Using viral species specificity to detine
a critical protein/RNA interaction surface
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The Tap protein mediates the sequence-specific nuclear export of mRNAs bearing the retroviral constitutive
transport element (CTE) and also plays a critical role in the sequence nonspecific export of cellular mRNAs.
Previously, we have demonstrated that CTE function displays species specificity, that is, the CTE functions in
human but not quail cells. Here, we demonstrate that quail Tap fails to support CTE function because it
cannot bind the CTE. However, changing a single residue in quail Tap, glutamine 246, to arginine, the residue
found in human Tap, rescues both CTE function and CTE binding. This residue, which is located on the
exterior of a recently reported molecular structure of Tap, defines a surface on Tap that is critical for CTE
binding. These data emphasize the potential importance of cross-species genetic complementation in the
identification and characterization of cellular factors that are critical for different aspects of viral replication.
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Retroviral replication requires the nuclear export and cy-
toplasmic translation of both unspliced and spliced
forms of the initial, genome-length retroviral transcript
(for review, see Cullen 2000). However, cells have devel-
oped surveillance mechanisms that prevent the inappro-
priate export of incompletely spliced cellular mRNAs,
that is, pre-mRNAs, and these same mechanisms also
have the potential to block the nuclear export of intron-
containing retroviral mRNAs. Retroviruses have devel-
oped at least two mechanisms to deal with this problem.
Thus, human immunodeficiency virus type 1 (HIV-1) en-
codes a regulatory protein, termed Rev, that recruits the
cellular nuclear export factor Crm1 to a cis-acting RNA
target present in all incompletely spliced viral mRNAs
(Malim et al. 1989b; Fornerod et al. 1997; Neville et al.
1997; Stade et al. 1997). Surprisingly, Crm1 is not be-
lieved to play a direct role in cellular mRNA export
(Fischer et al. 1995; Bogerd et al. 1998; Neville and Ros-
bash 1999) and, instead, normally acts to export snRNAs
and a range of proteins from the nucleus, in the latter
case by binding to a short leucine-rich consensus se-
quence that also functions as a nuclear export signal
(NES) (Malim et al. 1991; Fischer et al. 1995).
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Although simple retroviruses, by definition, do not en-
code regulatory proteins equivalent to Rev they face the
same problem of how to export incompletely spliced vi-
ral mRNAs out of the nucleus in the face of cellular
pre-mRNA retention mechanisms. In the case of the
simian type D viruses, this problem has been solved by
evolution of a constitutive transport element (CTE), a
cis-acting RNA sequence that activates unspliced viral
RNA export independently of any viral gene product
(Bray et al. 1994). The cellular cofactor for the CTE,
termed Tap or NXF1, was subsequently identified based
on its ability to bind the CTE found in the retrovirus
Mason-Pfizer Monkey Virus (MPMV) with high affinity
in vitro (Griiter et al. 1998).

Two lines of evidence suggest that Tap also plays a key
role in the sequence-nonspecific export of most, or pos-
sibly all, mRNA molecules from the eukaryotic nucleus.
First, microinjection of excess levels of the MPMV CTE
into Xenopus oocyte nuclei specifically blocks the
nuclear export of not only CTE-containing RNAs but
also of coinjected cellular mRNAs. In contrast, nuclear
export of other classes of RNA, such as snRNA and
tRNA, remains unaffected (Pasquinelli et al. 1997,
Saavedra et al. 1997). Importantly, nuclear export of both
CTE-containing and cellular mRNAs could be rescued
by injection of recombinant Tap protein, implying that
Tap plays a key role in this process (Griiter et al. 1998).
A second line of evidence supporting a critical role for
Tap in nuclear mRNA export comes from the finding
that the yeast homolog of Tap, termed Mex67p, is essen-
tial for global poly(A)" RNA export in yeast cells (Segref
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et al. 1997). Remarkably, the viability of Mex67p-defi-
cient yeast cells could be rescued by expression of hu-
man Tap (hTap) together with a proposed hTap cofactor
termed p15-1 or NXT-1 (Katahira et al. 1999). These data
imply that the critical importance of Tap in mediating
nuclear mRNA export has been conserved through much
of eukaryotic evolution.

An interesting aspect of the MPMV CTE is that this
RNA element fails to support nuclear RNA export in
quail cells (Kang and Cullen 1999). However, CTE func-
tion can be rescued by expression of hTap in trans. This
observation, together with in vitro experiments per-
formed in parallel, has greatly facilitated the identifica-
tion and characterization of functional domains within
hTap. Specifically, the 619-amino-acid hTap protein is
now known to contain a domain that mediates CTE
binding (approximately amino acids 96-372), a central
domain that recruits the pl15-1 cofactor (~370-490), and
an essential carboxy-terminal domain that directly inter-
acts with several nucleoporins and that also functions as
an NES (~550-619) (Braun et al. 1999; Kang and Cullen
1999; Katahira et al. 1999). Recently, an X-ray crystallo-
graphic analysis of the molecular structure of the CTE-
binding domain of hTap has been presented (Liker et al.
2000). This region of hTap was shown to consist of a
noncanonical ribonucleoprotein (RNP) domain linked to
an adjacent leucine-rich repeat (LRR) domain, both of
which are required for CTE binding.

In this paper, we have defined the molecular basis for
the lack of MPMV CTE function in quail cells. Using a
series of in vivo and in vitro assays, we demonstrate that
the MPMV CTE fails to function in quail cells because
quail Tap (qTap) cannot bind to the CTE. However, both
CTE binding by qTap and CTE function in quail cells can
be completely rescued by changing a single residue in
qTap, glutamine 246, to arginine, the residue found at
the equivalent position in hTap. Although this arginine
residue is located on the surface of the Tap LRR domain
structure described recently by Liker et al. (2000), its
location is inconsistent with their proposal that CTE
binding by Tap is structurally comparable to U2 snRNA
binding by the U2B"-U2A’ heterodimer. Instead, this
natural sequence variant defines an RNA binding surface
on Tap that predicts a novel structure for the hTap:CTE
complex.

Results
Molecular cloning of a cDNA encoding quail Tap

Homologs of the hTap nuclear RNA export factor have
been reported in a range of species, including fruit flies,
nematodes, and fungi (Katahira et al. 1999; Kang et al.
2000; Tan et al. 2000). Although it seemed improbable
that the inability of the MPMV CTE to function in quail
cells would result from the lack of a Tap homolog in
these cells, we nevertheless wished to confirm that quail
cells do express a protein related to hTap. Using a rabbit
polyclonal antiserum directed against residues 61-372 of
hTap, we performed a Western blot analysis of proteins
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extracted from an equivalent number of human (293T) or
quail (QCI-3) cells. As shown in Figure 1A, this anti-
hTap antiserum detected a single protein band in the
QCI-3 cells that comigrated with the major band de-
tected in human cells. We therefore conclude that quail
cells express a protein that is closely related in size and
probably also amino acid sequence to hTap.

To molecularly clone qTap we prepared a phage \
cDNA library using poly(A)" mRNA derived from the
QCIl-3 cell line and then recovered part of the qTap
cDNA sequence by PCR amplification using primers
complementary to tap sequences conserved in humans
and fruit flies. A 3>P-labeled form of the resultant PCR
generated qTap DNA fragment was then used to probe
the quail cDNA library, resulting in the recovery of sev-
eral full-length or partial cDNA copies of the gTap gene.
In Figure 1B, the predicted amino acid sequence of the
qTap protein encoded by the complete gTap cDNA se-
quence is aligned with the hTap protein. The qTap pro-
tein is predicted to be 75% identical and 85% similar to
hTap and is only three amino acids shorter than the 619-
amino-acid hTap sequence. The greatest sequence diver-
gence, including several small gaps and insertions, was
found within the amino-terminal ~90 amino acids of
Tap, which are known to be largely dispensable for hTap-
mediated export of mRNAs bearing the MPMV CTE
(Braun et al. 1999; Kang and Cullen 1999). Known func-
tional domains in hTap, including the MPMV CTE-bind-
ing domain (~96-372), the p15-1 cofactor-binding do-
main (~370-490), and the NES/nucleoporin-binding se-
quence (~550-619) are in contrast well conserved (Kang
and Cullen 1999; Katahira et al. 1999; Bachi et al. 2000;
Kang et al. 2000; Liker et al. 2000).

The quail Tap protein can support sequence
nonspecific nuclear mRNA export

The hTap protein is believed to play a critical role in not
only the sequence-specific nuclear export of incom-
pletely spliced MPMV mRNAs bearing the viral CTE but
also in the sequence-nonspecific export of global
poly(A)" mRNAs (Pasquinelli et al. 1997; Saavedra et al.
1997; Katahira et al. 1999). Although the importance of
hTap in the former export pathway can be readily dem-
onstrated by functional complementation in quail cells
or frog oocytes (Griter et al. 1998; Kang and Cullen
1999), demonstration of the latter activity of Tap is dif-
ficult in metazoan cells. However, it has been demon-
strated that hTap, together with its cofactor p15-1, can
rescue the viability of yeast Saccharomyces cerevisiae
cells lacking the essential yeast Tap homolog Mex67p
and/or the proposed yeast pl5-1 homolog Mtr2p, pre-
sumably by rescuing nuclear mRNA export (Katahira et
al. 1999). We therefore wished to test whether qTap
would also support nuclear mRNA export in Mex67p-
and/or Mtr2p-deficient yeast cells.

The experiment shown in Figure 2, A and B, uses a
previously reported yeast strain (Katahira et al. 1999)
that lacks a functional genomic mex67 gene but is
complemented by wild-type mex67 on a plasmid bearing
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the ura marker. This marker also allows growth on ura-
cil-deficient media but is toxic to yeast on media con-
taining 5-fluoroorotic acid (5-FOA). Complementation
by metazoan tap and/or p15-1 genes can be tested by
introducing one or both of these genes on plasmids that
encode the selectable markers leu or trp, followed by
growth on plates containing 5-FOA, that is, under con-
ditions that select for loss of the complementing ura
plasmid encoding Mex67p.

As shown in Figure 2B, and as reported previously
(Katahira et al. 1999), yeast cells lacking Mex67p were
not viable (B4) and this defect could not be comple-
mented by expression of hTap (B1) or human p15-1 (B2)
alone. However, expression of both hTap and p15-1 res-
cued viability and growth (B3). Similarly, expression of
only qTap did not rescue the viability of Mex67p-defi-
cient yeast (B5), but expression of full-length qTap to-
gether with human p15-1 did rescue viability (B6). The
lack of growth of four of the transformants analyzed in
Figure 2B did not result from an intrinsic loss of viabil-
ity, as all transformants were viable on plates that se-
lected for trp, leu, and ura (Fig. 2A). We therefore con-
clude that qTap can rescue the mRNA export defect
present in Mex67p-deficient yeast cells but only when
coexpressed with human p15-1. Exactly the same pat-
tern of complementation was observed upon transforma-
tion of Mtr2p deficient yeast (data not shown).

The data presented in Figure 2B imply that qTap must
be able to functionally interact with human p15-1 and
also suggest that qTap can target yeast mRNA molecules
to the nuclear pore complex, that is, that qTap, like
hTap, should be able to interact with specific nucleopor-
ins. To test this hypothesis, we performed a yeast two-
hybrid analysis (Fields and Song 1989) comparing the
ability of hTap and qTap to bind to human p15-1 and to
the human nucleoporins CG1 and Nup153, both known
targets for hTap (Bachi et al. 1999; Katahira et al. 1999).
As shown in Figure 2C, qTap and hTap were both found
to bind pl15-1, CGl and Nupl53 specifically in this
assay.

A single amino acid change in qTap rescues
CTE-dependent nuclear mRNA export

The extensive sequence similarity between hTap and
qTap (Fig. 1B), together with evidence suggesting that
qTap can support sequence nonspecific nuclear RNA ex-

Figure 1. Identification of the qTap gene product. (A) Total
cellular proteins, prepared from human 293T or quail QCI-3
cells, were resolved on a 4%-15% acrylamide/SDS gel, and blot-
ted to nitrocellulose. Membranes were probed with pre-im-
mune sera (Pre-Imm.) or with polyclonal sera raised in the same
rabbit against bacterially expressed GST-hTap (61-372) (Imm.).
Reactive proteins were visualized by enhanced chemilumines-
cence. (B) Amino acid sequence comparison of hTap and qTap.
Identical and similar amino acids are indicated. A crucial argi-
nine residue (R249) required for CTE function is denoted by an
asterisk. The sequence of qTap has been deposited into the
DDBJ/EMBL/GenBank database (accession no. AF343749).
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Figure 2. The qTap protein can support sequence nonspecific
nuclear mRNA export. (A,B) Complementation of a yeast
mex67- null strain by coexpression of hTap(61-619) or qTap
and human pl5-1. The yeast strain mex67::HIS3, comple-
mented with plasmid pURA3-MEX67, was cotransformed with
the following plasmids: (1) pPGK-TRP/hTap(61-619) and pP-
GK-LEU; (2) pPGK-TRP and pPGK-LEU/p15-1; (3) pPGK-TRP/
hTap(61-619) and pPGK-LEU/p15-1; (4) pPGK-TRP and pPGK-
LEU; (5) pPGK-TRP/qTap and pPGK-LEU; (6) pPGK-TRP/qTap
and pPGK-LEU/p15-1. Transformants were grown on SDC-leu-
trp-ura for 3 days and then transferred to SDC-trp-leu plates (A)
or SDC-trp-leu plates containing 5-FOA (B). (C) The ability of
qTap to bind to human p15-1 and to the FG-repeat regions of
two human nucleoporins, CG1 and Nupl53, was measured by
yeast two-hybrid analysis. hTap and qTap proteins were ex-
pressed as GAL4 DNA-binding domain fusions, while p15-1,
hCG1 and Nup153 were expressed fused to the VP16 transcrip-
tion activation domain. After selection for transformants, in-
duced B-gal activity was measured as described (Bogerd et al.
1993). Results shown are the average of 3 experiments and are
expressed as mOD (milli-optical-density units)/mL.

port (Fig. 2), suggested that the inability of qTap to sup-
port MPMV CTE function might be due to only one or a
small number of sequence differences with hTap. To de-
fine the sequences within qTap that are responsible for
this phenotypic difference with hTap, we constructed a
set of hTap/qTap chimeras, some of which are presented
in Figure 3A and then measured their ability to rescue
MPMV CTE function in transfected quail cells (Fig. 3B).
The assay used to measure CTE function utilizes the
previously described indicator plasmid pDMI128/CTE
(Hope et al. 1990; Malim et al. 1991; McDonald et al.
1992; Bogerd et al. 1998; Kang and Cullen 1999). This
plasmid contains a cat gene and the MPMV CTE, flanked
by 5’ and 3’ splice sites, under the transcriptional control
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of the cytomegalovirus immediate early promoter. Ex-
pression of the cat indicator gene requires the nuclear
export of an unspliced cat mRNA and this only occurs
effectively when the CTE is functional.

As described previously (Kang and Cullen 1999; Kang
et al. 2000), transfection of QCI-3 cells with the
pDM128/CTE indicator plasmid induces only a low level
of CAT enzyme activity (Fig. 3B). However, cotransfec-
tion of an hTap expression plasmid results in an ~10-fold
increase in CAT expression because of the activation of
MPMV CTE-dependent export of unspliced cat mRNA
from the quail cell nucleus. In contrast, cotransfection of
a similar qTap expression plasmid has no detectable ef-
fect on the level of CAT expression (Fig. 3B).

We first constructed a nested set of full-length hTap/
qTap chimeras containing hTap amino-terminal se-
quences substituted in place of the equivalent qTap resi-
dues (Fig. 3A). Chimeras containing hTap residues
1-142, 1-188, or 1-242 failed to rescue CTE function in
quail cells, whereas chimeras containing hTap residues
1-268, 1-293, or 1-325 were as active as wild-type hTap
(Fig. 3B). We therefore conclude that the carboxy-termi-
nal border of the hTap sequence that permits rescue of
CTE function in quail cells lies between hTap residues
242 and 268.

We next attempted to map the amino-terminal border
of these critical hTap sequences. As shown in Figure 3,
substitution of hTap residues 226-325 or 240-325 into
qTap also rescued CTE function, whereas residues 255-
325 had no beneficial effect. These data suggested that
substitution of only 29 hTap residues, located between
240 and 268, should suffice to rescue the ability of qTap
to support CTE function, as indeed proved to be the case
(plasmid h[240-268]q Tap, Fig. 3B).

Comparison of residues 240-268 in hTap with the
equivalent qTap sequence (Fig. 1B) revealed seven amino
acid differences. We particularly noted the substitution
of Arg 249 in hTap with a Gln in qTap, as basic residues
can play a key role in nucleic acid binding. We therefore
constructed a point mutant in qTap in which this Gln
(residue 246 in qTap) was substituted with Arg to give
qTap(Q246R). As shown in Figure 3B, this single amino
acid substitution fully rescued the ability of qTap to sup-
port MPMV CTE function in transfected quail cells. In
contrast, mutation of five other divergent residues in
the qTap 240-265 sequence to their human equivalent
failed to enhance the ability of qTap to support MPMV
CTE function (plasmid qTap[5X], Fig. 3B). We also mu-
tated residue Arg 249 in hTap to Gln (hTap[R249Q)])
to make the exact converse of the qTap(Q246R) mutant.
As shown in Figure 3B, this single amino acid muta-
tion blocked the ability of hTap to support MPMV CTE
function. Importantly, the inactive hTap(R249Q) mu-
tant, as well as all other Tap mutants functionally ana-
lyzed in Figure 3B, were found to be expressed at com-
parable levels as determined by Western blot (Fig. 3C).
We therefore conclude that a single glutamine residue,
which is substituted by an arginine in hTap, is respon-
sible for the inability of qTap to support MPMV CTE
function.
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Figure 3. A single amino acid change in qTap rescues CTE function. (A) Schematic diagram of the various human/quail chimeras and
mutant Tap constructs used in this study. hTap sequences are in black; qTap sequences are in white. All coordinates refer to the hTap
sequence except for those in brackets, which refer to qTap. (B) QCI-3 cells (35-mm cultures) were transfected with 25 ng of the
pDM128/CTE reporter plasmid, 50 ng of the pPBC12/CMV/B-gal internal control plasmid and 200 ng of the indicated effector plasmid.
The parental plasmid pBC12/CMYV served as a negative control. Induced CAT activities are expressed relative to the culture transfected
with the pHA-hTap expression plasmid. Average of three transfection experiments with standard deviation indicated. (C) To confirm
that all Tap variants were expressed, a Western analysis of transfected QCl-3 cells was performed using a monoclonal antibody directed
towards an amino-terminal HA epitope tag. Mock transfected cells served as the negative control.

qgTap fails to support MPMV CTE function because it
cannot bind the CTE

The apparent ability of qTap to support sequence non-
specific nuclear mRNA export (Fig. 2) but not CTE-de-
pendent mRNA export (Fig. 3) suggested that qTap might
be defective in binding to the MPMV CTE. To address
this issue, we used in vivo and in vitro assays to analyze
the ability of hTap, qTap, and selected qTap mutants and
chimeras to bind to the MPMV CTE (Fig. 4).

We have described previously (Kang and Cullen 1999)
an assay for the detection of sequence-specific RNA
binding in the mammalian cell nucleus that uses the
unusual Tat transcriptional activator encoded by HIV-1.
Tat normally activates transcription from the HIV-1 long
terminal repeat (LTR) promoter after binding to a pro-
moter-proximal viral RNA target termed TAR (for re-
view, see Cullen 1998). However, Tat can also effectively
activate the HIV-1 LTR promoter when recruited to a
heterologous RNA target, substituted in place of TAR,
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when expressed as a fusion with a protein displaying the
appropriate RNA-binding specificity. In this context, Tat
serves as a transcription activation domain whereas the
fused protein serves exclusively as an RNA-binding
domain.

As demonstrated previously (Kang and Cullen 1999), a
fusion protein consisting of Tat fused to hTap activates
the expression of a cat indicator gene linked to an HIV-1
LTR bearing the MPMV CTE in place of TAR (Fig. 4A).
This activation is specific, as point mutations that block
CTE function also block the ability of the CTE to sup-
port transcriptional activation by the Tat-hTap fusion.
As shown in Figure 4A, a Tat—qTap fusion protein was,
in contrast, unable to support transcriptional activation
of the HIV-1 LTR bearing the MPMV CTE. Analysis of a
set of hTap/qTap chimeras or mutants demonstrated
that all of the Tap proteins that failed to support CTE
function in quail cells (Fig. 3B) were also unable to sup-
port recruitment of the fused Tat activation domain to
an HIV-1 LTR containing the MPMV CTE in cis (Fig.
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Figure 4. CTE-binding activity of hTap/qTap chimeras. (A)
The indicated Tap variants were expressed fused to the HIV-1
Tat protein and their ability to bind to either the MPMV CTE or
the M1-AB CTE mutant then assayed in vivo. Human 293T
cells (35-mm cultures) were transfected with 100 ng of either
pCTE/CAT or of the pCTE(M1-AB)/CAT negative control plas-
mid, 50 ng of pBC12/CMV/B-gal and 500 ng of the indicated
effector plasmid. Induced CAT activities are expressed relative
to the culture transfected with the pTAT-hTAP expression
plasmid. Average of three experiments. (B) Binding to the
MPMV CTE in vitro was analyzed by electrophoretic mobility
shift assay using a >?P-labeled CTE RNA probe. The fusion pro-
teins used consisted of GST linked to wild-type or mutant forms
of the RNA-binding domain of hTap (amino acids 61-372) or the
equivalent sequence in qTap (amino acids 68-369), as indicated.
(EP) Free probe; (C), bound probe.

4A). Importantly, substitution of Gln 246 with Arg en-
tirely rescued in vivo binding of the Tat-qTap fusion
protein to the MPMV CTE, whereas the converse muta-
tion, that is, substitution of Arg 249 with Gln in hTap,
blocked recruitment of the Tat-hTap fusion protein to
the CTE (Fig. 4A). All Tat fusions were expressed at com-
parable levels, as documented by Western blot analysis
(data not shown). Closely comparable data confirming
that qTap differs from hTap in being unable to bind to
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the MPMV CTE in vivo were also obtained using the
yeast three-hybrid assay (SenGupta et al. 1996) (data not
shown).

We wished to demonstrate that the inability of qTap to
effectively bind to the MPMV CTE was not due to the
presence or absence of some cellular factor but was in-
stead an intrinsic property of qTap. We therefore used a
previously described gel retardation assay (Kang and
Cullen 1999) to analyze the ability of recombinant pro-
teins consisting of the hTap CTE-binding domain (amino
acids 61-372), or the equivalent sequence in qTap (amino
acids 68-369), fused to glutathione-S-transferase (GST)
to bind the CTE in vitro. As shown in Figure 4B, both
hTap and the qTap(Q246R) mutant proved able to bind
to a >*P-labeled CTE RNA probe whereas both qTap and
the hTap(R249Q) mutant failed to bind detectably.
These in vivo (Fig. 4A) and in vitro (Fig. 4B) data there-
fore clearly demonstrate that substitution of Gln 246 in
qTap with arginine, the residue found in hTap, rescues
not only the ability of qTap to support CTE function (Fig.
3B) but also CTE binding (Fig. 4).

Recruitment of hTap or qTap to a heterologous RNA
target activates nuclear RNA export

The data presented thus far imply that qTap is a fully
functional nuclear mRNA export factor. They also indi-
cate that the inability of qTap to support the sequence-
specific nuclear export of mRNAs bearing the CTE en-
coded by the primate retrovirus MPMYV results entirely
from the inability of qTap to bind to this heterologous
RNA target. These data therefore predict that qTap
should be as active as hTap in mediating nuclear mRNA
export in human cells if it could be effectively recruited
to an mRNA target.

Previously, it has been reported that the Rev nuclear
mRNA export factor encoded by HIV-1 is able to induce
the nuclear export of RNAs bearing the bacteriophage
MS2 translational operator RNA target when expressed
as a fusion to the MS2 coat protein (McDonald et al.
1992). This activity required a minimum of two MS2
RNA-binding sites but was most robust when four MS2
sites were present in cis and was specific in that RNA
export was blocked by mutation of the critical NES pre-
sent in Rev. We therefore asked whether the Tap protein
would also induce RNA export when recruited to a het-
erologous RNA-binding site. The indicator construct
used to address this question, termed pDM128/4XMS2,
is similar to the pDM128/CTE plasmid used in Figure 3B
except that it bears four tandem MS2 RNA-binding sites
within the intron instead of a copy of the MPMV CTE.
The parental plasmid for both pDMI128/CTE and
pDM128/4XMS2, termed pDM128/PL, bears an intronic
polylinker rather than an inserted RNA target and was
used as a negative control.

As shown in Figure 5, nuclear export of the unspliced
cat mRNA bearing the four MS2-binding sites was acti-
vated by an MS2-Rev fusion protein but not by expres-
sion of an MS2 fusion to the M10 mutant of Rev, which
lacks a functional NES (Malim et al. 1989a). A fusion
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protein consisting of MS2 linked to full-length hTap was
also able to potently activate expression of the cat
mRNA encoded by pDM128/4XMS2 but did not affect
cat expression from the pDM128/PL negative control
plasmid. This activation was again specific, as it was
blocked by introduction of the A17 mutation into hTap
(residues 593-NWD-595 to alanine) that we have shown
previously inhibits both the NES function and the nu-
cleoporin-binding activity of the essential hTap carboxy-
terminal domain (Kang and Cullen 1999; Kang et al.
2000). We therefore conclude that hTap is indeed fully
competent to induce the nuclear export of an mRNA
when tethered to that RNA via a heterologous RNA-
binding site.

A fusion protein consisting of MS2 fused to full-length
qTap was also able to effectively induce the nuclear ex-
port and expression of an unspliced cat mRNA bearing
MS2-binding sites, when expressed in human 293T cells
(Fig. 5). Introduction of the A17 mutation into qTap
again blocked this activity. Importantly, all of the vari-
ous hTap/qTap chimeras and mutants analyzed in Figure
3 proved fully capable of supporting the nuclear export of
an unspliced cat mRNA bearing MS2 target sites, when
expressed as MS2 coat protein fusions. For example, the
hTap(R249Q) point mutant that had lost the ability to
support CTE-dependent nuclear mRNA export (Fig. 3B)
proved entirely effective at inducing nuclear export of a
similar cat mRNA when tethered via the MS2 RNA-
binding domain (Fig. 5). We therefore conclude that qTap
can indeed function as an effective sequence-specific
nuclear mRNA export factor when recruitment to the
relevant RNA target is efficient.

None

MS2-REV

MS2-REV M10

MS2-hTAP

MS2-hTAP A17

MS2-qTAP

MS2-qTAP A17

MS2-h(1-242)q

MS2-h(1-268)q

H DM128/PL

MS2-h(255-325)q -l

MS2-h(240-268)q

MS2-qTAP(Q246R)

MS2-qTAP(5X)

MS2-hTAP(R249Q)

Discussion

Many critical steps in the replication cycle of viruses are
dependent on the interaction of cellular proteins with
specific target sites on virally encoded proteins and
nucleic acids. Because these binding events do not nec-
essarily recapitulate interactions that are required by the
host cell itself, they are not invariably conserved across
species barriers. As a result, most viruses show a clear
species tropism.

A good example of this generalization is seen in HIV-1,
which fails to replicate in rodent cells because of their
inability to support several critical steps in the HIV-1
replication. Known defects include the inability of the
rodent homologs of the human CD4 and CCR5 receptors
to support HIV-1 infection (Maddon et al. 1986; Bieniasz
et al. 1997), a rodent-specific defect in HIV-1 virion mor-
phogenesis (Bieniasz and Cullen 2000; Mariani et al.
2000), and the failure of the critical Tat transcriptional
activator to function in rodent cells (Bieniasz et al. 1998;
Garber et al. 1998). These defects have all been found to
be recessive, that is, they can be rescued by fusion of
rodent cells to permissive human cells and, where
known, by expression of the relevant human protein in
trans. In the case of Tat, function in rodent cells can also
be rescued by mutation of a single residue in the murine
homolog of human cyclin T1, a critical Tat cofactor,
from tyrosine to cysteine (Bieniasz et al. 1998; Garber et
al. 1998). This single change rescues Tat function be-
cause it permits the specific recruitment of the Tat:Cy-
clin T1 complex to the viral TAR RNA target in rodent
cells.

] DM128/4XMS2

Figure 5. Recruitment of Tap to a heterologous RNA
target activates nuclear RNA export. Fusion proteins
consisting of the MS2 coat protein linked to hTap,
qTap, and the indicated Tap mutants and chimeras were
assayed in 293T cells for their ability to induce the
nuclear export of an unspliced cat mRNA, encoded by
pDM128/4XMS2, that contains four copies of the MS2
operator RNA. The parental pDM128/PL plasmid
served as the negative control. Transfections and CAT

% Relative Activity
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assays were performed as described in Fig. 3 and are
expressed relative to the culture transfected with
pMS2-hTAP.



Because species-specific defects in critical steps in vi-
ral replication cycles can frequently be complemented
by introduction of a single gene product from a permis-
sive species, species tropism can provide an invaluable,
but perhaps underappreciated, system for the identifica-
tion and genetic analysis of key cellular cofactors for
viral replication. This is the case for the MPMV CTE,
which fails to function in quail cells but can be fully
rescued by expression of the hTap protein in trans (Kang
and Cullen 1999). Although this observation has facili-
ated the mutational definition of domains in hTap that
play a role in CTE-dependent nuclear mRNA export,
there is always the concern that inactivating mutations
might have pleotropic effects that make their interpre-
tation impossible. In contrast, natural sequence varia-
tion in a particular cellular factor is unlikely to compro-
mise the role of that factor in the normal life of the cell.
Therefore, the identification of the species-specific pro-
tein sequence variations that control viral tropism can
shed unique light on the molecular mechanisms under-
lying key steps in a viral replication cycle.

In this paper, we have examined the molecular basis
for the inability of qTap to support MPMV CTE func-
tion. We demonstrate that changing a single glutamine
residue in the 616-amino-acid qTap protein to arginine
(Q246R), the residue found in hTap, fully rescues the
ability of qTap to support CTE function (Fig. 3). We fur-
ther demonstrate that the inability of wild-type qTap to
support MPMV CTE function results entirely from the
inability of qTap to bind to the CTE. Introduction of the
Q246R mutation into qTap rescues CTE binding both in
vivo and in vitro (Fig. 4) whereas introduction of the
converse mutation into hTap, R249Q, blocks the ability
of hTap to support CTE function (Fig. 3) and to bind the
CTE (Fig. 4). Consistent with the hypothesis that qTap is
fully competent to support the sequence-nonspecific ex-
port of cellular poly(A)* mRNA from the nucleus, we
demonstrate that qTap, like hTap, can rescue the viabil-
ity of yeast lacking Mex67p, the yeast Tap homolog,
when coexpressed together with the human p15-1 cofac-
tor (Fig. 2). In support of the hypothesis that the inability
of the MPMV CTE to recruit qTap fully accounts for the
failure of the CTE to function in quail cells, we also
demonstrate that both hTap and qTap can activate the
nuclear export of an mRNA bearing the bacteriophage
MS2 operator RNA target, when expressed as MS2 coat
protein fusions (Fig. 5). Parenthetically, this latter result
strongly argues that the sole role of the MPMV CTE is to
function as a binding site for Tap and therefore implies
that other reported CTE-binding proteins (Tang et al.
1997) are unlikely to play a significant role in mediating
CTE-dependent mRNA export. The demonstration that
Tap can induce the nuclear export of an RNA to which it
is tethered via a heterologous RNA-binding domain also
suggests that it should be possible to define the minimal
Tap sequences that are required for the export of, as op-
posed to recruitment to, target RNAs.

Recently, Herold et al. (2000) described two human
proteins closely related to Tap, termed NXF2 and NXF3,
and proposed orthologs of Tap have also been described
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in mice, fruit flies, and nematodes (Bear et al. 1999; Kang
et al. 2000; Tan et al. 2000). Among these proteins, the
critical R249 residue is conserved in murine Tap, Dro-
sophila Tap, and in human NXF2 but has been substi-
tuted in both C. elegans Tap and in human NXF3. Al-
though murine Tap retains the ability to both bind the
CTE and rescue CTE function in quail cells, neither
NXF2 nor NXF3 display this ability (Herold et al. 2000;
data not shown). Therefore, R249, although critical for
CTE binding, is obviously not sufficient.

Definition of a surface on hTap that contacts the CTE

Recently, Liker et al. (2000) reported an X-ray crystallo-
graphic analysis of the structure of the CTE-binding do-
main of hTap (amino acids 102-372) that identified two
structural domains, that is, an RNP domain extending
from residue 119 to 198 and an LRR domain extending
from residue 203 to 362. Consistent with the critical role
in CTE-binding demonstrated in this paper, R249 is lo-
cated on the surface of the LRR domain (Fig. 6A). Sur-
prisingly, however, R249 is located precisely on the op-
posite side of the LRR from the surface that has been
suggested previously to be critical for CTE binding (Fig.
6A). This proposal arose from the hypothesis (Liker et al.
2000) that the interaction of Tap with the MPMV CTE
was similar to the interaction of the U2B’(RNP)-
U2A’(LRR) spliceosomal heterodimer with U2 snRNA
(Price et al. 1998). However, as shown in Figure 6, super-
imposition of the hTap LRR domain on the structurally
similar U2A’ molecule demonstrates that the hTap RNP
domain and the U2B” RNP domain are located in very
different positions, relative to the LRR, in the spliceo-
somal complex (Fig. 6B) versus the hTap(102-372) struc-
ture (Fig. 6A). It therefore seems unlikely that binding by
the U2B"-U2A’ heterodimer to its target RNA (Fig. 6B) is
in fact structurally comparable to hTap binding to the
CTE.

It might be argued that CTE RNA binding could pro-
duce a conformational shift in Tap that would allow Tap
to adopt a conformation more comparable to the U2A'-
U2B” heterodimer. However, the short linker region lo-
cated between the Tap RNP and LRR motifs, which was
not visualized in the Tap structure reported by Liker et
al. (2000}, would only be ~12 A in length even when fully
extended. In contrast, the amino terminus of the Tap
LRR domain and the carboxyl terminus of the U2B” RNP
are ~40 A apart in the complex proposed by Liker et al.
(2000) and modeled in Figure 6B. Finally, we note that
the U2 snRNA actually makes few direct contacts with
the U2A’ LRR domain in the spliceosomal complex and
then only with residues located towards the carboxy-
terminal end of the LRR (Fig. 6B) (Price et al. 1998). How-
ever, mutation of potentially equivalent charged resi-
dues on the surface of the hTap LRR domain, which
might be predicted to be important if CTE binding by
hTap indeed followed the spliceosomal paradigm (shown
in orange in Fig. 6), failed to significantly inhibit CTE
binding (Liker et al. 2000). In contrast, the substitution
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A

of R249 with Q, which affects a residue located approxi-
mately in the center of the opposite face of the LRR
domain (shown in red in Fig. 6), entirely blocks CTE
binding (Fig. 4). We note that the location of R249 on the
surface of the LRR that faces the hTap RNP domain (Fig.
6A) is consistent with the finding that CTE binding by
hTap requires that the LRR and RNP domains are lo-
cated in cis, not in trans as seen in the U2B"-U2A’ het-
erodimer (Liker et al. 2000). We therefore conclude that,
although hTap and the U2B"-U2A’ heterodimer do con-
tain structurally similar LRR and RNP domains, their
interaction with substrate RNAs is likely to be distinct.
Although the structural model presented in Figure 6A
makes predictions about which surfaces of the hTap LRR
and RNP domains are likely to be directly involved in
CTE binding that could be tested by mutational analysis,
true resolution of this question must await the success-
ful conclusion of ongoing efforts to solve the molecular
structure of the hTap:CTE complex.
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Figure 6. Model of the hTap RNA bind-
ing domain. (A) A ribbon rendering of the
LRR and RNP domains of the hTap pro-
tein is shown with the LRR domain in
blue and the RNP domain in green. LRR
domain residues E318, E319, and K347 are
highlighted in ball-and-stick models in or-
ange and R249 in red. The residues shown
in orange are located on the opposite side
of the LRR domain from R249. (B) A rib-
bon rendering showing the position of the
U2B” RNP domain in green relative to the
LRR domain in blue (This is the LRR do-
main from Tap that has been superim-
posed on the similar spliceosomal U2A’
LRR. In the spliceosomal complex U2A’
(LRR) and U2B” (RNP) are bound to the U2
snRNA, shown as a brick red stick model.
The LRR domain has been rotated slightly
from the view shown in A to allow visu-
alization of the U2 snRNA. The same resi-
dues as in A are shown highlighted in or-
ange and red. The position of R249 sug-
gests that interaction of Tap with the CTE
requires the surface on the opposite side of
the LRR to that proposed previously (Liker
et al. 2000).

Materials and methods

Quail ¢cDNA library construction and isolation of a cDNA
encoding qTap

Total RNA from quail QCI-3 cells was isolated using the SV
Total RNA Isolation system (Promega). Poly(A)* mRNA was
purified on an oligo(dT) column and ¢cDNA synthesis and clon-
ing into \ phage was performed using the ZAP-cDNA synthesis
and cloning kit (Stratagene). Plating and screening of the X\
phage cDNA library was carried out using standard methods. A
randomly *2P-labeled DNA probe was generated from quail
c¢DNA by PCR using oligonucleotide primers directed towards
an hTap DNA sequence (5 primer: 5-CCCAAAAAAAAG
CACGGAC-3’ and 3’ primer: 5-AAGCACTTCTGGGAC
CACTCGAGGTTCAT-3-"). After screening ~7.5 x 10° plaque
forming units, 10 positive clones were subjected to successive
rounds of plaque purification. Plasmid DNA was rescued from
purified bacteriophage clones and c¢cDNA inserts were se-
quenced on both strands. Sequence alignments with the hTap
protein were performed using the ClustalW program.



Plasmid construction

All vertebrate expression plasmids are based on pBC12/CMV
(Cullen 1986). The following expression plasmids have been
described: pcTat, pBC12/CMV/B-gal (Tiley et al. 1992), pHA-
hTap (Kang and Cullen 1999), pcTat-hTap (Kang et al. 1999); the
indicator constructs pDM128/PL and pDM128/CTE (Bogerd et
al. 1998); reporter plasmids containing the cat gene under the
control of a modified HIV-1 LTR, where the TAR element has
been replaced with the MPMV CTE or the inactive CTE double-
loop mutant M1-AB (Kang and Cullen 1999).

The DNA sequence encoding amino acids 493-616 of qTap
was amplified by PCR from the qTap ¢cDNA clone with Pfu
Turbo (Stratagene). The PCR products were digested with Ncol
and Sall and ligated into the Ncol and Xhol sites of the eukary-
otic expression vector pBC12/CMV/HA. Two DNA fragments,
an Ncol/BamHI fragment encompassing qTap residues 1-232
and a BamHI/Xhol fragment encompassing qTap residues 233—
580, were generated by PCR or were excised from the qTap
cDNA clone, respectively. Both fragments were ligated into the
modified pPBC12/CMV/HA vector that had been digested with
Ncol and Xhol. The resultant plasmid was named pHA-qTap.
Chimeric hTap/qTap variants were generated by recombinant
PCR with oligonucleotides containing flanking Ncol sites. The
human/quail alleles were subsequently ligated into Ncol-di-
gested pHA-qTap. Additional amino acid changes were intro-
duced into either pHA-qTap or pHA-hTap by Quick change
site-directed mutagenesis (Stratagene) or by recombinant PCR.
Plasmids that express qTap and its variants fused to the car-
boxyl terminus of the MS2 coat protein were constructed from
the pBC12/CMV derivative containing an Ncol/Sall fragment
encoding the carboxy-terminal 493-616 amino acids of qTap.
Oligonucleotide primers were used to PCR-amplify a DNA frag-
ment encoding the MS2 coat protein gene from genomic DNA
isolated from the yeast indicator strain L40-coat (SenGupta et
al. 1996). This fragment was digested with BspHI and Ncol and
ligated into the Ncol site of the modified pBC12/CMYV vector,
destroying the upstream Ncol site. qTap and the hTap/qTap
variants were transferred from pBC12/CMV/HA to this vector
by digestion of pHA~qTap and its variants with Ncol followed
by ligation into the Ncol site of the resultant plasmid. The
indicator construct pPDM128/4XMS2 was generated by PCR am-
plification of MS2 RNA from pIII/MS2-2 (SenGupta et al. 1996)
followed by ligation into the BgIIl and Clal sites of the
polylinker present in pDM128/PL. Fusions of qTap and the
hTap/qTap chimeras with HIV-1 Tat were generated by PCR.
The fragments were digested with EcoRI and Sall and cloned
in-frame and downstream of the tat gene in a modified version
of pcTat (Tiley et al. 1992).

The following yeast expression plasmids have been described
previously: pVP16 (Bogerd et al. 1993); pGAL4/hTap, which ex-
presses hTap (61-619) fused to the GAL4 DNA-binding domain;
and pVP16/p15-1 (Kang et al. 2000). Plasmids expressing the FG
repeat domains of CG1 and Nup153 fused to a VP16 activation
domain were obtained from a two-hybrid ¢cDNA library using
pGAL4/hTap(61-619) as a bait. A construct that expresses full-
length qTap fused to the GAL4 DNA-binding domain, pGAL4/
qTap, was constructed by insertion of the PCR-amplified qTap
c¢DNA into the EcoRI and Sall sites of pGBT9 (Clontech). The
expression plasmid pPGK-TRP is derived from pGBT9, but the
existing GAL4 DNA-binding domain and the ADH promoter
and terminator sequences have been replaced with those of the
PGK gene. The hTap and gqTap genes were inserted into this
plasmid as EcoRI/Xhol fragments to generate pPGK-TRP/hTap
(61-619) and pPGK-TRP/qTap, respectively. The plasmid
pPGK-LEU is derived from pVP16 (Bogerd et al. 1993). cDNA
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sequences encoding the VP16 activation domain were removed
and the human p15-1 gene was cloned into EcoRI and Xhol sites
to generate pPGK-LEU/p15-1.

Sequences encoding residues 68-369 of qTap or qTap(Q246R)
or residues 61-372 of hTap(R249Q) were PCR amplified and
inserted into the EcoRI and Xhol sites present in the bacterial
GST fusion protein expression plasmid pGEX-4T-1 to generate
pGST-qTap(68-369), pGST-qTap(Q246R/68-369), and pGST-
hTap(R249Q/61-372), respectively. The bacterial expression
plasmid, pGST-hTap(61-372), and the half-CTE in vitro tran-
scription vector, pT7-1/2CTE, have been described (Kang and
Cullen 1999).

Cell culture, transfection, and Western blot analyses

Human 293T cells and quail QCI-3 cells were maintained as
described previously (Cullen et al. 1983; Bogerd et al. 1998) and
were transfected using Fugene-6 (Roche Molecular Biochemi-
cals) or DEAE-Dextran (Cullen et al. 1983), respectively. All
transfections used cells cultured in 35-mm plates. Levels of
DNA used in each transfection experiment are denoted in the
relevant figure legend, with pBC12/CMV/B-gal included as an
internal control. In all transfection experiments, CAT enzyme
levels were determined ~48 h after transfection and normalized
to the level of B-gal activity present in the cell lysate (Bogerd et
al. 1998). Western blot analysis of protein expression levels in
transfected QCI-3 cells were performed using a monoclonal
mouse anti-HA tag antibody (Roche Molecular Biochemicals)
essentially as described previously (Kang et al. 2000). Western
analysis of nontransfected 293T and QCIl-3 cells was performed
using a rabbit polyclonal antiserum raised against bacterially
expressed residues 61-372 of hTap fused to GST. The anti-Tap
antiserum was used at a dilution of 1:500.

Yeast techniques

Yeast two-hybrid analyses were performed essentially as de-
scribed (Kang and Cullen 2000). Plasmids encoding the appro-
priate GAL4(1-147) DNA-binding domain or VP16 activation
domain fusions were transformed into the yeast indicator strain
Y190 (Harper et al. 1993) by standard techniques. After 3 days of
growth at 30°C on selective culture plates, double transfor-
mants were selected and grown overnight in liquid media. The
harvested cells were then lysed and assayed for B-gal activity as
described previously (Kang and Cullen 2000). The yeast strains
mex67::HIS3/pURA3-MEX67 and mtr2::HIS3/pURA3-MTR2
were a gift of Dr. E. Hurt. Plasmid-shuffling experiments were
performed essentially as described (Katahira et al. 1999). The
yeast shuffle strains were cotransformed with the expression
plasmid pPGK-LEU/p15-1 and either pPPGK-TRP/hTap(61-619)
or pPGK-TRP/qTap. After three days of growth at 30°C on se-
lective media, SDC-leu-trp-ura, transformants were re-streaked
on SDC-leu-trp selective plates, or on SDC-leu-trp plates con-
taining 5-FOA, and incubated for an additional 15 days at 23°C.

Electrophoretic mobility shift analysis

GST fusion proteins, containing the Tap RNA-binding domain
(amino acids 61-372 of hTap or 68-369 of qTap), were expressed
in bacteria and purified on glutathione affinity resin as de-
scribed previously (Kang and Cullen 1999). The half-CTE probe
(Kang and Cullen 1999) was labeled with [**P]JCTP using the
Riboprobe transcription system (Promega). Total isotope incor-
poration was determined after gel purification. The binding re-
action was carried out with ~10* cpm (~0.1 ng) of the probe and
(~50-100 ng) of GST fusion proteins in 20 puL of binding buffer
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(150 mM KCI, 10 mM HEPES-NaOH at pH 7.5, 0.5 mM EGTA,
10% glycerol, 2 mM MgCl,, 1 mM DTT) containing 1 pg bac-
terial rRNA and 0.5 pg of yeast tRNA. Binding was allowed to
proceed for 20 min at 4°C, and free and bound forms of the probe
were then resolved on a 5% native polyacrylamide gel and vi-
sualized by autoradiography.

Molecular modeling

Structural models of U2A’ (1a9n) and of the LRR domain (1{t8)
from hTap were superimposed in O (Jones et al. 1991) using
conserved secondary structural elements including residues
(14-15, 23-25, 37-40, 92-94, 103-108, 117-119, 125-127, 131-
138, 144-145, 148-150) from U2A’ and residues (220-221, 226—
228, 257-260, 295-297, 306-311, 319-321, 327-329, 337-344,
350-351, 354-356) from hTap. An overall rmsd of 2.8A for 37
residues indicates that the structures are similar but not iden-
tical. Ribbon renderings of the structural models were generated
using MOLSCRIPT (Kraulis 1991) and RASTER3D (Merritt and
Bacon 1997).
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