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Eukaryotic initiation factor 5A (elF-5A) is a cellular cofactor required for the function of the
human immunodeficiency virus type-1 (HIV-1) Rev trans-activator protein. The majority
of a set of elF-5A mutants did not support growth of yeast cells having an inactivated
genomic copy of elF-5A, indicating that the introduced mutation eliminated elF-5A ac-
tivity. Two nonfunctional mutants, elF-5AM13 and elF-5AM14, retained their binding
capacity for the HIV-1 Rev response element:Rev complex. Both mutants were consti-
tutively expressed in human T cells. When these T cells were infected with replication-
competent HIV-1, virus replication was inhibited. The elF-5AM13 and elF-5AM 14 proteins
blocked Rev trans-activation and Rev-mediated nuclear export.

Eukaryotic initiation factor 5A is essential
for cell viability and occurs in all eukaryotic
cells as well as in archaebacteria. To date,
elF-5A is the only cellular protein known
to contain the unusual amino acid hy-
pusine, a modification that might be re-
quired for cell proliferation (1). Although
the exact role of elF-5A in eukaryotic cells
has yet to be resolved, complete intracellu-
lar depletion of elF-5A does not cause ma-
jor changes in the rate of protein biosyn-
thesis (2). Furthermore, eIF-5A is a cellular
cofactor of the HIV-1 Rev regulatory pro-
tein (3).

Trans-activation by the Rev protein is
essential for the expression of viral structur-
al proteins and, thus, for HIV-1 replication
(4). Because Rev activity mediates the
translocation of viral mRNAs from the nu-
cleus to the cytoplasm (5), it seemed possi-
ble that elF-5A might interact with a nu-
clear RNA export system. In the nucleus,
Rev binds directly to the incompletely
spliced HIV-1 mRNAs through the cis-act-
ing Rev response element (RRE) RNA se-
quence (6-9). The activity of Rev is then
mediated by its interaction with one or
more cellular effector molecules (10).

In Saccharomyces cerevisiae, two closely
related genes encoding elF-5A, HYPI
(TIF51B) and HYP2 (TIF51A), are regulat-
ed reciprocally by heme and oxygen. Under
aerobic growth conditions, expression of
the HYP2 gene product is required for cell
viability. Human elF-5A restores viability
in Hyp2p-deficient yeast cells (11, 12).

D. Bevec, H. Jaksche, M. Himmelspach, A. Pacher, M.
Schebesta, K. Koettnitz, M. Dobrovnik, R. Csonga, J.
Hauber, Sandoz Research Institute, Department of Im-
munodermatology, A-1235 Vienna, Austria.

M. Oft, Research Institute of Molecular Pathology,
A-1030 Vienna, Austria.

T. Wohl and F. Lottspeich, Max-Planck-Institut fur Bio-
chemie, D-82152 Martinsried, Germany.

*To whom correspondence should be addressed.

1858

To elucidate the function of elF-5A, we
mutagenized a complementary DNA (cDNA)
encoding human elF-5A to generate clus-
tered missense mutants (13) and then test-
ed the mutants for in vivo activity by
the yeast plasmid shuffle technique (14).

Table 1. Summary of elF-5A mutants and yeast
complementation data. The elF-5A proteins are
listed on the left. The mutated amino acid posi-
tions in the protein and the amino acid changes
introduced are listed in the second and third col-
umns, respectively. The ability of various human
elF-5A mutants to complement the hyp2 disrup-
tion in haploid yeast strain WDH#6-9 (77) is indi-
cated in the last column. Complementation
(Comp.) was scored by analyzing the spontane-
ous loss of plasmids under nonselective growth
conditions and by 5-fluoroortic acid selection.

- Both techniques gave identical results; aa, amino

acid; wt, wild type; +, complementation; —, no
complementation. Abbreviations for the amino
acid residues are as follows: A, Ala; C, Cys; D,
Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L,
Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser;
T, Thr; V, Val; W, Trp; and Y, Tyr.

elF-5A  Position Mutation C%r;gz of
protein (aq) (aq) disruption
wit - - +
M1 4,56 D,L,D —ED,L +
M2 9,10 T,G —»D,L +
M3 15,16,17 SAT—AD,L +
M4 22,2324 C,SA—->GD,.L -
M5 43,44,45 M,ST —ID,L -
M6 46,47,48 SKT—L,D,L -
M7 64,65 F.T—-D,.L -
M8 69,70 Y,E —»D,L -
M9 75,76 ST—-D,L -
M10  98,99,100 VY,.LS—LD,L -
M11 104,105,106 D,S,G —-Q,D,L +
M12 126,127 K.Y -D,L +
M13 135,136 ;T -D,L -
M14 138,139 LS, »D,L -
M15 141,142,143 M,T,E —I,D,L +
M16 149,150 K —-D,L -
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Complementation was scored in two ways:
by analyzing the spontaneous loss of plas-
mids under nonselective growth conditions
and by 5-fluoroorotic acid selection. The
expression of the human gene EIF5A in
yeast was confirmed by Northern (RNA)
blot analysis (15). Human wild-type elF-5A
and the mutated elF-5A variants M1, M2,
M3, Ml11, M12, and M15 were able to
complement the hyp2 disruption (Table 1).
In contrast, the strains expressing the elF-
5A mutants (M4 to M10, M13, M14, and
M16) did not support yeast cell growth.

In gel retardation assays (16), the addi-
tion of glutathione-S-transferase (GST)-
elF-5A fusion proteins to RRE:Rev com-
plexes resulted in a complex with decreased
mobility (Fig. 1A). This complex of de-
creased mobility was not detected when
RRE RNA was incubated with GST or
GST-elF-5A alone, and it was only ob-
served when Rev concentrations that were
consistent with the formation of the pri-
mary and secondary Rev-specific complex
were used.

The elF-5A-specific signal was depen-
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Fig. 1. RNA gel retardation experiments demon-
strating interaction of the RRE:Rev nucleic acid:
protein complex with GST-elF-5A. (A) Interaction
of GST-elF-5A with the Rev activation domain. (B)
Binding phenotypes of various GST-elF-5A mu-
tant proteins (indicated at the bottom) with re-
spect to RRE-bound Rev (lanes 2 through 13).
GST, GST-elF-5A wild-type, and GST-elF-5A
mutant proteins were expressed and purified from
Escherichia coli and used in conjunction with a
constant amount of the indicated Rev proteins (7,
17) and a radiolabeled 252-nucleotide RRE RNA
probe. The RNA:protein complexes formed are
seen as slower migrating signals after electro-
phoresis through native polyacrylamide gels fol-
lowed by autoradiography. The position of un-
bound RRE is visualized in lane 1 of each gel; wt,
wild type.
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dent on an activation domain within Rev,
as determined with the mutants Rev9A14
and Rev11A14 (17) in our assay. The acti-
vation domain is missing in Rev9A14 and
present in Revl11A14. The mutant Rev9A14
was incapable of interacting with GST—elF-
5A (Fig. 1A). In contrast, the addition of
GST-elF-5A to the RRE:Rev11A14 bind-
ing reaction resulted in a new signal (Fig.
1A), indicating interaction of elF-5A with
the Rev activation domain.

Most of the nonfunctional elF-5A mu-
tant proteins lost their ability to recognize
the RRE:Rev complex (Fig. 1B). Only
GST-elF-5AM13 and GST-elF-5AM14
displayed binding behaviors that were com-
parable with that of the wild-type protein.

Next, the ability of the el[F-5AM13 and
elF-5AM14 proteins to inhibit HIV-1 rep-
lication was tested after retrovirus-mediated
gene transfer [with retroviral vector pBC140
(18)] into human CEM T cells (19). HIV-1
replication in the corresponding CEM cell
lines was measured by challenge experi-
ments (20) with the replication-competent
HIV-1 SF2 strain (21). To achieve optimal
virus replication, we used titers of HIV-1
[2000 tissue culture infectious doses
(TCID)] that were ~40 times those used in
studies of trans-dominant Rev protein (18)
and were comparable with titers typically
seen in the peripheral blood mononuclear
cells of patients with acquired immunode-
ficiency syndrome (AIDS) (22). In addi-
tion, CD4 surface expression was very high
(>90%) on all CEM T cell lines tested,
allowing effective infection of these target
cells by HIV-1.

CEM cells expressing the pBC140 retro-
viral vector supported replication of HIV-1

Fig. 2. HIV-1 challenge experi- A

SF2 (Fig. 2A). Overexpression of elF-5A
resulted in comparable amounts of p24 Gag
in the CEM cell supernatant (Fig. 2A). In
sharp contrast, virus replication was inhib-
ited (>93%) in each of three cell cultures
constitutively expressing either the elF-5A
mutant M13 or M14 (see Fig. 2, C and D,
respectively). As expected, CEM cultures
expressing the elF-5AM9 protein, which
was unable to bind the RRE:Rev complex
in vitro (Fig. 1), did not display such a
marked reduction in virus replication (Fig.
2B).

The low amounts of p24 obtained were
not because of a negative effect on cell
proliferation. All transduced CEM cell cul-
tures proliferated at similar rates, as demon-
strated by the comparable cell numbers
(Fig. 2). In addition, de novo infection of
wild-type CEM cells could be established
with supernatants of all challenged cell
lines used in these experiments (23), indi-
cating integration of HIV-1. Finally, infec-
tivity studies with recombinant HIV-1 (24)
in which nef was replaced with the CAT
reporter gene demonstrated that all CEM
cell clones investigated were comparably
susceptible to virus infection (23).

To directly demonstrate that Rev func-
tion is indeed inhibited by e[F-5AM13 or
elF-5AM14, we investigated HIV-1 Rev
and Tat trans-activation by transient
transfection of CEM cell clones expressing
the elF-5A wild-type, M13, or M14 pro-
tein (25). In agreement with the virus
challenge data, Rev trans-activation was
blocked in the cells expressing either elF-
5AM13 or elF-5AMI14. In contrast, Tat
trans-activation was detectable in all cell
lines tested, indicating a specificity of the
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inhibitory effect for Rev (26).

Because the Rev activation domain can
act as a nuclear export signal (27), we tested
whether eIlF-5AM13 and elF-5AM14 also
block Rev-mediated nuclear export (Fig. 3).
For this experiment, we microinjected
GST-Rev fusion proteins into the nuclei of
human somatic cells and monitored their
nuclear export (28). The availability of an
automated microinjection system allowed us
to routinely microinject ~100 nuclei per
experiment, resulting in identical and repro-
ducible data. The GST-RevM32 fusion pro-
tein, which is biologically inactive because
of a mutation of the protein activation do-
main (29), remained in the nuclei of HelLa
cells, whereas GST-Rev wild-type protein
was efficiently transported to the cytoplasm.

GST-RevM32

GST-Rev

GST-Rev
-
GST—elF-5A

GST-Rev
+
GST—elF-5AM13

GST-Rev
+
GST—elF-5AM14

Fig. 3. Inhibition of Rev nuclear export activity by
elF-5AM13 and elF-5AM14. Nuclei of HelLa cells
were microinjected with GST-RevM32 or GST-
Rev in combination with bovine serum albumin
(BSA) (A and B) or with a mixture of GST-Rev
and the indicated GST-elF-5A fusion proteins
(C through E). Cells were incubated for ~20
min, fixed, and analyzed for Rev localization
by Rev-specific indirect immunofluorescence
microscopy.
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Coinjection of GST-Rev with GST-elF-5A
resulted in even more efficient Rev export.
In sharp contrast, however, coinjection of
the GST-elF-5AM13 or GST-elF-5AM14
protein completely blocked Rev transloca-
tion, directly demonstrating the require-
ment of e[F-5A for Rev-mediated nuclear
export.

The Rev—elF-5A interaction appears to
be a critical site at which the viral parasite
connects itself with an important host path-
way, thereby providing access to cellular
RNA .export systems. The phenotypes of
the elE*5A M13 and M14 proteins suggest
that they might be useful reagents to be
used in gene-based intervention therapies.
The constitutive expression of the
EIF5AMI3 and EIF5AMI4 genes in hu-
man T cells was not toxic, although other
cellular proteins (such as protein kinase
inhibitor or TFIIIA) share the properties of
the Rev activation domain (27) and might
therefore also be targets of elF-5A. Howev-
er, multiple pathways for nuclear export
may exist in the cell, and different export
complexes could have different affinities for
various substrates. The recently published
Rev binding protein hRIP (reported also as
Rab) (30, 31) might constitute such an
alternative export system. The fact that
hRIP/Rab cannot be expressed as a recom-
binant protein (31), however, makes it im-
possible to directly test whether elF-5A
competes with hRIP/Rab for Rev binding.
Moreover, a direct interaction of hRIP/Rab
with the Rev activation domain has not yet
been demonstrated. As discussed in a recent
review article (32), this interaction may be
indirect and could be mediated by a linker
protein, such as elF-5A. It will now be a
major goal to identify nuclear interaction
partners of elF-5A. We expect these cofac-
tors to be either components of nuclear-
cytoplasmic RNA transport systems or fac-
tors that provide access to them.
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