in eukaryotic gene expression.

METHODS

Protein Sequence Analysis
The initial characterization of the phyletic distribution of
each protein, delineation of likely orthologous relationships,
and detection of other homologs were based on a single-pass
gapped BLAST (Altschul et al. 1997) search of the nonredun-
dant (NR) protein sequence database at the National Center

for Biotechnology Information
(NIH, Bethesda). Further, in-depth
analysis was performed using itera-
tive PSI-BLAST searches with pro-
file inclusion cut-off of E (expecta-
tion) = 0.01 and several different
starting queries extracted from the
results of the first-pass search
(Altschul et al. 1997). Significance
of the matches was assessed in
terms of the E-value obtained on
first detection of the given se-
quence over the 0.01 threshold in
the process of iterative searches. In
addition, to eliminate false-
positives that may emerge owing to

compositional bias of a particular query, it was checked
whether, in the iterative searches, different queries from a
domain family consistently retrieved approximately the same
set of proteins from the database. Multiple alignments of pro-
tein sequences were constructed by parsing pairwise align-
ments generated by PSI-BLAST and realigning them using
the CLUSTALW program (Thompson et al. 1994), followed by
manual refinement. Protein secondary structure prediction
was performed using the PHD (Rost and Sander 1993) and
PSIPRED (Jones 1999) programs.
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