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Nuclear export of the incompletely spliced mRNAs encoded by several complex retroviruses, including
human immunodeficiency virus type 1 (HIV-1), is dependent on a virally encoded adapter protein, termed Rev
in HIV-1, that directly binds both to a cis-acting viral RNA target site and to the cellular Crm1 export factor.
Human endogenous retrovirus K, a family of ancient endogenous retroviruses that is not related to the
exogenous retrovirus HIV-1, was recently shown to also encode a Crm1-dependent nuclear RNA export factor,
termed K-Rev. Although HIV-1 Rev and K-Rev display little sequence identity, they share the ability not only
to bind to Crm1 and to RNA but also to form homomultimers and shuttle between nucleus and cytoplasm. We
have used mutational analysis to identify sequences in the 105-amino-acid K-Rev protein required for each of
these distinct biological activities. While mutations in K-Rev that inactivate any one of these properties also
blocked K-Rev-dependent nuclear RNA export, several K-Rev mutants were comparable to wild type when
assayed for any of these individual activities yet nevertheless defective for RNA export. Although several
nonfunctional K-Rev mutants acted as dominant negative inhibitors of K-Rev-, but not HIV-1 Rev-, dependent
RNA export, these were not defined by their inability to bind to Crml, as is seen with HIV-1 Reyv. In total, this
analysis suggests a functional architecture for K-Rev that is similar to, but distinct from, that described for
HIV-1 Rev and raises the possibility that viral RNA export mediated by the ~25 million-year-old K-Rev protein

may require an additional cellular cofactor that is not required for HIV-1 Rev function.

Retroviral replication requires the coordinated expression of
both unspliced and spliced forms of the initial, genome-length
viral transcript. However, cells have evolved mechanisms to
prevent the nuclear export of incompletely spliced cellular
mRNAs, i.e., pre-mRNAs, via the canonical cellular mRNA
export pathway. Because these same mechanisms can also lead
to nuclear retention of incompletely spliced retroviral mRNAs,
these viruses have had to evolve ways to target their incom-
pletely spliced transcripts to the cytoplasm via export pathways
that are not normally used by cellular mRNA molecules (re-
viewed by in references 8 and 34). One such mechanism, first
identified in the pathogenic lentivirus human immunodefi-
ciency virus type 1 (HIV-1), targets unspliced viral transcripts
into a nuclear export pathway normally used for small nuclear
RNAs and certain proteins that shuttle between nucleus and
cytoplasm (10, 14, 29, 32, 42). Specifically, HIV-1 encodes an
adapter protein, termed Rev, that can bind to, and multimerize
on, a cis-acting viral RNA target site termed the HIV-1 Rev
response element (H-RRE) (28, 29, 44). In the nucleus, Rev
also binds, via a leucine-rich nuclear export signal (NES), to
the cellular export factor Crml1 in an interaction that is depen-
dent on the presence of the GTP-bound form of the cellular
G-protein Ran (3, 11, 31, 38). Crml in turn interacts with
components of the nuclear pore and thereby targets the result-
ant ribonucleoprotein complex to the cytoplasm (31). Subse-
quently, other lentiviruses were also shown to encode Rev
proteins, while members of the distinct human T-cell leukemia
virus type 1 (HTLV-1) family of oncoretroviruses encode a
Rev homolog, termed Rex, that acts to induce the nuclear
export of unspliced HTLV-1 transcripts by recruiting Crm1 to
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a cis-acting RNA target site, the Rex response element (3, 16,
21).

Until recently, only these two retroviral subgroups had been
shown to encode a Rev-like nuclear RNA export activity. In
contrast, other exogenous retroviruses either directly recruit a
cellular nuclear export factor, distinct from Crml, to an RNA
target site termed a constitutive transport element or induce
nuclear export of their incompletely spliced transcripts via an
unknown mechanism (8, 34). Recently, however, a third type
of Crml-dependent retroviral RNA export factor, termed
K-Rev, was identified in the human endogenous retrovirus K
(HERV-K) and shown to induce the nuclear export of un-
spliced mRNAs bearing a copy of a HERV-K-derived RNA
target site, the K-RRE (27, 43). The HERV-K family of en-
dogenous retroviruses is present at between 50 and 100 copies
per haploid human genome and entered the human germ line
over a ~25 million-year period starting ~30 million years ago
(1, 39). No exogenous retrovirus closely related to the
HERV-K family is known to exist (17), and these endogenous
viruses can therefore be viewed as fossil remnants of an exog-
enous virus family that is now probably extinct. However, the
presence in the HERV-K genome of a nuclear RNA export
factor and a cis-acting RNA target site that together are closely
comparable in function to HIV-1 Rev (H-Rev) and the H-
RRE does suggest that this RNA export activity arose fairly
early in retroviral evolution (27, 43).

Previously, it has been demonstrated that the 116-amino-
acid (aa) H-Rev protein and the 105-aa K-Rev protein share
several biological properties, although they lack any evident
sequence similarity (27, 43). Both H-Rev and K-Rev can spe-
cifically bind to their viral RNA response element, form ho-
momultimers, and bind to Crm1 in a Ran - GTP-dependent
manner (43). Curiously, although both H-Rev and K-Rev shut-
tle between nucleus and cytoplasm, H-Rev displays a predom-
inantly nuclear and nucleolar localization at steady state
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FIG. 1. Predicted amino acid sequence of the K-Rev protein. The 14 intro-
duced mutations resulted in the substitution of alanine for the indicated residues.

whereas K-Rev is largely cytoplasmic (3, 43). However, K-Rev
does localize to nuclei and nucleoli when Crml function is
inhibited, thus demonstrating that the cytoplasmic localization
of K-Rev is dependent on ongoing, Crm1-dependent nuclear
export (27, 43).

The H-Rev protein has been subjected to intense mutational
analysis, and the sequences involved in RNA binding, multim-
erization, and Crml-dependent nuclear export are now well
defined (8, 34). In contrast, no mutational analysis of K-Rev
has been previously described. Here, we report the identifica-
tion of sequences within K-Rev that are critical for K-RRE and
Crm1 binding, multimerization, and nucleocytoplasmic shut-
tling and identify mutants of K-Rev that can function as spe-
cific dominant negative inhibitors of wild-type K-Rev function.

MATERIALS AND METHODS

Construction of molecular clones. The following mammalian expression plas-
mids have been previously described: the indicator plasmids pG6(—31)
HIVLTRATARCAT (37), pDM128/CMV (23, 30), and pDM128/K-RRE (43);
effector plasmids pcRev (29), pSG424/Crm1, pSG424/K-Rev, pBC12/CMV/K-
Rev/VP16, pBC12/CMV/K-Rev (43), and pBC12/CMV/ACAN (3); and control
plasmids pBC12/CMV and pBC12/CMV/B-gal (3). Derivatives of pBC12/CMV/
K-Rev encoding K-Rev mutants K1 through K14 were constructed by PCR
mutagenesis using primers that substituted a NotI site (i.e., 5'-GCG - GCC -
GC-3') for the sequences underlying the residues boxed in the K-Rev protein
sequence shown in Fig. 1. This results in the substitution of alanines for the
indicated residues. After PCR amplification, the resultant K-Rev DNA se-
quences were cleaved at flanking 5’ BspHI and 3’ Xhol sites and inserted into
pBC12/CMV cleaved with Ncol and Xhol. Plasmids encoding fusions of the
VP16 activation domain to K-Rev mutants K1 through K14 were prepared as
previously described (43) for the wild-type pBC12/CMV/K-Rev/VP16 plasmid.

Yeast K-Rev expression plasmids were generated by PCR amplification of
wild-type and mutant K-Rev genes (K1 through K14) using primers that intro-
duced flanking EcoRI sites. After cleavage with EcoRI, the resultant DNA
fragments were cloned in pPGK/VP16, in frame with the VP16 transcription
activation domain and simian virus 40 T-antigen nuclear localization signal
(NLS) present in pPGK/VP16 (5). The wild-type K-Rev EcoRI fragment was
also cloned into pGBT9 (Clontech Inc.), to generate pGBT9/K-Rev, which
encodes the GAL4 DNA binding domain fused to full-length K-Rev. The full-
length K-RRE (HERV-K residues 8719 to 9152) was cloned into the RNA
expression plasmid pMS2-2 (36) in both orientations to generate pMS2/K-RRE/s
and pMS2/K-RRE/as for use in yeast three-hybrid assays.

Transfection of human cells. For analysis of K-Rev function, 293T cells (35-
mm-diameter plates) were transfected by the calcium phosphate method using 25
ng of the pDM128/K-RRE reporter plasmid, 25 ng of the pBC12/CMV/B-gal
internal control, 50 ng of a pBC12/CMV/K-Rev effector plasmid (wild type or
mutant) or pBC12/CMYV as a negative control, and 1,000 ng of pBC12/CMV. To
assay for dominant negative phenotypes of selected K-Rev mutants, 293T cells
were transfected with 25 ng of pDM128/K-RRE, 25 ng of pBC12/CMV/B-gal, 50
ng of pBC12/CMV/K-Rev (wild type) or pBC12/CMV, and 1,000 ng of pBC12/
CMYV or pBC12/CMV/K-Rev encoding wild-type or mutant K-Rev. In a parallel
experiment, the ability of K-Rev mutants to inhibit H-Rev function was assessed
by cotransfection into 293T cells together with 25 ng of pDM128/CMV and 50 ng
of pcRev. At ~48 h after transfection, cells were harvested and lysed, and
induced chloramphenicol acetyltransferase (CAT) and B-galactosidase (B-Gal)
activities determined as previously described (3). In all experiments, the ob-
served CAT enzyme activities were adjusted for minor differences in transfection
efficiency or sample recovery, using the B-Gal enzyme activity as an internal
control.

Two-hybrid assays in human 293T cells were performed essentially as previ-
ously described (3, 43). To assay for K-Rev multimerization, 293T cells were
transfected with 250 ng of the pG6(—31)HIVLTRATARCAT reporter plasmid,
100 ng of the internal control plasmid pBC12/CMV/B-gal, 500 ng of pSG424/K-
Rev, and 2,000 ng of pBC12/CMV/K-Rev/VP16 (wild type or mutant) or pBC12/
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CMV as a negative control. Similarly, to measure binding of K-Rev to Crm1 by
mammalian two-hybrid assay, 293T cells were transfected with 50 ng of the
pG6(—31)HIVLTRATARCAT reporter, 250 ng of the pBC12/CMV/B-gal inter-
nal control, 500 ng of pSG424/CRM1, and 2,000 ng of pBC12/CMV/K-Rev/VP16
(wild type or mutant) or pBC12/CMV. In each case, induced CAT and B-Gal
activities were assayed at ~48 h as previously described (3).

Immunofluorescence and Western blot assays. The subcellular localization of
K-Rev mutants in transfected 293T cells, in the presence or absence of the
ACAN protein, was assayed as previously described (43). Briefly, 293T cells were
transfected with 500 ng of pBC12/CMV/K-Rev (wild type or mutant) together
with 1 pg of pBC12/CMV or pBC12/CMV/ACAN. At ~50 h after transfection,
cells were fixed and stained with a 1:500 dilution of a rabbit polyclonal anti-K-
Rev antiserum followed by a 1:2,000 dilution of a fluorescein isothiocyanate-
conjugated donkey anti-rabbit antiserum (The Jackson Laboratory). Images
were collected using a Leica DMRB fluorescence microscope and converted to
grayscale using Adobe Photoshop 4.0 software.

To determine the steady-state expression level of selected VP16/K-Rev fusion
proteins, Western blot assays were performed essentially as previously described
(2). Briefly, 293T cells (35-mm-diameter cultures) were transfected with 1 wg of
the relevant VP16/K-Rev expression plasmid, and cell lysates were prepared at
~48 h after transfection. After separation by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis, proteins were transferred to nitrocellulose mem-
branes and then probed with the anti-VP16 mouse monoclonal antibody SC-7545
(Santa Cruz Biotechnology) followed by a horseradish peroxidase-conjugated
sheep anti-mouse antiserum (Amersham). Bound antibodies were visualized by
enhanced chemiluminescence and autoradiography.

Yeast two- and three-hybrid assays. To assay for multimerization of K-Rev,
Saccharomyces cerevisiae strain Y190 cells (19) were transformed with pGBT9/
K-Rev together with pPGK/VP16/K-Rev (wild type or mutant) or pPPGK/VP16 as
a negative control. After selection on Leu™ Trp~ plates for 3 days, double
transformants were harvested and grown overnight in Leu™ Trp~ medium.
Similarly, for analysis of RNA binding by K-Rev, yeast strain L40 coat cells
(Invitrogen) were transformed with an RNA expression plasmid (pMS2/K-
RRE/s or pMS2/K-RRE/as as a negative control) and pPGK/VP16/K-Rev (wild
type or mutant). After selection on Ura™ Leu™ plates for 3 days, double trans-
formants were harvested and grown overnight in Ura™ Leu™ medium. In each
case, cell equivalents were then lysed and assayed for B-Gal activity as previously
described (5).

RESULTS

A set of 14 missense mutants in the context of the previously
described K-Rev cDNA expression plasmid pBC12/CMV/K-
Rev was constructed. In each case, the introduced mutation
modified eight nucleotides to the sequence 5'-GCG + GCC -
GC-3’ (with the reading frame indicated). This sequence en-
codes triple alanine, so that these mutations each introduced
alanines in place of the boxed K-Rev residues shown in Fig. 1.
These mutations were largely random in design, although K2
and K3 were targeted to an arginine-rich sequence that bears
some similarity to the arginine-rich RNA binding domain and
NLS seen in both H-Rev and Rex (16, 28, 33, 40). In addition,
K7, K8, and K9 all affect a motif (50-WAQLKKLTQL-59) that
has been suggested to be similar to the leucine-rich NES
present in H-Rev (27).

Figure 2 shows the ability of each K-Rev mutant to induce
the nuclear export and expression of the unspliced cat mRNA
encoded by the previously described indicator construct
pDM128/K-RRE (43), which also contains the full-length K-
RRE in cis. These data, which are normalized to values for the
wild-type K-Rev expression plasmid, reveal that mutants K1
and K14 are fully active whereas K3 is almost wild type in
activity. While K9 and possibly K13 displayed weak partial
activity, all of the nine other K-Rev mutants were inactive.

Subcellular localization of K-Rev mutants. Although K-Rev
is normally largely cytoplasmic when expressed in human cells,
inhibition of Crm1 function either by overexpression of ACAN,
a dominant negative form of the nucleoporin Nup214/CAN
that acts as a specific inhibitor of Crm1 function (3, 12, 24), or
by addition of leptomycin B, a specific Crm1 inhibitor (11),
results in the nuclear accumulation of K-Rev (27, 43). There-
fore, we reasoned that K-Rev mutants that had lost the ability
to bind to Crm1 should differ from wild-type K-Rev in being
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FIG. 2. Biological activities of K-Rev mutants. 293T cells were cotransfected
with the pDM128/K-RRE indicator construct and expression plasmids encoding
wild-type (WT) or mutant K-Rev. The parental pBC12/CMV expression plasmid
served as a negative control (Neg). Induced CAT activities were assayed at ~48
h after transfection as previously described (3). These data are normalized to the
activity of wild-type K-Rev, which is arbitrarily set at 100. Results were also
adjusted for nonspecific variability using the B-Gal internal control. Data shown
represent the average of three independent experiments with standard deviation
indicated.

constitutively nuclear. Further, the localization of each defec-
tive mutant by immunofluorescence would also confirm that
these proteins are indeed expressed.

Figure 3A exemplifies the normal subcellular localizations of
all 14 K-Rev mutants in human 293T cells. As may be readily
observed, four of these mutants, K3, K7, K12, and K13, are
nuclear, while the other 10 mutants share the cytoplasmic
localization characteristic of wild-type K-Rev. The K12 mutant
tended to concentrate in nucleoli, as previously also observed
for wild-type K-Rev in cells lacking functional Crm1 (27, 43).
In contrast, K3, K7, and, particularly, K13 were all excluded
from the nucleoli (Fig. 3). Although K3 is nuclear at steady
state, it is nevertheless active in inducing K-RRE-dependent
RNA export (Fig. 2). Therefore, K3 must be able to exit the
nucleus. As the K3 mutation is adjacent to the arginine motif
of K-Rev, which, by analogy to H-Rev and Rex (33, 40), could
function as an NLS, it appears possible that the K3 mutation
may actually enhance the nuclear import of K-Rev rather than
inhibit its export.

While the nuclear export of K-Rev is dependent on Crml
(27, 43), the mechanism mediating K-Rev nuclear import is not
known. However, if a K-Rev mutant that is normally cytoplas-
mic (Fig. 3) can relocalize to the nucleus in the absence of
Crml1 function, then this would imply that it retains a func-
tional NLS. Conversely, the continued cytoplasmic localization
of a K-Rev mutant, in the absence of Crm1 function, would
imply that the introduced mutation had inhibited K-Rev nu-
clear import. We therefore examined the subcellular localiza-
tion of normally cytoplasmic K-Rev mutants in the presence of
the Crml1 inhibitor ACAN (Fig. 3B). As may be seen, mutants
K2 and K5 (as well as mutants K4 and K11 [data not shown])
fail to accumulate in the nucleus in the presence of ACAN.
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Conversely, mutants K1, K8, and K9 (as well as K6, K10, and
K14 [data not shown]) are similar to wild-type K-Rev (43) in
that ACAN induces their relocalization from the cytoplasm to
the nucleus. These data therefore suggest that mutations K2,
K4, K5, and K11 all block the effective nuclear import of
K-Rev. While this result was expected for K2, which has lost
three arginine residues from the K-Rev basic motif (Fig. 1), it
is unexpected in the case of the other three K-Rev mutants.

Crml1 binding by K-Rev mutants. We have previously re-
ported that K-Rev can interact specifically with the Crm1 nu-
clear export factor both in a mammalian two-hybrid assay and
in vitro, in the latter case only in the presence of Ran - GTP
(43). Figure 4A demonstrates the abilities of the K-Rev mu-
tants to interact with Crm1 in vivo. In this assay, 293T cells
were transfected with the indicator construct pG6(—31)
HIVLTRATARCAT, which contains six GAL4 DNA binding
sites flanking a minimal HIV-1 promoter element linked to the
cat indicator gene (37). These same cells were also transfected
with a plasmid expressing Crml fused to the GAL4 DNA
binding domain and a third plasmid expressing the VP16 tran-
scription activation domain fused to wild-type or mutant K-
Rev. The parental pBC12/CMYV plasmid served as a negative
control. Binding of K-Rev to Crm1 would result in recruitment
of the VP16 activation domain to the indicator construct and,
hence, activation of CAT expression.

These data demonstrate that mutants K1, K4, K5, K6, and
K10 are essentially identical to wild-type K-Rev in the ability to
interact with Crm1, while K2, K3, K9, K11, K12, K13, and K14
all appear to be ~2-fold less active. Finally, mutant K7 does
not detectably interact with Crm1, while K8 is at most slightly
active. While the inability of mutant K7 to bind to Crml1 is
clearly consistent with the nuclear localization of K7 observed
by immunofluorescence (Fig. 3), K8 proved fully able to shuttle
between nucleus and cytoplasm (Fig. 3) despite its apparently
very weak interaction with Crm1. Conversely, K12 and K13,
which also localize to the nucleus when Crml is functional
(Fig. 3), nevertheless bind to Crml1 as effectively as mutants
that clearly do retain the ability to shuttle (Fig. 4A).

To confirm that these VP16/K-Rev fusion proteins are in-
deed expressed at equivalent levels in vivo, we also performed
a Western blot analysis on transfected 293T cells. As shown in
Fig. 4B, all tested VP16 fusion proteins were readily detectable
in cellular extracts, although K4 appears to be slightly overex-
pressed, and K7 slightly underexpressed, compared to their
peers.

Multimerization of K-Rev in vivo. The ability of H-Rev and
HTLV-1 Rex to multimerize is required for the nuclear export
of their target viral RNA molecules (6, 18, 28, 44). Previously,
we have shown by two-hybrid assay in human 293T cells that
K-Rev also has the ability to multimerize (43), although it has
not been demonstrated formally that this multimerization ex-
tends beyond dimer formation. To address this issue for the
K-Rev mutants listed in Fig. 1, we used two-hybrid analysis in
yeast cells (9) (Fig. 5A) or in human cells (Fig. 5B) to measure,
in each case, the ability of a fusion protein consisting of the
GAL4 DNA binding domain linked to wild-type K-Rev to bind
to wild-type or mutant K-Rev fused to the VP16 activation
domain and to an active NLS. Gratifyingly, these two assays
yielded very similar data (Fig. 5). Specifically, K7, K11, and
K12 were all profoundly defective for multimerization, while
all other K-Rev mutants were comparable in multimerization
activity to wild-type K-Rev.

K-RRE binding by K-Rev. Previously, we demonstrated that
K-Rev can bind specifically to the K-RRE in vitro but not to
irrelevant RNA targets, such as the H-RRE (43). Elsewhere,
we have recently also documented that K-Rev can specifically
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FIG. 3. Subcellular localization of K-Rev. The subcellular localization of K-Rev in transfected 293T cells, in the absence (A) or presence (B) of the ACAN inhibitor
of Crm1 function, was determined as previously described (43), using a rabbit polyclonal anti-K-Rev antiserum. WT, wild type.

bind to the K-RRE, but not to the antisense K-RRE or to
irrelevant RNA targets, in the yeast three-hybrid assay (36,
42a). We used this three-hybrid assay to examine the ability of
K-Rev mutants to bind the K-RRE (Fig. 6). In this in vivo
assay, the sense or antisense K-RRE was expressed in yeast
L40 coat cells as a fusion to the MS2 bacteriophage operator
RNA, while wild-type or mutant K-Rev was expressed fused to
the VP16 activation domain, as in Fig. SA. As may be observed
in Fig. 6, wild-type K-Rev bound the sense orientation K-RRE
effectively but interacted only very poorly with the antisense

K-RRE. Only one mutant, K2, was entirely negative for K-
RRE binding, although K3, K4, K7, K11, and K12 were all
clearly less active than wild-type K-Rev. K7, K11, and K12 are
defective for multimerization (Fig. 5); it is therefore possible
that their lower K-RRE binding activity reflects an inability to
multimerize effectively on the K-RRE rather than a reduced
affinity for the putative primary K-Rev RNA binding site on
the K-RRE.

Inactive K-Rev mutants exert a dominant negative pheno-
type. The mutational analysis presented in this report identi-
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FIG. 4. Crm1 binding by K-Rev mutants. (A) Abilities of K-Rev mutants to
bind to the Crm1 nuclear export factor were determined by two-hybrid assay in
transfected 293T cells, as described previously (3) and in the text. These data
were adjusted using the B-Gal internal control and then expressed as a multiple
of the level of CAT enzyme activity seen in 293T cells transfected with the
indicator construct, the GAL4-Crm1 fusion protein expression plasmid, and the
negative (Neg) control plasmid pBC12/CMV. These are representative data
reflective of four independent transfection experiments. (B) Western analysis of
K-Rev/VP16 fusion protein expression levels in transfected 293T cells. Blots
were probed with a mouse monoclonal antibody directed against the VP16
activation domain. Sizes are indicated in kilodaltons.

fied nine K-Rev mutants that have lost the ability to mediate
the nuclear export of unspliced mRNAs bearing the K-RRE.
Previously, it has been demonstrated that certain inactive mu-
tants of H-Rev or HTLV-1 Rex can exert a potent dominant
negative phenotype when coexpressed with the wild-type form
of the same protein, particularly if expressed in excess (7, 30,
35). To test whether this phenotype would also be detected for
any of the nine inactive K-Rev mutants identified in this study,
we transfected 293T cells with the pDM128/K-RRE indicator
construct and 50 ng of the wild-type K-Rev expression plasmid
pBC12/CMV/K-Rev together with 1,000 ng of pBC12/CMV/
K-Rev expressing either wild-type or defective mutant K-Rev.
As shown in Fig. 7A, each of the nine inactive K-Rev mutants,
but not wild-type K-Rev, proved able to potently inhibit the
expression of the unspliced cat mRNA containing the K-RRE
when expressed at ~20-fold excess over the wild-type protein.
This inhibition was specific, as none of these K-Rev mutants
had any significant effect on the level of expression of the
B-Gal enzyme encoded by the cotransfected pBC12/CMV/B-
gal internal control plasmid (data not shown).

To further confirm the specificity of this inhibition, we trans-
fected 293T cells as described for Fig. 7A except that pDM128/
K-RRE was replaced by the similar indicator plasmid
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FIG. 5. Multimerization of the K-Rev protein. (A) Multimerization of K-Rev
was detected in yeast cells using the two-hybrid assay (9). Cells were transformed
with expression plasmids encoding (i) the GAL4 DNA binding domain fused to
wild-type (WT) K-Rev and (ii) wild-type or mutant K-Rev fused to the VP16
transcription activation domain. Induced B-Gal activities were measured as pre-
viously described (5) and are given in milli-optical density units (mOD) per
milliliter of yeast culture. Data are representative of three independent experi-
ments. (B) Similar to panel A except that the two-hybrid assay was performed in
transfected human 293T cells, as described in the text. Induced CAT enzyme
activities were measured ~48 h after transfection, adjusted using the B-Gal
internal control plasmid, and then normalized to the activity seen with wild-type
K-Rev, which was arbitrarily set at 100. Data are representative of three inde-
pendent experiments.

pDM128/CMV, which contains the H-RRE in place of the
K-RRE (30), while pBC12/CMV/K-Rev was substituted with
an expression plasmid, pcRev, encoding wild-type H-Rev. As
shown in Fig. 7B, coexpression of H-Rev activated expression
of the cat gene encoded by the pDM128/CMYV indicator plas-
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FIG. 6. Binding of K-Rev to the K-RRE. Abilities of K-Rev mutants to bind
to the K-RRE in vivo were determined by three-hybrid assay in yeast (36). L40
coat cells were transformed with an expression plasmid encoding the full-length
sense or antisense K-RRE fused to the MS2 operator RNA and with a second
plasmid expressing a fusion protein consisting of the VP16 activation domain
linked to wild-type (WT) or mutant K-Rev, as also described for Fig. 5A. The
negative control (Neg) consists of yeast cells expressing the MS2/K-RRE/as
(antisense) RNA and the wild-type VP16/K-Rev fusion protein. Induced B-Gal
activities were determined as previously described (5).

mid; this has previously been shown to result from the H-Rev-
induced nuclear export of the encoded unspliced cat mRNA
(23, 30). As a control, we cotransfected a previously described
(30) dominant negative mutant of H-Rev, termed M32, that
lacks a functional NES. As expected, this resulted in >20-fold
inhibition of CAT expression (Fig. 7B). In contrast, the K-Rev
mutants that potently inhibited wild-type K-Rev function (Fig.
7A) had no significant inhibitory effect on H-Rev (Fig. 7B); the
inhibition of the K-Rev-induced cat mRNA expression re-
ported in Fig. 7A therefore clearly reflects a specific, dominant
negative phenotype.

DISCUSSION

The critical importance of H-Rev in the HIV-1 replication
cycle and the fact that H-Rev was the first sequence-specific
nuclear mRNA export factor to be identified have led to con-
siderable interest in the mechanism of action of H-Rev (8, 34).
As a result, H-Rev has been subjected to intense mutational
analysis, which has led to the fairly precise definition of the
sequences within H-Rev required for RNA binding, nuclear
localization, homomultimerization, and Crm1 binding. Muta-
tion of the leucine-rich Crm1 binding motif on H-Rev, which
also blocks Rev nuclear export, gives rise to a potent dominant
negative phenotype (10, 11, 30, 31). This inhibition most prob-
ably reflects the formation of inactive multimers, containing
both mutant and wild-type H-Rev, on the K-RRE. On the
other hand, H-Rev mutants that are unable to bind the K-RRE
or to multimerize are essentially recessive negative (28, 30).
Importantly, mutations that block H-Rev function can be
shown to inactivate one or more of the biological properties of
H-Rev enumerated above (28, 30, 34).

Although the HTLV-1 Rev protein has not yet been sub-
jected to the level of experimental analysis applied to H-Reyv,
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Rex has been shown to share a similar set of functional do-
mains, albeit not in the same relative position within the linear
protein sequence (6, 18, 22, 33, 41). Again, mutations that
block Rex function have been shown to affect RNA binding,
Crm1 binding, multimerization, or NLS function. Of interest,
while certain Rex mutants are also dominant negative, these
appear to be defective for multimerization rather than for
Crm1 recruitment, and they have therefore been proposed to
act by a squelching mechanism (20).

Previously, we had demonstrated that K-Rev, like H-Rev
and Rex, is able to bind to Crml and to its cognate RNA
target, the K-RRE, as well as to multimerize and to shuttle
between nucleus and cytoplasm (43). We therefore sought to
use mutational analysis to identify the functional domains im-
portant for these biological activities and to assess their role in
K-Rev-mediated nuclear RNA export. It was anticipated that
these experiments would permit a comparison of the functional
architecture of K-Rev with that of H-Rev and Rex and hence
perhaps shed new light on the evolution of these unusual
retroviral regulatory proteins.

This report described 14 missense mutants of the 105-aa
K-Rev protein and reports an extensive analysis of the biolog-
ical properties of these mutants, 9 of which have lost the ability
to induce K-RRE-dependent RNA export activity (summa-

A

Relative Activity

FIG. 7. Dominant negative phenotypes of K-Rev mutants. (A) 293T cells
were transfected with 25 ng of the indicator construct pDM128/K-RRE, 50 ng of
pBC12/CMV (Neg), or 50 ng of the wild-type (WT) K-Rev expression plasmid
pBC12/CMV/K-Rev. In addition, the cells were cotransfected with 1 g of the
parental pBC12/CMYV plasmid (Neg and Control) or with 1 pg of a pBC12/
CMV-based plasmid encoding wild-type or mutant K-Rev. Induced CAT activ-
ities were determined at ~48 h posttransfection, adjusted using the B-Gal inter-
nal standard, and then normalized to the control activity, which was arbitrarily
set at 100. These data represent the average of three independent experiments
with the standard deviation indicated. (B) Similar to panel A except that 293T
cells were transfected with 25 ng of the H-RRE-based indicator plasmid
pDM128/CMYV and with 50 ng of the H-Rev expression plasmid pcRev. M32 is
a previously described (30) dominant negative mutant of H-Rev.
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TABLE 1. Biological properties of K-Rev mutants”

Wild-type subcellular

Virus Function localization” Crm1 binding Multimerization RNA binding Dominant negative
ocalization’
Wild type + + + + + NA
K1 + + + + + NA
K2 - - + + - +
K3 + - + + +/= NA
K4 - - + + + +
K5 - - + + + +
K6 - + + + + +
K7 - - - - +/= +
K8 - + +/— + + +
K9 +/— + + + + NA
K10 - + + + + +
K11 - - + - +/= +
K12 - - + - +/— +
K13 +/— - + + + NA
K14 + + + + + NA

“ Compilation of the results presented in Fig. 2 through 7. +, comparable to wild-type K-Rev; +/—, partial activity; —, inactive; NA, not applicable.
 Same localization as wild-type K-Rev in both the absence and presence of ACAN (Fig. 3).

rized in Table 1). Importantly, all of these K-Rev mutants were
expressed at readily detectable levels, as determined by immu-
nofluorescence (Fig. 3) or Western blot analysis (Fig. 4B).
Further, all K-Rev mutants retained one or more specific bi-
ological functions (Table 1), and therefore are not acting by
simply inducing a global misfolding of the K-Rev protein.

RNA binding and nuclear import. The RNA binding and
NLS sequences in H-Rev and Rex both coincide with an argi-
nine-rich motif (16, 28, 33, 40); we therefore anticipated that
the similar arginine-rich sequence present in K-Rev (Fig. 1)
might fulfill a similar function. Of the 14 mutations introduced
into K-Rev, 2 (K2 and K3) were targeted to this basic motif.
The K2 mutant was found to be inactive, while K3 retained
almost full activity (Fig. 2), thus implying that the latter mu-
tation was not particularly deleterious.

Analysis of K-RRE binding by the K-Rev mutants showed
that K2 lacked any binding ability whereas the ability of K3 was
significantly attenuated (Fig. 6). Therefore, it appears that the
K-Rev arginine motif is indeed critical for binding to the K-
RRE. All other K-Rev mutants except K7, K11, and K12
bound the K-RRE effectively. However, these three exceptions
are all defective for multimerization (Fig. 5), and we believe
their lower K-RRE binding activity likely reflects their inability
to effectively multimerize on the K-RRE.

While the wild-type K-Rev protein is normally cytoplasmic,
specific inactivation of Crm1 function results in localization of
K-Rev to the nucleus (27, 43). This result demonstrates that
K-Rev is a nucleocytoplasmic shuttle protein whose cytoplas-
mic localization requires ongoing nuclear export mediated by
Crml and implies the existence of an NLS whose function is
revealed only when K-Rev nuclear export is inhibited. How-
ever, a fusion protein consisting of the amino-terminal 29 aa of
K-Rev, including the entire basic domain, linked to the heter-
ologous B-Gal protein only weakly localized to the nucleus (H.
Wiegand, unpublished observation), thus implying that the K-
Rev NLS is not active in this fusion protein context or that this
NLS extends significantly beyond the K-Rev arginine motif
(Fig. 1). We therefore instead attempted to define the putative
K-Rev NLS by subcellular localization of mutants of full-length
K-Rev using immunofluorescence analysis (Fig. 3).

The phenotype expected for a K-Rev protein lacking a func-
tional NLS is continued cytoplasmic localization even in the
absence of Crm1 function. This is in fact exactly what is seen
with K2 (Fig. 3), thus supporting the hypothesis that the K-Rev

arginine motif is important for K-Rev nuclear import. Surpris-
ingly, however, mutants K4, K5, and K11 were also all cyto-
plasmic when Crml was inhibited. Therefore, these mutants
appear to have lost the ability to import into the nucleus. This
finding suggests the surprising possibility that nuclear import
of K-Rev is mediated by the combined action of several dis-
continuous K-Rev sequences. If true, this result would clearly
explain why fusion of only the amino-terminal 29 aa of K-Rev
to B-Gal did not result in effective nuclear import (see above).

Analysis of the subcellular localization of K-Rev mutants
(Fig. 3) revealed that K3 was nuclear at steady state. Because
K3 is, however, biologically active (Fig. 2), it seems improbable
that this reflects an inability to export from the nucleus. We
therefore hypothesize that the K3 mutation may actually en-
hance the function of the otherwise relatively ineffective NLS
present in K-Rev, so that import becomes more efficient than
Crml-dependent export, i.e., the situation normally seen with
H-Rev and Rex (33, 40). However, this hypothesis can be
substantiated only by a more complete analysis of K-Rev nu-
cleocytoplasmic transport.

Crml binding and nuclear export. Analysis of Crm1 binding
to K-Rev in 293T cells (Fig. 4A) showed that K7 was defective
for Crm1 binding whereas the activity of K8 was highly atten-
uated. K9 and K12 were also somewhat attenuated for Crml1
binding, while all other mutants showed =50% of the wild-type
K-Rev activity. The K7 mutant was found to be nuclear at
steady state (Fig. 3), consistent with a block in Crm1-depen-
dent nuclear export. Surprisingly, K8 retained cytoplasmic lo-
calization in the presence of functional Crml and became
nuclear in the absence of Crm1 function (Fig. 3), thus implying
that the weak interaction observed between K8 and Crm1 (Fig.
4A) was sufficient to maintain nucleocytoplasmic shuttling. Not
only K7 but also K3, K12, and K13 were nuclear at steady state.
Of interest, K13 was specifically excluded from nucleoli
whereas K12 tended to concentrate in the nucleoli (Fig. 3), as
also seen for wild-type K-Rev in the absence of Crm1 function
(27, 43). The significance of this difference is not, however,
clear. We have argued above that the active K3 mutant is likely
nuclear due to enhanced NLS function. Both K12 and K13
retain substantial Crm1 binding activity, and it is therefore
possible that they also exhibit enhanced nuclear import. Alter-
nately, they may be retained in the nucleus for unknown rea-
sons distinct from any inability to recruit Crml1.

H-Rev and Rex, as well as most other proteins that depend
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on Crml to mediate their nuclear export, have been shown to
contain a short, leucine-rich sequence that serves as a specific
Crml1 binding site and hence as an NES (3, 4, 10, 11, 25, 31, 38,
42). The function of this NES is dependent on the appropriate
spacing of four hydrophobic, most commonly leucine, residues
interspersed by smaller, hydrophilic residues. A consensus se-
quence for leucine-rich NESs that envisages a spacing of two or
three residues between leucines 1 and 2 and leucines 2 and 3
and a single residue between leucine residues 3 and 4 has been
proposed (4, 25). This latter spacing appears invariant in func-
tional leucine-rich NESs (25). While the K-Rev sequence 50-
WAQLKKLTQL-59 bears some similarity to known leucine-
rich NESs (8, 27, 34), it clearly does not have a single-residue
spacer between the two most carboxy-terminal leucines and
therefore does not conform to this consensus. Nevertheless,
mutation K7, which changes tryptophan 50 to alanine, blocks
Crm1 binding, while mutations K8, which changes leucine 53
to alanine, and K9, which changes leucine 59 to alanine, reduce
Crm1 binding (Fig. 4A). However, the latter two mutants differ
from K7 in that they retain the ability to shuttle between
nucleus and cytoplasm (Fig. 3). Although this K-Rev motif
could represent an unusual leucine-rich NES, substitution of
this sequence for the authentic leucine-rich NES present in
H-Rev did not rescue H-Rev function (Bogerd, unpublished),
even though leucine-rich NESs from several proteins have
previously been shown to support H-Rev-induced nuclear ex-
port when switched for the H-Rev NES (13-15, 22, 41). To test
whether repair of the spacing of the leucine residues in the
putative K-Rev NES would enhance activity, we exchanged the
last two residues to give S0-WAQLKKLTLQ-59, a sequence
that closely matches the NES consensus (4, 25). However, this
did not result in enhanced K-Rev function (Bogerd, unpub-
lished).

K-Rev multimerization. The ability of K-Rev to multimerize
or, more accurately, to at least dimerize was assayed in both
human and yeast cells (Fig. 5). In both systems, K7, K11, and
K12 were defective for multimerization whereas all other mu-
tants were essentially wild type. It has previously been demon-
strated that Crm1 substantially enhances both H-Rev and Rex
multimerization in vivo (6, 18, 26), and these latter two pro-
teins, at least, are known to bind to Crm1 in not only human
but also yeast cells (31). It therefore seems possible that the
inability of the K7 mutant to bind to Crml (Fig. 4A) may
underly the apparent defect in multimerization. If this is the
case, then the true multimerization domain in K-Rev would
actually coincide with the sequence defined by mutants K11
and K12, both of which lack K-RRE nuclear export activity.

Biological activities of K-Rev mutants. The data discussed
above suggest that RNA binding by K-Rev involves an obvious
arginine-rich motif (residues 8 to 20) that bears a clear simi-
larity to the arginine-rich RNA binding domains present in
H-Rev and Rex (8, 16, 28, 34). This motif also appears impor-
tant for nuclear import of K-Rev. Binding to Crm1 requires the
integrity of a K-Rev sequence (residues 50 to 59) that features
several large hydrophobic residues, although this motif ap-
pears distinct from the NESs previously defined in H-Rev and
Rex (4, 8, 25, 34). Finally, K-Rev multimerization appears to
require residues localized around 76 to 84.

Unfortunately, these data do not allow us to fully explain the
RNA export activities observed for some K-Rev mutants. Par-
ticularly puzzling is why certain K-Rev mutants are unable to
support K-RRE-dependent nuclear export when they appear
wild type for all properties examined. Specifically, mutants K6,
K8, and K10 appear fully active for RNA binding, Crm1 bind-
ing, multimerization, and nucleocytoplasmic shuttling yet are
inactive for RNA export (Fig. 2; Table 1). No equivalent mu-
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tants have so far been described for H-Rev or Rex. A further
mystery is that all nine inactive K-Rev mutants turn out to be
potent dominant negative inhibitors of K-Rev (Fig. 7). This is
clearly unlike the situation reported for H-Rev and Rex, where
dominant negative mutants selectively block Crm1 binding and
multimerization, respectively (6, 11, 18, 28, 30, 31, 38). In
contrast, these nine K-Rev mutants are defective in several
different ways (Table 1). However, it is unlikely that these
K-Rev mutants act by sequestering a limiting supply of Crml,
both because K7, which does not bind to Crm1, is a dominant
negative mutant (Fig. 4A and 7A) and because none of these
K-Rev mutants proved able to inhibit H-Rev function (Fig.
7B).

In conclusion, we have defined sequences in K-Rev that
function in Crm1 and K-RRE binding, multimerization, and
K-Rev nucleocytoplasmic shuttling. While each of these activ-
ities appears critical for K-Rev function, their loss does not
fully suffice to explain the phenotypes observed for certain
K-Rev mutants in mediating K-RRE-dependent nuclear RNA
export. Our data may therefore imply the existence of an ad-
ditional, unknown interaction that is required to mediate K-
Rev function but that may play no role in the nuclear mRNA
export induced by the perhaps more highly evolved H-Rev and
HTLV-1 Rex proteins.
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