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SUMMARY tifunctional protein, it is not surprising that eEF1A has been

The prokaryotic translation elongation factors were identified as
essential cofactors for RNA-dependent RNA polymerase activity
of the bacteriophage QB more than 40 years ago. A growing body
of evidence now shows that eukaryotic translation elongation fac-
tors (eEFs), predominantly eEF1A, acting in partially character-
ized complexes sometimes involving additional eEFs, facilitate vi-
rus replication. The functions of eEF1A as a protein chaperone
and an RNA- and actin-binding protein enable its “moonlighting”
roles as a virus replication cofactor. A diverse group of viruses,
from human immunodeficiency type 1 and West Nile virus to
tomato bushy stunt virus, have adapted to use eEFs as cofactors for
viral transcription, translation, assembly, and pathogenesis. Here
we review the mechanisms used by viral pathogens to usurp these
abundant cellular proteins for their replication.

INTRODUCTION

H uman eukaryotic translation elongation factor 1A (eEF1A) is
a protein subunit of the eukaryotic translation elongation 1
complex (eEF1), which in metazoans is composed of eEF1A, valyl-
tRNA, and the eEF1B complex, comprising eEF1G, eEF1B, and
eEF1D. In addition to eEF1A’s canonical role in translational
elongation by ribosomes, eEF1A has a growing list of functions
outside protein synthesis, including protein degradation (1, 2),
cellular apoptosis (3) (4), nucleocytoplasmic trafficking (5-7),
heat shock (8), and multiple aspects of cytoskeletal regulation (re-
viewed in reference 9), highlighting its importance in diverse cel-
lular processes (reviewed in reference 10). As an abundant, mul-
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subverted by viruses. Studies indicating important roles for eEF1A
in virus replication, especially that of RNA viruses, by a variety of
different mechanisms, are rapidly accumulating. Here we review
current hypotheses of how eEF1A and other eEF1 subunits facili-
tate virus replication through complex interactions with viral
RNA and proteins, evaluating the evidence for the use of eEFs,
predominantly eEF1A, by diverse viruses, including retroviruses,
flaviviruses, reoviruses, tombusviruses, bacteriophage Q@, and
others, for their replication.

eEF1 SUBUNITS IN TRANSLATION

During protein synthesis, eEF1A binds to and delivers aminoacy-
lated tRNAs (aa-tRNAs) to the elongating ribosome (Fig. 1). GTP
bound to eEF1A is hydrolyzed upon codon-anticodon match be-
tween an aa-tRNA in the A site of the ribosome and mRNA bound
to the ribosome. An inactive eEF1A-GDP moiety leaves the ribo-
some and must be recycled to eEF1A-GTP before binding another
aa-tRNA. This GTP exchange process is the function of the nucle-
otide exchange factor eEF1B complex, which exchanges GDP for
GTP to regenerate active eEF1A. The requirement for a guanine
nucleotide exchange factor, the eEF1B complex, which in metazo-
ans is composed of the subunits a, 8, and -y (also called eEF1B,

Address correspondence to David Harrich, david.harrich@gimr.edu.au.
Copyright © 2013, American Society for Microbiology. All Rights Reserved.
doi:10.1128/MMBR.00059-12

p. 253-266 mmbr.asm.org 253


http://dx.doi.org/10.1128/MMBR.00059-12
http://mmbr.asm.org

Li et al.

Aminoacyl tRNA

Polypeptide chain

Ribosome

@
V N

mRNA

Ribosome

FIG 1 Translation elongation (not to scale). Eukaryotic elongation factor 1A (eEF1A; blue circle) in complex with GTP (red star) delivers an aminoacylated
tRNA to the A site of the ribosome (yellow). GTP is hydrolyzed when codon-anticodon recognition occurs, and eEF1A-GDP is released from the ribosome. The
GTP exchange factor for eEF1A is a complex with three subunits: eEF1B is shown in orange, eEF1G in green, and eEF1D in purple. This complex promotes the

exchange of the bound GDP for GTP to regenerate active eEF1A-GTP.

eEF1D, and eEF1G, respectively), to reactivate eEF1A is due to the
100-fold higher affinity of eEF1A for GDP than for GTP (reviewed
in reference 11). Indeed, in Saccharomyces cerevisiae, although
eEF1D is not present and eEF1G is dispensable for viability, dele-
tion of eEF1B is lethal (12). eEF1A has also been described as
important for the aminoacylation-dependent tRNA export path-
way (reviewed in reference 6).

eEF1A ISOFORMS AND STRUCTURE

eEF1A is a highly abundant molecule that makes up 3% of the total
cellular protein. There are two isoforms of eEF1A, eEF1A1 and
eEF1A2, that share 92% amino acid identity (13, 14) (Fig. 2).
Structural models of eEF1A1 and eEF1A2 indicate subtle differ-
ences in protein surface variant amino acid residues potentially
affecting posttranslational modifications, and thus influencing
putative functions (15). In contrast to the ubiquitous expression
of eEF1A1 in many cell types, eEF1A2 expression is limited to the
terminally differentiated cells of the brain, heart, and skeletal mus-
cle (16). The appearance of eEF1A2 in tissues in which the variant
is not normally expressed can be coupled to cancer development
(17, 18). Deletions of eEF1A in lower organisms (e.g., in yeast) are
lethal (19), and while this has not been tested directly, it can be
assumed that eEF1A1 is also essential in higher organisms. Dele-
tion of eEF1A2 in mice gives rise to postnatal lethality at the time
when eEF1A1 is no longer expressed in muscle and neurons (20).
eEF1A proteins have molecular masses of around 50 kDa and have
three distinct domains (Fig. 2): domain I (amino acid residues 1 to
240), domain II (amino acid residues 241 to 336), and domain III
(amino acid residues 337 to 443) (15). Domain I contains a helix
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that binds to GTP/GDP, domains I and II bind to the eEF1B com-
plex for nucleotide exchange, domains II and III contain the aa-
tRNA binding site, and domain III is an actin bundling domain
(21,22).

eEF1Bo

aa-tRNA binding region

binding

GDP-binding

%~ Domain 3 :
O region

FIG 2 Cartoon representation of a model structure for human eEF1A1 derived
from models of the yeast eEF1A homolog. The locations of the C and N termini
and domains 1 (blue shading), 2 (green shading), and 3 (pink shading) are indi-
cated. Variant amino acid residues in eEF1A1 compared to eEF1A2 are colored
green. The region in domain 1 involved in GDP binding is highlighted in yellow.
The aa-tRNA binding region in domain 2 and the eEF1B binding region (peach
shading), equivalent to the yeast eEF1Ba homolog, are indicated. (Reprinted from
reference 15, which was published under a Creative Commons license.)
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FIG 3 Replication strategies of plus- and minus-strand RNA viruses. (A) The plus-sense RNA genome is the same sense as mRNA and can be translated using
the cellular machinery when it is uncoated in the cell to produce the single polyprotein (represented by West Nile virus, a single-stranded, plus-sense RNA virus).
The polyprotein is then processed into each individual protein. The newly made viral polymerase protein, RNA-dependent RNA polymerase, copies the
plus-sense genomic RNA into complementary minus-sense RNA. It is unclear how the viral translation switches to transcription using the same genomic RNA
as the template. New minus-sense strands serve as the template for new plus-sense strand synthesis. The nascent plus-sense RNA can be the new mRNA for
translation, a template for replication, or packaged. (B) The minus-sense RNA genome (represented by VSV) must be transcribed into mRNAs before translation
takes place, while the genomic RNA can also be transcribed into a full-length plus-sense RNA that will be the template for nascent minus-sense genomic RNA
replication. Transcription is performed by the viral polymerase, which is packaged in the virion. For some minus-strand RNA viruses, for example, influenza

virus, primary transcription and replication of viral RNA occur in the nucleus.

GENERAL FEATURES OF RNA VIRUSES: OBLIGATE
INTRACELLULAR PARASITES

RNA viruses can be highly pathogenic to humans, animals, plants,
and even bacteria. The viral RNA genome may be either a double
strand or single strand of RNA. Viruses of the latter type are fur-
ther classified according to the sense or polarity of the RNA into
negative (or minus)- or positive (or plus)-sense RNA viruses. Pos-
itive-sense viral RNA is similar to mRNA and thus can be trans-
lated directly into protein by the cellular translation apparatus
(Fig. 3A). Negative-sense viral RNA is complementary to mRNA
and must be transcribed into positive-sense RNA by an RNA poly-
merase before translation (Fig. 3B). Viral RNA genomes are ex-
ceptionally small compared to the host genome, and they contain
only limited genetic information. In order to complete the virus
life cycle, all viruses, including RNA viruses, require host cellular
machineries such as those for protein translation, mRNA tran-
scription, membrane biogenesis, and many more functions. As an
abundant, multifunctional cellular protein, eEF1A and other sub-
units of the eEF1 complex have been reported to play important
roles in RNA virus replication.
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eEF1A BINDS TO VIRAL RNA

Since GTP-charged eEF1A can bind aminoacylated tRNAs,
among other mammalian RNA species (8), it is not surprising that
eEF1A can also bind to various RNA structures found in some
untranslated regions (UTRs) of viral genomes. Many elegant stud-
ies have revealed how viruses use the RNA binding ability of
eEF1A to regulate their life cycle.

eEF1A1 Binds to a tRNA-Like Structure at the 3'UTR in the
Genomic RNAs of Some Plant Viruses

Seminal studies of the single-stranded RNA bacteriophage QB
demonstrated the unexpected outcome that translation elonga-
tion factors associated with the bacteriophage-encoded RNA-de-
pendent RNA polymerase (RdRp), the QP replicase (reviewed in
reference 23). Many early investigations of bacteriophage RNA
noted cloverleaf-shaped tRNA-like structures (TLSs) at the 3’
ends of RNA phages, suggesting that EF-Tu, the prokaryotic ho-
molog of eEF1A, might bind to an RNA structure to facilitate
phage replication. Subsequently, eEF1A1 was shown to bind ami-
noacylatable TLSs in the 3"UTRs of different plant RNA viral ge-
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FIG 4 eEF1A can bind to various RNA structures usually located at the 3"UTR of viral genomes. (A) TYMV tRNA-like structure. The secondary structure model
emphasizes similarities to canonical tRNA, including a CCA 3’-terminal sequence, a 12-bp acceptor/T arm, interacting D and T loops, and an anticodon loop

(A/C) with a valine-specific anticodon (CAC). Unlike canonical tRNAs, however,

the acceptor stem consists of an RNA pseudoknot. The 3" CCA sequence (bold)

serves as an initiation box controlling minus-strand synthesis directed by TYMV RdRp, which initiates opposite the 3'-most C residue (red). The nucleotides in
the anticodon loop constitute the valine identity elements (green) that direct specific valylation of the 3’ end of the RNA by plant valyl-tRNA synthetase.
Nucleotides are numbered from the 3" end (26). (B) Stem-loop structure at 3'UTR of tombusvirus genomic RNA. The highlighted nucleotides GGGCU, termed
the replication silencer element, which can bind to the 3’ end of the genome (AGCCC), are proposed eEF1A binding sites (33). (C) Stem-loop structure of 3'UTR
of West Nile virus genomic RNA. The eEF1A binding site on the RNA stem-loop structure is shown (red) (35).

nomes (reviewed in reference 24). For example, turnip yellow mo-
saic virus (TYMV), tobacco mosaic virus (TMV), and brome
mosaic virus (BMV) genomes contain a structural RNA element
similar to tRNA (Fig. 4A). These TLSs can be aminoacylated by
aminoacyl-tRNA synthetases and have important roles in virus
replication, such as enhancement of virus protein translation (25),
repression of virus minus-strand RNA synthesis in an in vitro sys-
tem (26), and facilitation of virus RNA encapsidation (27, 28).
The interaction of eEF1A with aminoacylated viral RNA so as to
enhance viral protein translation while repressing viral minus-
strand RNA synthesis has been proposed as a mechanism to reg-
ulate virus protein translation and genomic RNA replication (26,
29). Matsuda et al. showed that the TLS of TYMV can be valylated,
forming a stable complex with eEF1A-GTP to enable efficient
translation. The study showed that mutations of the TLS that de-
crease the affinity for eEF1A and diminish the RNA aminoacyla-
tion efficiency strongly decrease the translation efficiency (25). On
the other hand, minus-strand RNA transcription from the valy-
lated positive-strand RNA template can be repressed strongly
when eEF1A-GTP is bound (26). Other viral RNA structures may
operate independently of the TLS. For example, while eEF1A can
bind an aminoacylated TLS of TMV, a conserved upstream pseu-
doknot domain (UPD) located immediately upstream of the TLS
in the 3"UTR of the viral genome also bound eEF1A-GTP inde-
pendently of a TSL structure, and in the absence of aminoacyla-
tion (30, 31). A detailed understanding of the mechanisms con-
trolling the balance between viral protein translation and RNA
replication remains an important issue.

256 mmbr.asm.org

eEF1A Binds to an RSE in the SL Region of the 3'UTR of
Tombusvirus Genomic RNA

Tomato bushy stunt virus (TBSV) is a member of the Tombusvirus
genus in the Tombusviridae family (32). Like many plus-strand
RNA viruses, TBSV is noted for producing many more plus-
strand than minus-strand RNA molecules during virus replica-
tion. While differential promoter efficiencies in the RNA strand
could explain this outcome, TBSV has evolved an alternative
mechanism using an RNA element in the viral genome, referred to
asa “replication silencer” element (RSE), which can downregulate
complementary, minus-strand RNA synthesis relative to plus-
strand RNA synthesis (33). The RSE is a 5-nucleotide-long RNA
“bulge” sequence located within an internal RNA stem-loop (SL)
structure called SL3 (Fig. 4B). The RSE is capable of intrastrand
base pairing with the 3’ terminus of the RNA genome, which
would otherwise function as a promoter, called gPR, for minus-
strand RNA synthesis. Several lines of evidence suggest that eEF1A
interacts with the TBSV RSE to stimulate minus-strand RNA syn-
thesis: first, RNA mobility shift assays indicate that recombinant
eEF1A interacts with wild-type SL3 but not with a mutated SL3
RNA lacking an RSE sequence; and second, eEF1A is present
within a highly purified TBSV replicase complex interacting with
p33, aviral replicase component (32). The functional relevance of
the interactions is supported by yeast models of TBSV replication,
in which mutations that downregulate eEF1A guanine exchange
factor requirements significantly reduced the synthesis of minus-
strand RNA. This was attributed to decreased stability of the p33
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TBSV replicase cofactor in cells (32). Interaction of eEF1A with
TBSV genomic RNA was shown to stimulate minus-strand RNA
synthesis in an in vitro system (34). Further studies indicate that an
additional eEF1 factor, eEF1Bvy (the plant homolog of the meta-
zoan protein eEF1G), can also bind TBSV RNA, possibly by form-
ing protein complexes involving eEF1A and the viral replicase to
enable virus minus-strand RNA synthesis. A detailed mechanism
describing a molecular interaction between the TBSV replicase
complex and eEF1 components or, perhaps, other translation fac-
tors remains to be determined.

eEF1A Binds to the 3'SL Region of WNV Genomic RNA

West Nile virus (WNV), a mosquito-borne member of the Flavi-
virus genus within the family Flaviviridae, has a single-stranded,
positive-sense RNA genome that is about 10.7 kb long. The con-
served SL structure at the 3’ UTR was shown to bind eEF1A spe-
cifically (35). The apparent equilibrium dissociation constant for
the interaction between eEF1A and WNV 3’ SL RNA was calcu-
lated to be 1.1 nM, which is similar to that for the interaction
between eEF1A and individual charged tRNA molecules. eEF1A
has conserved tyrosine, threonine, and serine residues that are
phosphorylated (discussed in reference 15), and dephosphoryla-
tion of eEF1A by calf intestinal alkaline phosphatase inhibited
binding of eEF1A to WNV 3’SL RNA. Four nucleotides (CACA)
at the stem region, which in part form a small bulge in SL, were
found to be critical for this binding (Fig. 4C). Mutations of these
nucleotides in infectious clones resulted in significantly reduced
minus-strand RNA transcription in BHK or C6/36 cells but did
not affect the translation efficiency of the viral polyprotein from
the genomic RNA. Two lines of evidence suggest that the eEF1A
association with WNV RNA is functionally important. First, there
is a positive correlation between mutations that decrease eEF1A
binding to the 3" SL RNA in vitro and viral minus-strand RNA
synthesis in infected cells. Second, a mutation that increases the
efficiency of eEF1A binding to the 3" SL RNA also increases mi-
nus-strand RNA synthesis in transfected cells, resulting in de-
creased synthesis of genomic RNA. These results strongly suggest
that the interaction between eEF1A and the WNV 3’ SL facilitates
viral minus-strand synthesis (36). The role played by eEF1A in
minus-strand synthesis may be conserved in Flavivirus replica-
tion, as eEF1A was shown to bind with similar efficiency to the
3’-terminal SL RNAs of four divergent Flavivirus members, in-
cluding tick-borne encephalitis virus, dengue virus, and yellow
fever virus (36, 37).

eEF1A Binds to RNA Structures Outside the 3'UTR in Some
Viral Genomes

Hepatitis delta virus (HDV) is a small human pathogen consisting
of a single-stranded RNA molecule. The small, 1,680-nucleotide
genome of HDV encodes only two proteins, the large and small
hepatitis D antigens (HDAg-L and HDAg-S), and its replication is
completely dependent on coinfection with hepatitis B virus for
production of the virus structural proteins. Sikora et al. showed
that eEF1A could bind to a region of the HDV RNA genome called
the right terminal stem-loop domain (38). The right terminal
stem-loop domain of the HDV genome is a 199-nucleotide RNA
element that contains the proposed initiation site for HDAg
mRNA transcription and negative-strand RNA synthesis (39, 40).
Three approaches were used to identify eEF1A as one of a few
cellular proteins specifically binding to HDV RNA (the other pro-
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teins were p54nrb, hnRNPL, glyceraldehyde-3-phosphate dehy-
drogenase [GAPDH], and ASF/SF2): first, isolation of a UV-cross-
linked ribonucleoprotein (RNP) complex and mass spectrometry
to identify RNP proteins; second, RNA affinity chromatography
using HDV RNA as a ligand; and third, screening of a library of
purified RNA binding proteins and confirmation of positive can-
didate proteins by coimmunoprecipitation (38). However, direct
evidence that eEF1A affects HDV transcription and minus-strand
RNA synthesis remains to be demonstrated. eEF1A was also
shown to interact with the 5’-terminal 110 nucleotides of the po-
lioviral RNA genome, an RNA segment whose secondary struc-
ture resembles a cloverleaf and which recruits the poliovirus
proteinase 3CDP". This interaction may be necessary for virus
replication, as genetic mutations that disrupt the RNA clover-
leaf structure inhibit 3CDpro RNA binding and virus replica-
tion (41, 42).

These studies demonstrate that for a variety of different RNA
viruses, eEF1A can play a pivotal role in viral RNA replication
through direct binding to RNA elements. Often this is through
binding to the 3" UTR of the viral genome. It is likely that eEF1A
can recruit or somehow stabilize the viral replicase complex, most
likely in conjunction with other cellular factors. Further analysis
of viral replicase complex proteins and their interactions with host
cell factors will be required to confirm this possibility. In addition,
the interaction of eEF1A with virus genomic RNAs and the differ-
ence between this interaction and that of eEF1A with tRNA would
be worth further investigation. Such structure-based studies
would provide insight into the critical interactions of eEF1A with
RNA and into subsequent changes in protein conformation (43).

THE SUBUNITS OF eEF1 INTERACT WITH VIRAL
POLYMERASES AND OTHER PROTEINS

The subunits of eEF1 have been reported to affect the replication
of a variety of viruses from several families through interactions
with viral proteins. One predominant finding is the ability of
eEF1A to interact with viral polymerase proteins.

Subunits of eEF1, such as eEF1A, Interact with Viral
Polymerase Proteins and Support the Formation of Virus
Replication Complexes (RCs)

A requirement for translation elongation factors in virus polymer-
ase activity and polymerase complex formation was first identified
for the QB bacteriophage (44). EF-Tu and EF-Ts (the Escherichia
coli counterparts of eukaryotic eEF1A and the eEF1B complex)
were copurified and determined to be integral cofactors in Q8
replicase activity. QP replicase contains a virally encoded RdRp,
the B-subunit, whose activity was lost or regained when EF-Tu
and EF-Ts were removed or restored, respectively. Transcription
of RNA by RNA polymerases is generally biphasic, involving an
initiation reaction by an RdRp followed by elongation of the nas-
cent RNA strand. It was demonstrated that the QB-replicase com-
plex, which also includes Hfq and the ribosomal protein S1 (45,
46), was capable of efficient RNA elongation upon removal of
EF-Tu and EF-Ts, leading to the conclusion that EF-Tu and EF-Ts
are important for initiation of RNA transcription by Qp replicase
(23, 47). Recently, structural studies have shown that hydropho-
bic interactions between the B-subunit and EF-Tu and -Ts are
required for the maintenance of the B-subunit catalytic core cre-
vasse of QP replicase and for the expression and assembly of the
complex in infected cells (48, 49) (see eEF1A Works in a Viral
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Protein Complex). A similar study by another group further dem-
onstrated that the hydrophobic interactions of the B-subunit and
EF-Tu and -Ts take place between the finger and thumb domains
of the B-subunit and domain 2 of EF-Tu and the coiled-coil motif
of EF-Ts, respectively (50), thereby potentially greatly increasing
the stability and efficiency of the replicase complex.

The interaction of eEF1A with viral RdRps has been studied
extensively in plant RNA viruses such as TMV. TMV is a single-
stranded, positive-sense RNA virus belonging to the genus
Tobamovirus in the family Virgaviridae. Studies have shown that
the plant eEF1A homolog interacts with both subunits of the ac-
tive TMV RdRp, the 126-kDa and 183-kDa proteins, called 126K
and 183K, respectively (51). The 183K subunit is made by read-
through of the amber termination codon of 126K. The 126K and
183K subunits have methyltransferase (M), helicase (H), and in-
ternal (I) domains, while 183K has a polymerase (P) domain as
well. Although eEF1A can bind to the 3'UTR of TMV genomic
RNA (31), its interaction with the RdRp is independent of viral
RNA (51). The binding of TMV RdRp and eEF1A requires the
RdRp M domain, and downregulating the levels of eEFIA in
plants by gene silencing resulted in dramatically reduced levels of
TMV RNA in infected plants and decreased the spread of infec-
tion, indicating that the interaction is biologically relevant (52). It
is worth noting that TMV RdRp complexes are associated with
membrane structures (53—55). Similarly, eEF1A was also reported
to interact with the RARp of turnip mosaic virus (TuMV), a mem-
ber of the family Potyviridae (56). Following TuMV infection,
eEF1A [as well as the translation factors e[F4E and poly(A)-bind-
ing protein] was significantly enriched in membrane fractions of
plant lysates and could be copurified with TuMV RdRp by a tan-
dem affinity isolation method. It is possible that association with
cellular membranes and binding of eEF1A by viral RdRp are fea-
tures common to RNA viruses, such as Flavivirus members, that
replicate in specialized virus-induced cellular convoluted mem-
branes/paracrystalline arrays and vesicle packets (57, 58).

Elegant studies by Li et al. used a powerful yeast model system to
identify eEF1A mutations that could negatively affect TBSV rep-
lication. In these two studies, they described an interaction be-
tween eEF1A and the TBSV p33 replicase component that results
in its increased stability, and they found that eEF1A also binds to
the TBSV p92P®' replication protein (32, 34). They showed that
overexpression of an eEF1A mutant (T22S) could result in a re-
duced half-life of p33 and significantly lowered TBSV RNA repli-
cation. Importantly, this was not attributable to defects in protein
translation by the eEF1A mutant, because cellular levels of the
viral RARp p92P*' were not affected. Exactly how eEF1A supports
p33 stability in cells and if eEF1A protects p33 from protein deg-
radation are unclear. Li et al. also identified several eEF1A muta-
tions that substantially increased viral minus-strand RNA synthe-
sis, which they showed was due to increased replicase activity and,
again, was not due to a general effect on translation. Using meth-
ods that reconstituted replicase activity, they demonstrated that
chemical inhibitors of eEF1A, didemnin and gamendazole, which
act on eEF1A by unique mechanisms, both inhibited replicase
activity in vitro (34). By comparing the levels of abortive viral
transcripts, i.e., from very short RNA transcripts to elongated
RNA products, they demonstrated that eEF1A affected only the
initiation of minus-strand transcription. They concluded that
eEF1A acted primarily to recruit and stabilize the viral RARp com-
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FIG 5 eEFIA is a component of the VSV transcriptase complex. The sche-
matic is based on proposed models of VSV replicase and transcriptase com-
plexes (61, 74). (A) Transcription of the VSV minus-strand RNA by the trans-
criptase complex. The minus-strand RNA includes an RNA leader region
(blue) followed by the N gene (black) transcription start site. The viral trans-
criptase, composed of the VSV L and P proteins and host cellular factors eEF1A
and Hsp60, synthesizes viral mRNA (green). (B) The first step of virus RNA
replication is shown. The viral replicase complex is composed of the L protein
and N-P complex proteins that initiate transcription from a promoter located
in the RNA leader.
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plex, indicating that an eEF1A chaperone-like function was im-
portant to support virus replication (2, 59).

eEF1A and other subunits of eEF1 have been reported to inter-
act with viral polymerases from a variety of animal viruses. An
early study by Banerjee’s group found that eEF1A was tightly as-
sociated with the RNA polymerase large protein (L protein) of
vesicular stomatitis virus (VSV), a prototypic nonsegmented neg-
ative-strand RNA virus of the Vesiculovirus genus in the family
Rhabdoviridae, and that all the subunits of the eEF1A complex,
i.e., a, B, and 1y (corresponding to eEF1A1, eEF1B, and eEF1D,
respectively), were necessary for L protein activity (60). A later
study from the same group isolated two different highly purified
RNA polymerase complexes by immunoaffinity chromatography
(61). The group proposed that VSV forms two different viral RNA
polymerase complexes in infected cells: the transcriptase and the
replicase (Fig. 5). The role of the transcriptase complex is to syn-
thesize capped mRNAs by initiating transcription at the first gene
(N) start site, whereas the replicase complex initiates genomic
minus-strand RNA synthesis at the precise 3" end of the plus-
strand RNA. The transcriptase was described as a protein complex
containing the virus-encoded RdRp (called L) and phosphopro-
tein (called P), the cellular proteins eEF1A and heat shock protein
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TABLE 1 eEF1A interacts with viral proteins other than RNA
polymerases

Viral protein
interacting with

Virus Virus family eEF1A Reference
Bovine viral diarrhea  Flaviviridae NS5A 63
virus
Hepatitis C virus Flaviviridae NS4 64
Poliovirus Picornaviridae 3CDPr 65
HIV-1 Retroviridae MA, CA 66
Integrase 62, 67
Acetylated integrase 68
HPV38 Papillomaviridae ~ Oncoprotein E7 69
HBV Hepadnaviridae X protein 70
TBSV Tombusviridae p33 34

60, and a submolar amount of cellular mRNA cap guanylyltrans-
ferase. The replicase complex was described as containing the viral
proteins L, P, and nucleocapsid (N) but not eEF1A, heat shock
protein 60, or the guanylyltransferase. Hence, it was proposed that
eEF1A is important for transcription of viral mRNAs but not for
genomic RNA replication in VSV.

With respect to members of the Flaviviridae family, investiga-
tion of WNV indicates that eEF1A plays an important role in
minus-strand RNA synthesis through interaction with the viral
replication complex. As previously discussed (see “eEF1A Binds to
the 3’ SL Region of WNV Genomic RNA”), eEF1A has been re-
ported to bind WNV RNA SL structures, an observation sup-
ported by mutational analysis of RNA binding, which downregu-
lates eEF1A binding to RNA and sharply inhibits replication of
WNV. Importantly, eEF1A was found to colocalize with WNV
and dengue virus NS3 (a viral protease/helicase) and NS5b (the
viral RdRp) proteins in infected cells, and both NS3 and NS5
could be coimmunoprecipitated using an anti-eEF1A antibody
(36). The combined evidence suggests that eEF1A is important for
minus-strand RNA synthesis through interactions with viral RNA
and the replication complex proteins, including NS3 and NS5.
This is similar to the model proposed by Li et al. for minus-strand
RNA synthesis by TBSV (34).

During HIV-1 DNA synthesis by reverse transcription, in vitro
studies demonstrated that eEF1A supports significantly improved
late HIV-1 DNA synthesis but does not affect the initiation of the
reaction (62). While the precise mechanism remains to be eluci-
dated, studies from our group, using both in vitro and cell-based
approaches, demonstrated that HIV-1 reverse transcriptase (RT)
associated with eEF1A. eEF1A and eEF1G were copurified with RT
from reverse transcription complexes (RTCs) by gradient centrif-
ugation and colocalized with RT following infection of cells (62).
Importantly, HIV-1 reverse transcription was inhibited when tar-
get cells were pretreated with a small interfering RNA (siRNA)
that downregulated steady-state levels of eEF1A or eEF1G, an out-
come that was attributed to the instability of the viral RTCs in
siRNA-treated cells.

Interactions Involving eEF1A and Other Viral Structural and
Nonstructural Proteins

Table 1 shows eEF1A viral interaction proteins other than RNA
polymerases. Using a yeast two-hybrid screen, the bovine viral
diarrhea virus (BVDV) NS5A protein was identified as interacting
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with eEF1A (63). BVDV is a positive-sense single-stranded RNA
virus of the genus Pestivirus in the Flaviviridae family. The eEF1A-
NS5A interaction, which was confirmed using in vitro methods,
was observed for NS5As from all BVDV strains that were tested.
However, NS5A of hepatitis C virus (HCV), of the genus Hepaci-
virus in the Flaviviridae family, was unable to interact with bovine
eEF1A (63). One possibility is that an interaction between eEF1A
and NS5A is species specific. While the exact role of NS5A in the
BVDV replicase remains unclear, it is obviously important for
virus replication (71). The BVDV NS5A protein is a large, hydro-
philic phosphoprotein of approximately 56 to 58 kDa. Like HCV
NS5A, the protein is associated with cellular membranes via an
amino-terminal helix that inserts itself into the luminal leaflet of
endoplasmic reticulum (ER)-like membranes (72), and the HCV
NS5A and BVDV NS5A proteins have similar structures (71, 73).
Overall, a biological role for eEF1A in BVDV replication requires
further confirmation.

Although HCV NS5A failed to interact with bovine eEF1A, the
HCV nonstructural protein 4A (NS4A) was reported to interact
with eEF1A in in vitro glutathione S-transferase (GST) pulldown
assays (64). HCV NS4A is a small, 54-amino-acid protein that acts
as a cofactor of the NS3 serine protease and can inhibit protein
synthesis in cells. In this case, the NS4A N-terminal region, amino
acid residues 1 to 34, was required to bind eEF1A, while amino
acid residues 21 to 34 imparted an inhibitory effect on both cap-
dependent and HCV internal ribosome entry site (IRES)-medi-
ated translation. The translation inhibitory effect of NS4A could
be relieved by the addition of purified recombinant eEF1A in an in
vitro translation system, indicating the role of eEF1A in control-
ling IRES-mediated HCV translation (64).

An N-terminally derived truncated form of eEF1A was also re-
ported to interact with the 3CDP™ protein, the precursor of the
mature 3C protease and 3D polymerase of poliovirus, in the En-
terovirus genus of the Picornaviridae family (65). Both intact
eEF1A and a C-terminally truncated eEF1A, p36, were identified
in chromatographically purified proteins assayed by gel shift assay
and identified by protein microsequencing. The 5’ region of po-
liovirus RNA includes a 110-nucleotide region of RNA whose sec-
ondary structure resembles a cloverleaf, which can bind to a p36-
3CDF™ complex but not to 3CDP™ alone (65). The 5’ cloverleaf
structure is important for several aspects of poliovirus replication,
such as preventing viral RNA degradation and minus-strand RNA
synthesis (75). While a clear role for p36 in the replication of
poliovirus RNA requires confirmation, cellular factors such as p36
are likely to be important for RNA replication (76).

Several HIV-1 structural and nonstructural proteins interact
with eEF1A, including the HIV-1 Gag protein. Gag is an HIV-1
precursor protein that is processed by HIV-1 protease into the
matrix (MA), capsid (CA), nucleocapsid (NC), and two smaller
spacer peptides. eEF1A was identified as an MA binding protein by
use of a yeast two-hybrid screen of a library made from human
HelLa cells (66), an outcome that was confirmed using comple-
mentary in vitro pulldown assays. The interaction required the
MA basic region. HIV-1 NC was also identified as an eEF1A bind-
ing protein, and the basic amino acid residues, but not the NC zinc
finger domains, were required for interaction (66). The interac-
tion was mediated by RNA, and addition of purified MA inhibited
in vitro cap-dependent and -independent translation reactions.
The significance of these outcomes is unclear, as Gag has not been
reported to have similar effects when overexpressed in cells. One
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possibility is that eEF1A is a very abundant cellular protein, mak-
ing inhibition difficult in a cellular context. However, HIV-1 Gag
is synthesized on cytosolic polysomes, and it was speculated that
eEF1A may play a role in releasing viral RNA from polysomes,
thereby permitting genomic RNA to be packaged into virions
(66). Analysis of additional mutant Gag proteins that do not in-
teract with eEF1A could help to test this hypothesis.

Another HIV-1 protein interacting with eEFIA is integrase
(IN).IN is the viral enzyme that catalyzes integration of viral DNA
into chromosomes. One study used IN affinity chromatography
to identify HSP60, PCK1, CCT4, TEFla (the yeast homolog of
eEF1A), and TEF2 as IN binding proteins (67). Subsequent studies
found that HIV-1 IN is acetylated by a cellular histone acetyltrans-
ferase, p300, at its C terminus and that this acetylation is necessary
for IN function (77) and modulates the interaction with eEF1A
(68).

Recently, eEF1A was shown to interact with the HIV-1 Nef pro-
tein in in vitro and cell-based assays (78). Amino acid residues 1 to
74 of eEF1A (domain I) were required for interaction with the Nef
C-terminal region (amino acid residues 55 to 204). Analysis of
nuclear and cytoplasmic cell lysate fractions indicated that Nef
regulated the nucleocytoplasmic localization of eEF1A, which is a
cofactor for exportin-t-mediated export of tRNA from the nu-
cleus (6). Importantly, this Nef-mediated mislocalization of
eEF1A resulted in decreased stress-induced apoptosis in primary
human monocyte-derived macrophages (MDM:s). This may indi-
cate another important role of eEF1A in HIV-1 replication, and
further detailed study is needed. However, the study did not in-
clude analysis of MDMs infected with HIV-1 or Nef-deleted
HIV-1, which could confirm the biological relevance of this ob-
servation.

eEF1A was also reported to interact with the viral oncoproteins
E6 and E7 of cutaneous human papillomavirus (HPV) type 38
(69) and with the X protein of hepatitis B virus (HBV) (70). Both
HPV and HBV are double-stranded DNA viruses and are from the
Papillomaviridae and Hepadnaviridae families, respectively. The
interaction of eEF1A with the E6, E7, and HBV X proteins plays a
role in the pathogenesis of the respective viruses (see the section
on pathogenesis below).

eEF1A AND eEF1G FACILITATE VIRUS RC ASSEMBLY

eEF1A has been shown to be important for virus replication in
cells infected with dengue virus (35), West Nile virus (79), bacte-
riophage QP (80), tomato mosaic virus (81), and tomato bushy
stunt virus (32), facilitating virus replication complex formation.

In WNV-infected cells, eEF1A was found to colocalize with
viral replication complexes (RCs), and antibodies to eEF1A coim-
munoprecipitated viral RC proteins (36), suggesting a role for
eEF1A in facilitating virus RC formation.

By purifying the reverse transcription complex from HEK293T
cells infected with HIV, Warren et al. found reduced levels of HIV
reverse transcription products and reverse transcription com-
plexes when eEF1A or eEF1G was downregulated using siRNA
(62), showing that eEF1A and eEF1G are crucial for HIV reverse
transcription complex formation, stability, and function. How-
ever, whether eEF1A and eEF1G act in concert as part of a novel
complex or independently during reverse transcription remains
to be determined.

eEF1A has been shown to interact with the components of the
TBSV replicase, including the virus genome replication proteins
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FIG 6 Downregulation of eEF1Bry expression inhibits RNA virus replication
in plants. (A to C) Nicotiana benthamiana infection with TBSV (single-
stranded positive-sense RNA virus). (A) Silencing of eEF1By (the plant ho-
molog of metazoan eEF1G) decreased virus replication compared to that in
untreated plants. (B) Northern blot analysis of viral genomic RNA (gRNA)
levels compared to levels of rRNA. (C) RT-PCR analysis of steady-state RNA
levels for eEF1B+y compared to tubulin. (Adapted from reference 82, which was
published under a Creative Commons license.)

p33 and p92P°' (32). These interactions were shown to be impor-
tant for virus replicase complex assembly and minus-strand RNA
synthesis in an in vitro system. Moreover, in the presence of the
eEF1A inhibitors didemnin B and gamendazole, the assembly of
the viral replicase activity was sharply inhibited. However, the
drugs did not inhibit preformed replicase complexes, suggesting
that eEF1A is required for replicase assembly rather than RNA
synthesis (34). More recently, Sasvari et al. provided strong evi-
dence that eEF1Bry (the plant homologue of metazoan eEF1G) is a
cellular cofactor for TBSV replicase activity (82). For example,
downregulation of eEF1By expression in plants inhibited TBSV
replication and pathogenesis (Fig. 6A to C), as eEF1Bry is impor-
tant for RNA synthesis by the TBSV replicase. The outcomes sug-
gest that eEF1A and eEF1Bry, in conjunction with other cellular
proteins (described in references 83 and 84), act concertedly to
affect TBSV RNA synthesis.

The accumulating evidence points to roles for eEF1A and
eEF1G in the replication of a variety of viruses, by interacting with
viral polymerases, structural and nonstructural proteins, and viral
genomic RNA to stimulate or otherwise enable viral RNA or DNA
synthesis. In some instances, viral proteins may recruit eEF1A to
assist or hinder translation, but further investigation is required to
discover whether eEFIA and any other subunits of eEF1 drive
replicase or transcriptase complex formation or are passively in-
volved in the process. Clearly, eEF1A and eEF1G are abundant
cellular resources that play important roles in viral genomic rep-
lication, transcription, or DNA synthesis and may also be required
by other viral pathogens.
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FIG 7 Structure of QP replicase core complex. (A) Cartoon representation of EF-Tu (yellow) and EF-Ts (magenta) overlaid with a surface representation of the
B-subunit (BS) displaying the electrostatic potential of BS. Structural domains of 8S, including the thumb, fingers, and bridge, are indicated by black outlines.
The position of the RNA template strand (T) is indicated. (B) Surface model of QP replicase showing the B-subunit (yellow), EF-Tu (red), and EF-Ts (blue). The
viral RNA template (blue) and the growing, nascent RNA (red) are indicated. (Adapted from references 48 and 49 by permission from Macmillan Publishers Ltd.)

eEF1A WORKS IN A VIRAL PROTEIN COMPLEX

Studies of QR bacteriophage replicase showed that the anti-EF-Tu
and -EF-Ts association reagents kirromycin and GDP could effec-
tively inhibit Q3 replicase activity (85). Also, EF-Tu cross-linked
to EF-Ts is far more effective at renaturation of QP replicase ac-
tivity than untreated EF-Tu and EF-Ts in vitro (86), indicating
that the elongation factors act as a complex with Q3 replicase (23).
Most recently, a crystal structure of the active Q3 replicase, com-
prising the B-subunit (RdRp), EF-Tu, and EF-Ts, revealed that the
tight binary complex maintains the structure of the catalytic core
crevasse of the B-subunit (Fig. 7), thus having a chaperone-like
function in the assembly and maintenance of the QR replicase
structure (48-50).

The canonical eukaryotic translation elongation factor com-
plex, eEF1, consists in part of two eEF1A molecules bound to the
eEF1B complex, which itself comprises up to three proteins:
eEF1G, eEF1B, and eEF1D (reviewed in reference 11). Investiga-
tion of cellular factors required to stimulate late steps of HIV-1
reverse transcription indicated that the eEF1 complex is impor-
tant (62, 87, 88). Two components of the eEF1 complex, eEF1A
and eEF1G, copurified with the viral RTC and colocalized with
HIV-1 RT after infection. However, it is not known whether the
HIV-1 RTC associates with an intact eEF1 complex or a novel
protein complex involving eEF1A, eEF1G, and other cellular fac-
tors.

Other studies also demonstrated that plant and animal viruses
require components of the eEF1 complex for replication. For ex-
ample, the VSV L protein, an RdRp subunit, was shown to require
eEF1A, eEF1B, and eEF1G for activity in vitro (60). As previously
discussed, the TBSV replicase complex requires both eEF1A and
eEF1By (the plant homolog of metazoan eEF1G) for replicase
activity in vitro and for virus replication in plants and yeast models
of TBSV replicase function (32, 34, 82, 84).
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eEF1A FACILITATES VIRUS PARTICLE ASSEMBLY

eEF1A is found in highly purified particles of different viruses
from various families, including vesicular stomatitis virus (Rhab-
doviridae) (89), vaccinia virus (Poxviridae) (90, 91), cytomegalo-
virus (Herpesviridae) (92, 93), severe acute respiratory syndrome
coronavirus (SARS-CoV) (Coronaviridae) (94), and HIV-1 (Ret-
roviridae) (66, 95). It is critical to determine whether encapsida-
tion into virus particles is simply a consequence of the relative
abundance of eEF1A or if encapsidation is biologically important
for virus replication.

eEF1A has been detected specifically in purified HIV-1 virions
but not in Moloney murine leukemia virus virions (66, 95, 96).
eEF1A can be cleaved by HIV-1 protease. Cimarelli and Luban
found both full-length eEF1A and a truncated form, with an ap-
parent size of 34 to 36 kDa, in virions (66). Although eEF1A can
bind to actin, its incorporation into virions was not inhibited by
cytochalasin D, a potent inhibitor of actin polymerization (66,
97), and was dependent on an interaction with HIV Gag. Virion
production and tRNA incorporation were sharply reduced using a
Gag mutant that was unable to bind eEF1A, while steady-state Gag
levels in cells were unchanged (66, 98).

The interactions of eEF1A with viral structural proteins, the
virus replication complex, and the cytoskeleton suggest that
eEF1A may have an active role in virion assembly and budding
(96). However, direct evidence for an active role for eEFIA in
assembly or budding and for the incorporation of eEF1A into
different viruses by specific mechanisms remains to be provided.

ROLES OF eEF1A IN VIRUS PATHOGENESIS OF BOTH RNA
AND DNA VIRUSES

As discussed above, eEF1A assists in the replication of many dif-
ferent viruses and is a necessary factor in viral pathogenesis. How-
ever, a “moonlighting” function of eEF1A in actin bundling may
be specifically targeted by viruses, leading to cellular abnormalities
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and transformation. Examples have been described for a few vi-
ruses.

HPVs are small double-stranded DNA viruses from the Papil-
lomaviridae family that are capable of causing lesions or tumors by
infecting basal keratinocytes. Ghittoni et al. found that approxi-
mately a dozen HPV types, including HPV16 and HPV18, are
capable of cellular immortalization and transformation to pro-
duce tumor cells through expression of two early genes, called E6
and E7 (99). Dong et al. found that E6 and E7 perform the same
function in HPV36 (100). Recently, the oncoprotein E7 from
HPV36 was reported to induce cellular immortalization and
transformation of primary keratinocytes through an interaction
with eEF1A (69). eEF1A presents two actin binding sites, one in
domain 1 and the other in domain 3 (101). The interaction of
HPV38 E7 with domain 3 of eEF1A contributes to decreased bind-
ing of eEF1A to actin, causing disruption of actin stress fiber for-
mation and impaired actin cytoskeleton remodeling (69), a key
event associated with tumorigenesis.

The HBV-encoded X protein is a multifunctional regulatory
protein that modulates not only HBV genes but also a number of
host genes involved in cell proliferation, cell cycle progression,
genetic stability, and apoptosis (102, 103). eEF1A was identified as
an X protein binding partner in HBV-infected hepatocytes. In
Huh-7 hepatoma cells, the X protein inhibits eEF1A1 dimer for-
mation, an event shown to be important for the role of eEF1A in
filamentous actin bundling (70). The role of dimerization of
eEF1A in terms of protein synthesis is unknown. However, con-
sidering the important role of the actin cytoskeleton in cell shape,
cell division, adhesion, motility, signal transduction, and protein
sorting (104), the interference of X protein with eEF1A and F-ac-
tin may be a crucial factor in HBV pathogenesis.

Coronaviruses (CoVs) are among the largest of the single-
stranded positive-sense RNA viruses, with about 30,000 nucleo-
tides. CoVs, including the human pathogen SARS-CoV, are etio-
logical agents of serious respiratory and enteric diseases in
humans and animals. A screen of a yeast two-hybrid human pro-
tein library with the SARS-CoV N protein as bait identified eEF1A
as a binding partner, a result confirmed using several in vitro and
cell-based assays (105). The N protein is a highly phosphorylated,
basic RNA binding protein (106) which is important for viral RNA
packaging, viral RNA transcription, translation, and budding. Us-
ing a coimmunoprecipitation method with epitope-tagged eEF1A
and green fluorescent protein (GFP) or a GFP-N fusion protein, a
sharp increase in high-molecular-weight eEF1A aggregates in cell
lysates was observed. Expression of the N protein in cells had
significant negative effects on translation, cytokinesis, and cell
proliferation, which arguably may be connected to N protein ef-
fects on the role of eEF1A in actin bundle formation and on its
canonical role in protein synthesis (105).

A recent paper showed that eEF1A can be found in a stoichio-
metric complex with activation-induced cytidine deaminase
(AID) in chicken and mammalian cells (107, 108). The central role
of AID is to target immunoglobulin loci for rearrangement during
development, but as it is a potent mutator, it is essential that it be
kept in the cytoplasm when it is not playing a role in antibody
diversity. This cytoplasmic retention is brought about at least par-
tially through the action of eEF1A. In some circumstances, AID is
an antiviral agent (109) that can be induced by CD40 ligand in-
corporated into the HIV envelope (110). We note that another
member of the AID family of proteins, APOBEC3, has been shown
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to have broad antiretroviral activities (111). The significance of
the interaction of eEF1A and AID warrants further investigation.
For instance, is it possible that an eEF1A-AID interaction is en-
hanced or inhibited by viral infection?

SURPRISES AND SPECULATIONS

More than 40 years ago, seminal reports demonstrated a role for
prokaryotic translation elongation factors in QP RdRp activity
(112-114). Blumenthal and Carmichael commented that the dis-
covery was “originally perceived as bizarre” (23). Today, the dis-
covery of host and virus protein interactions involves very sensi-
tive detection methods, and too often cellular proteins such as
eEF1A, representing ~3% of total cellular protein, are labeled as
possible cocontaminants. However, viruses must use host factors
for their replication, and many use eEF1A. It is very likely that the
list of viruses using the eEF1 complex or its subunits will continue
to grow. Many of eEF1A’s “moonlighting” roles fit well into virus
replication strategies. eEF1A acts as a protein chaperone, an RNA
binding protein, and an actin binding protein, matching the re-
quirements of virus replication for many viruses. Perhaps the abil-
ity of eEF1A to interact with diverse cellular proteins in different
pathways underlies its utility in virus replication.

Evidence is accumulating that eEF1A1 is not the only cellular
factor subverted for viral RNA transcription and replication. For
example, both nucleophosmin (a nuclear/nucleolar trafficking
protein; also called B23) (115) and HAX1 (a protein with antiapop-
totic properties) (116) colocalize with viral RNA and are impor-
tant for viral RNA transcription and/or replication in the nucleus.
In this case, eEF1A has not been implicated as an influenza virus
RNA replication cofactor, although it is interesting that eEF1A,
while predominantly cytoplasmic, is also found in the nucleus. It
is quite possible that viral strategies to increase the efficiency of
viral RNA transcription and replication in eEF1Al-independent
mechanisms occur.

Another important question is whether the identification of
other translation factors, such as the eEF1B subunits, as proteins
subverted by the viral machinery sheds any light on the role played
by eEF1A. Factors such as eEF1G have fewer, if any, noncanonical
roles ascribed to them, and there is no evidence that eEF1A is
associated with its cofactors when participating in noncanonical
functions. Indeed, the first clue that eEF1A might have additional
roles was the observation that it is present in excess over other
translation factors. If a viral function uses more than one elonga-
tion factor, as is the case for HIV RT and the TBSV replicase, is this
because the two factors are in a complex anyway and are both
abundant? Disentangling the canonical and noncanonical roles of
eEF1A and the extent to which each contributes to viral function is
essential if eEF1A is to be targeted therapeutically. There are al-
ready a number of agents that target eEF1A, but clearly drugs that
can disturb the viral subversion of eEF1A without affecting its
crucial cellular role in protein synthesis would be essential. Given
that the eEF1 complex is essential for cellular metabolism, target-
ing it as an antiviral strategy will be challenging, but precise tar-
geting of specific domains may be a promising avenue for further
research.
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