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Eukaryotic translation elongation factor 1A (eEF1A) is one of
the most abundant protein synthesis factors. eEF1A is responsi-
ble for the delivery of all aminoacyl-tRNAs to the ribosome,
aside from initiator and selenocysteine tRNAs. In addition to its
roles in polypeptide chain elongation, unique cellular and viral
activities have been attributed to eEF1A in eukaryotes from
yeast to plants and mammals. From preliminary, speculative
associations to well characterized biochemical and biological
interactions, it is clear that eEF1A, of all the translation factors,
has been ascribed the most functions outside of protein synthe-
sis. A mechanistic understanding of these non-canonical func-
tions of eEF1A will shed light on many important biological
questions, including viral-host interaction, subcellular organi-
zation, and the integration of key cellular pathways.

Protein synthesis can be divided into three fundamental stag-
es: initiation, elongation, and termination. Translation elonga-
tion requires several soluble proteins called eEFs.” During elon-
gation, cognate aa-tRNA are delivered to the A site of the
ribosome by eEF1A. Once a codon/anticodon match is
detected, eEF1A deposits the aa-tRNA and is itself released
from the ribosome. A peptide bond can now be made, thereby
elongating the growing polypeptide. eEF2 then catalyzes the
movement of the peptidyl-tRNA‘mRNA complex from the A
site to the P site of the ribosome, positioning the next codon in
the A site and allowing the process to repeat. This minireview
focuses on eEF1A, briefly discussing its canonical function in
translation elongation and then describing other cellular activ-
ities of this highly abundant protein. Although there are many
examples where components of the translational apparatus
have been linked to a process distinct from protein synthesis
(1), eEF1A provides perhaps the most examples. Our goal is to
bring together the work from many different laboratories that
support the hypothesis that eEF1A is a central regulator
involved in the coordination of many different cellular and viral
processes.
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Special Delivery: The Canonical Role of eEF1A in
Translation

eEF1A is a GTP-binding protein and the homolog of the bac-
terial protein EF-Tu. The GTP-dependent binding of aa-tRNA
to eEF1A, binding of the complex to the ribosome, and decod-
ing are essential steps for both efficient and accurate gene
expression (reviewed in Ref. 2). In addition, eEF1A requires the
activity of a GEF, eEF1Bay, to promote GDP release and reac-
tivate the protein for aa-tRNA delivery (3). A combination of
kinetic, genetic, and structural information has provided a rich
understanding of this canonical role of eEF1A and EF-Tu (3-5).
High resolution crystal structures of Saccharomyces cerevisiae
eEF1A (3, 6) and bacterial EF-Tu in multiple functional confor-
mations (5) and bound to the ribosome (7) provide detailed
information for the interpretation of the function of the protein
in translation. As shown in Fig. 14, the crystal structure of
eEF1A forms three well defined domains involved in specific
aspects of its function. Domain I binds GTP, domain II is impli-
cated in aa-tRNA binding, and domains I and II interact with
eEF1Ba (Fig. 1A). These studies also provide a platform for
understanding the plethora of non-canonical activities ascribed
to this elongation factor and how these activities compete with
the canonical functions of the protein (Fig. 2).

Movin’ Out: eEF1A and the Nuclear Export Process

Although the canonical role of eEF1A in translation is asso-
ciated with a cytoplasmic function, several reports have linked
the protein to nuclear export. The first work isolated eEF1A in
a high copy suppressor screen of a synthetic lethal nuclear
transport mutant in S. cerevisiae. Budding yeast with reduced
eEF1A expression or those expressing eEF1A domain II
mutants, E286K or E291K (Fig. 1B), showed defects in nuclear
export of aa-tRNA (reviewed in Ref. 8). These eEF1A mutants
are near the proposed binding site for the aminoacyl end of the
tRNA. eEF1A was also shown to exhibit aa-tRNA-dependent
binding to the nuclear export machinery in mammalian cells (9,
10). Because eEF1A binds aa-tRNA in its canonical role,
whether this is really a non-canonical function or part of effi-
cient channeling of protein synthesis components within the
cell can be debated. However, more recently, eEF1A was iden-
tified as a participant in the transcription-dependent nuclear
export of proteins from the nucleus (11), which is clearly a dis-
tinct function from protein synthesis. In both export processes,
it was postulated that this function of eEF1A was executed from
the cytoplasmic side of the nuclear envelope because eEF1A
appeared to be excluded from the nucleus. However, a recent
study demonstrated that eEF1A could be detected in the
nucleus of a specific budding yeast nuclear export mutant
(msnSA), suggesting that eEF1A can access the nucleus (12).
Therefore, a role for eEF1A on the nuclear side of the mem-
brane cannot be excluded.

The Yin and Yang: eEF1A and Proteolysis

At first glance, the thought of eEF1A playing a role in protein
degradation seems counterintuitive. However, upon further
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FIGURE 1. Structural organization of eEF1A. A, the structure of eEF1A from S. cerevisiae bound to the catalytic
Cterminus of eEF1Ba (cyan). eEF1A has three well defined domains. Domain | (red) binds GTP, domain Il (yellow)
is proposed to bind the aminoacyl end of the aa-tRNA, and domains Il and Il (blue) are linked to actin binding.
eEF1Ba binds eEF1A in domains | and Il. B, mutations affecting the non-canonical functions of eEF1A are
indicated by colored spheres. Mutations in domain | include T22S (dark blue), which inhibits TBSV replication,
and D156N (gray), which affects protein turnover. eEF1A mutations defective in nuclear transport, E286K and
E291K (magenta), are found in domain II. Mutations that affect actin organization, N329D, N329D, Y355C,
K333E, H294A, Q296R, F308L, S405P, and N305S (cyan), are shown in domains Il and Ill. The figure was prepared

with Jmol using Protein Data Bank (PDB) 1F60 (6).
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consideration, the high concentration of eEF1A in close prox-
imity to the ribosome might facilitate a potential role for this
protein in protein quality control and co-translational degrada-
tion. Initial support for this hypothesis came from in vitro
experiments where eEF1A was purified as a factor required for
the degradation of N*-acetylated proteins (13). Other experi-
ments showed that eEF1A could be UV cross-linked to a nas-
cent polypeptide chain as well as a misfolded protein but not to
a folded protein (14). eEF1A could even facilitate the folding of
denatured proteins in in vitro activity assays (14). However, in
vivo evidence supporting a role for eEF1A in co-translational
degradation is still preliminary. eEF1A was isolated as a sup-
pressor of a growth defect associated with deletion of genes in
the proteolytic pathway (15). It was subsequently shown to
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FIGURE 2. Canonical and non-canonical functions attributed to eEF1A. The canonical function of eEF1Ais to
bind aa-tRNA in a GTP-dependent manner and deliver it to the ribosome (A). The exchange of GDP is promoted
by the GEF eEF1Bay (B). The non-canonical functions include roles in nuclear export events (C), turnover of
misfolded proteins (D), binding and bundling of the actin cytoskeleton as well as other cytoskeletal compo-

interact with the 26 S proteasome
and that this association increases
when translation is inhibited (15).
Intriguingly, the half-life of a re-
porter protein is significantly in-
creased in S. cerevisiae expressing
eEF1A with an D156N mutation
(Fig. 1B) in the GTP-binding do-
main (15). This mutant was de-
signed and determined to affect
nucleotide specificity and the
requirement of the GEF eEF1Ba.
The combination of these data sup-
ports a model in which eEF1A plays
a role in regulating protein de-
gradation, perhaps by linking un-
folded proteins with the protea-
some. Future experiments will need
to address the pivotal question of
how the diverse roles of eEF1A in
protein synthesis and quality con-
trol are integrated in the cell.

Closet Organizer: eEF1A and the

protein Cytoskeleton

degradation

Over the past two decades, evi-
dence has been presented from a
number of laboratories that estab-
lishes a functional link between the
protein translation machinery and
the cytoskeleton. For example,
several components of the transla-
tional apparatus associate with the
cytoskeleton, including aa-tRNA
synthetases, eukaryotic initiation
factors (elFs), and eEFs (for review,
see Ref. 16). In addition, efficient
translation in mammalian cells has
been shown to be dependent on an
intact actin cytoskeleton, whereas
deletion of certain actin-remodel-
ing proteins in budding yeast has a
specific effect on translation initia-
tion (17, 18). Finally, the cytoskele-
ton is important for the spatially restricted translation of local-
ized mRNAs in diverse organisms (19). At the simplest level,
these observations suggest that the cytoskeleton provides a spa-
tial concentration of the translation machinery for efficient
protein synthesis. However, additional studies on the associa-
tion between eEF1A and the cytoskeleton reveal that the regu-
lation of these two processes may be reciprocal.

eEF1A was first isolated as an actin-binding protein from the
slime mold, Dictyostelium discoideum (20). eEF1A can both
bind and bundle actin filaments in vitro, and this activity has
been evolutionarily conserved (21). Unlike its interaction
with aa-tRNA, the actin bundling activity of eEF1A is not
dependent on GTP (22). Interestingly, eEF1A cannot bind or
bundle actin efficiently in the presence of aa-tRNA, suggest-

actin
bundling
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ing that the binding of these two factors to eEF1A is mutually
exclusive (23). These experiments raised the question of how
the role of eEF1A in these diverse functions is regulated
in vivo.

Genetic and biochemical experiments in budding yeast have
begun to address the divergent roles of eEF1A within the cell.
Overexpression of eEF1A causes a slow growth phenotype and
disruption of the actin cytoskeleton in the absence of any mea-
surable effects on protein synthesis (24). In addition, synthetic
growth defects were observed when eEF1A overexpression was
combined with mutations in actin, illustrating a genetic inter-
action between these two factors in vivo (24). A series of sepa-
ration of function mutations in eEF1A has also been identified
that clearly demonstrates a role for eEF1A in the organization
of the actin cytoskeleton in vivo (17, 25). These mutations local-
ize to domains Il and III of eEF1A and fall into two classes (Fig.
1B). The first class of mutants is characterized by normal rates
of protein synthesis, disorganization of the actin cytoskeleton,
and reduced actin bundling but not binding in vitro (25). The
second class of mutants displays more severe actin phenotypes
combined with a slow growth phenotype and defects in trans-
lation initiation (17). The localization of the majority of these
separation of function mutations within domain II, which is
also implicated in aa-tRNA and eEF1Ba binding (Fig. 1B), raises
important questions about how the interaction of eEF1A with
these two factors affects its affinity for actin. Recent work has
shown that eEF1Ba can reduce in vitro actin bundling by
eEF1A, and mutations in eEF1Ba that reduce its affinity for
eEF1A induce actin disorganization (26). Together, these data
suggest that there exists a complex relationship in eukaryotic
cells between the function of eEF1A in translation and actin
organization that may be influenced by the availability of its
binding factors. Finally, in addition to the direct interaction
between eEF1A and actin described above, certain isoforms of
eEF1A in human cells (see “To Die or Not to Die, eEF1A and
Apoptosis”) may also influence the actin cytoskeleton indirectly
(27, 28).

Studies using eEF1A from a number of organisms have also
suggested that eEF1A may function in microtubule dynamics,
although its exact role remains unclear. eEF1A or an eEF1A-
like activity was first identified as a component of the mitotic
apparatus in sea urchin eggs (29). In vitro experiments employ-
ing carrot eEF1A demonstrated that eEF1A could stabilize
microtubules at substoichiometric amounts and bundle micro-
tubules at approximately equimolar amounts (30, 31). In con-
trast, eEF1A was purified as a microtubule-severing factor from
Xenopus laevis egg extracts (32). Microtubule-severing activity
was also observed for mammalian forms of eEF1A both in vitro
and in microinjection experiments (32). Clearly, additional
experiments are required not only to address these differences
in eEF1A activity but also to further understand the functional
significance and regulation of these microtubule-related activ-
ities in the cell.

To Die or Not to Die: eEF1A and Apoptosis

eEF1A has been reported to play a role in apoptosis in meta-
zoans. Apoptosis or programmed cell death is a highly regu-
lated series of cellular events that lead to the elimination of
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damaged or unnecessary cells. Early experiments showed that
the level of eEF1A expression in cultured mouse fibroblasts
correlated with the rate of apoptosis upon serum withdrawal,
with higher levels of eEF1A expression being associated with a
faster rate of cell death (33). In another set of experiments,
eEF1A was isolated in a cDNA screen to identify factors that
promote survival following growth factor withdrawal of a pro-B
cell line (34). An explanation for the discrepancy of these two
observations may come from the fact that mammals have two
isoforms of eEF1A that are ~92% identical at the amino acid
level. Although both isoforms function in translation elonga-
tion assays in vitro, they display tissue and developmentally
specific expression patterns (35). eEF1A-1 is widely expressed
in mouse tissues, whereas eEF1A-2 expression is found only in
the heart, brain, and skeletal muscle (35, 36). Thus, the effect on
apoptosis may depend on the isoform of eEF1A, a detail that
was not reported in the early analyses. Recent experiments sup-
port this hypothesis. In cultured myoblasts, eEF1A-2 expres-
sion correlates with differentiation and has a protective effect
against apoptosis, whereas expression of eEF1A-1 has the
opposite effect (37). The reason for these different effects on
apoptosis, however, is currently unclear. It is possible that the
two different eEF1A isoforms may vary in their ability to
express specific genes, or they may interact with different pro-
tein partners (38). It is also unknown whether the two eEF1A
isoforms differ in their abilities to carry out other non-canoni-
cal functions in vivo. Further analysis of the functional differ-
ences between these two isoforms will be necessary to under-
stand the mechanism(s) of their effects on apoptosis.

Hijacked: eEF1A and Viral Propagation

Viruses depend on host cell proteins for their replication and
propagation. Therefore, it is not surprising that numerous
viruses have apparently evolved to utilize eEF1A, one of the
most abundant proteins in eukaryotic cells, in their life cycle.
Data from a number of laboratories have implicated eEF1A in
the replication of positive strand RNA viruses of both plants
and animals. However, the exact role that eEF1A plays in viral
replication is not clear and may vary depending on the virus.
Similar to its canonical role in translation, eEF1A has been
shown to bind an aa-tRNA-like element in the 3'-untranslated
region of the turnip yellow mosaic virus genome and repress
minus strand synthesis in vitro (39). In other viruses, eEF1A has
been shown to interact with the viral RARP, although its func-
tional significance as a part of this complex is unknown (40—
43). In still other viruses, such as the TBSV, the tobacco mosaic
virus, and the West Nile virus, eEF1A binds both the viral RNA
and the RARP (44 -48). Genetic analysis of both the virus and
eEF1A is now illuminating the functional consequences of
these interactions. Mutation of the major eEF1A-binding site in
the West Nile virus genome leads to a decrease in minus strand
synthesis and a corresponding decrease in viral production,
suggesting that binding of eEF1A to the viral template is impor-
tant for viral replication (45). Down-regulation of eEF1A in
Nicotiana benthamiana inhibited tobacco mosaic virus repli-
cation and spreading, which highlights the functional signifi-
cance of eEF1A in this viral life cycle (49). In TBSV, eEF1A may
promote viral replication by stabilization of the p33 component
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of the RARP (46). S. cerevisiae expressing a T22S mutant form of
eEF1A displayed defective viral replication (Fig. 1B), suggesting
that eEF1A plays a functionally significant role in TBSV repli-
cation (46). In summary, positive strand viruses may have
evolved to utilize eEF1A to promote viral propagation through
multiple mechanisms.

Conclusions and Future Implications

It is clear that although many functions aside from its canon-
ical role in aa-tRNA delivery have been ascribed to eEF1A, there
remains much to learn. In some cases, initial studies have
advanced to convincing examples of functional interactions
such as with the actin cytoskeleton. In other cases, such as
recruitment as a host factor for the viral life cycle, the reassign-
ment of function is seen in multiple different viruses. In still
other cases, the results are beginning to shed light on new links
to other cellular processes. These links may define important
communication between cellular pathways, such as how pro-
tein synthesis links to protein turnover or cell death or how
cellular organization can affect gene expression through a link
to translation. The challenge remains to separate the nonspe-
cific association of eEF1A with proteins, due to its abundance
and electrostatic and RNA binding properties, from function-
ally significant associations. This last fact is recognized in the
exclusion of the protein from the matrix-assisted laser desorp-
tion/ionization prey data set of a global mass spectroscopy-
based protein complex screen (50). The examples described in
this review demonstrate that eEF1A clearly has additional func-
tions and provides unique ways to look at both secondary func-
tions of a protein and links between different processes in the
complex milieu of the cell.
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