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The human immunodeficiency virus-1 (HIV-1) pro-
tein Tat, encoded by one of the HIV regulatory genes,
tat, is reported to be essential for HIV gene expression
and replication in infected cells. Observations suggest
that several cellular factors cooperate with Tat in this
process. Tat binding protein-1 (TBP-1) is reported to
be one such cellular factor that specifically suppresses
Tat-mediated transactivation of HIV replication in
vitro. Here we have cloned a novel factor, TBP-1 inter-
acting protein (TBPIP) from the mouse, which inter-
acts with mouse TBP-1. TBPIP contains several kinase
phosphorylation sites and co-localizes with TBP-1 in
vivo. The fact that Tat activity is altered synergisti-
cally by the TBP-1 and an additional TBP-1 binding
protein has not been reported before. We provide evi-
dence that expression of TBPIP enhances the inhibi-
tory action of TBP-1 on Tat-mediated transactivation
in vitro. Our results suggest that TBPIP may have a
key role in suppressing the Tat-mediated transactiva-
tion. © 1997 Academic Press

Human immunodeficiency virus type 1 (HIV-1), the
causative agent of AIDS, is a retrovirus that encodes
two classes of genes; structural genes such as gag, pol
and env that identify viral capsid and core protein and
regulatory genes that modulate the replication of viral
genes. HIV-1 Tat protein, encoded by one of the viral
regulatory genes, tat, is a powerful transactivator of
viral gene expression and is essential for virus replica-
tion (1-3). Tat activates the viral gene expression from
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the HIV-1 long terminal repeat (LTR) promoter
through the transactivation responsive RNA element,
TAR, which is a nascent mRNA located immediately
downstream of the transcription initiation site (4-8). It
has been reported that several candidate cellular fac-
tors (9-15) which interact with Tat may play a role
in Tat-mediated transactivation. The function of these
cellular factors in Tat-mediated transactivation re-
mains to be elucidated. TBP-1 was identified as one
such cellular factor several years ago. It was suggested
that TBP-1 would specifically suppress Tat-mediated
transactivation of HIV-1 replication in vitro (12). Ever
since TBP-1 was first reported, it has been controver-
sial as to whether TBP-1 is an inhibitory factor on Tat
activity or not (16, 17). In addition, the several mole-
cules which have the similar conserved ATPase con-
taining domain (CAD) of TBP-1 have been reported
(conserved ATPase family), and then one such molecule
enhances Tat activity (e.g., MSS-1) (18). The N-termi-
nal of TBP-1 is critical to the uniqueness of TBP-1
among the conserved ATPase family molecules (19),
but the original assayed human TBP-1 cDNA lacked
its N-terminal region (12). Hence, we have shown (i)
the inhibitory action of TBP-1 on Tat activity with the
full-length mouse TBP-1 (mTBP-1) cDNA that we have
obtained and (ii) its heterogenous localization in vivo,
especially robust expression in the cells in seminiferous
tubules of testis (Nakamura, T. et al. submitted.).

Here, using the mouse testis cDNA library, we have
cloned TBP-1 interacting protein (TBPIP), a novel fac-
tor that interacts with mTBP-1. TBPIP is co-localized
with TBP-1 in vivo and enhances the inhibitory action
of TBP-1 on Tat activity in vitro.

MATERIALS AND METHODS

Preparation of mammalian expression plasmids (pCI-mTBP1, pCl-
TBPIP). The mTBP-1 cDNA was amplified with Tagq DNA polymer-
ase using two primers: a forward primer which includes the initiation
site of mTBP-1 with EcoR | restriction site in the 5" end: 5'-TTCG-
GCGAATTCATGCAGGAAATGAATCTGCTG-3', a reverse primer
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which includes the termination site of mTBP-1 with Sal | restriction
site in the 3’ end: 5’-TAGAGGCAGCTGCTAGGCATAGTATTGTAG-
GTT-3'. Condition for PCR were 94°C for 2 min, followed by 35 cycles
of 94°C for 1 min, 55°C for 2 min, 72°C for 2 min, and then a final
extension at 72°C for 10 min. The amplified fragments were digested
with EcoR | and Sal | restriction enzymes, then were subcloned into
the EcoR 1/ Sal | site of pCl mammalian expression vector (Promega)
to make an mTBP-1 expression plasmid (pCI-mTBP1). TBPIP cDNA,
obtained in pGAD10-TBPIP which we had identified by the two-
hybrid method (see two-hybrid library screening section), was ampli-
fied with two primers. Sequence of the primers used are as follows:
a forward primer including the initiation site of TBPIP with Xho |
restriction site in the 5’ end: 5'-CCGCTCGAGATGAGTAAAAGC-
CGGGCCGAG-3', a reverse primer including terminal site of TBPIP
with EcoR | restriction site in the 3’ end: 5'-CCGGAATTCTTACCA-
GCCTCTATCTAACAC-3'. PCR was performed under the same con-
dition as mentioned above. This Xho I/ EcoR | fragments were cloned
into the pCl mammalian expression vector to make a TBPIP expres-
sion plasmid (pCI-TBPIP).

Cotransfections and CAT assay. The pCI-mTBP1, pCI-TBPIP, or
both plasmids were cotransfected into CHO cells with the Tat-expres-
sion plasmid (pCV1-Tat) (20) and the reporter plasmid (pBennCAT)
(21) using the Tfx-50 reagent (Promega). pBennCAT contains HIV
LTR and a chloramphenicol acetyltransferase (CAT) reporter gene.
Tat is reported to increase the number of steady-state mRNA tran-
scribed from HIV LTR, that is, to increase CAT activity. Cells were
harvested 48hr after transfection, and CAT activities were measured
by Quan-T-CAT assay system according to the manufacturer’s proto-
col (Amersham). For quantification of CAT activity, the activity of
[®H] acetylated biotinylated chloramphenicol was measured.

Animals. Adult male ICR mice (10 weeks old) were used. All
mice were deeply anesthetized by intraperitoneal injection of sodium
pentobarbital (Nembutal, 50 mg/kg body weight) before the following
experiments.

Probe synthesis. The full-length of TBPIP ¢cDNA was obtained
from the pGAD10-TBPIP plasmid, then subcloned into pGEM-T vec-
tor (Promega). The sequence of this subcloned cDNA fragment was
confirmed prior to Northern blotting analysis and in situ hybridiza-
tion histochemistry.

Northern blot analysis. Each 20ug of total RNA isolated from
mouse testis and spleen was separated on formaldehyde-agarose gels
(120 V, for 2 hours) and transferred onto PVDF membrane (Immobi-
lon-N, Millipore). Membranes were hybridized with the **P-dCTP
labelled cDNA fragment of TBPIP.

In situ hybridization histochemistry. The protocol for in situ hy-
bridization histochemistry was based on the published method (22,
23). Adult male ICR mice (10 weeks old) were anesthetized, then
perfused transcardially with saline followed by ice-cold 4 % para-
formaldehyde in 0.1 M sodium phosphate buffer (PB). After perfu-
sion, the mouse testis was postfixed with the same fixative at 4 °C
for 1 day and immersed in 30 % sucrose in 0.1M PB at 4 °C for 2-3
days. They were then frozen with powdered dry-ice and 15 pm thick
frozen sections of mouse testis were made on a cryostat. As a pre-
treatment, tissue sections were fixed with formaldehyde, digested
with proteinase K, acetylated with acetic acid anhydride, dehydrated
and dried. [@-**S]UTP-labeled single-strand RNA synthesized with
the Apa I-digested template plasmid containing the TBPIP fragment
(see probe synthesis section) and SP6 RNA polymerase was used as
the TBPIP antisense probe. [a-**S]UTP-labeled single-strand RNA
synthesized with the Sac I-digested same template plasmid and T7
RNA polymerase was used as the TBPIP sense probe. Hybridization
and washing procedures were the same as the published protocols
(22). Hybridization signals were visualized by emulsion autoradiog-
raphy (Irford, UK). On identification of positive hybridization sig-
nals, only cells with a grain density at least 3 times higher than the
background density were considered to be positive (23).
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RT-PCR for mouse lymphocytes. Lymphocytes were prepared
from 20 mice spleens by gradient separation using the Ficoll based
medium. Enriched CD4+ T cells were recovered by a process of nega-
tive selection of the lymphocyte fraction, using an affinity chromatog-
raphy column for mouse CD4+ T cell (Cedarlane, Canada). Total
RNA were isolated from mouse testis and CD4+ T cells using Isogen
(Nippongene, Japan). RNA from Kupffer cells was gifted from Dr.
H. Tsutsui and it was extracted from the purified Kupffer cells col-
lected by the published method (24). Identification of macrophage
origin was confirmed by RT-PCR for IL-12p40. Single strand-cDNA
primed with the random primer was synthesized from each 5 ug
total RNA using a First-strand cDNA synthesis kit (Pharmacia). The
primers used for the RT-PCR analysis were designed as follows: The
sense primer for TBPIP was 5-ATGAGTAAAAGCCGGGCCGA-3’
and the antisense primer was 5'-TCAGGGGTCGGGGAGCAAAA-3'.
The sense primer for IL-12p40 was 5'-CGTGCTCATGGCTGGTGG-
AAAG-3’ (bp 447-4680) and the antisense primer was 5-GAACAC-
ATGCCCACTTGCTG-3’ (bp 1022-1003). Conditions for PCR were
94 °C for 3 min, followed by 35 cycles of 94 °C for 30 sec, 55 °C for
30 sec, 72 °C for 1 min.

Antibody production and western blot analysis. Polyclonal anti-
sera were generated against the peptide proteins specific to TBPIP
(aa 1-16). Antisera were initially tested for their ability to react with
the peptide by dot blotting. Antisera were purified by affinity column
of the synthetic peptide conjugated to FMP (2-fluolo-1-methylpyri-
dinium toluene-4-sulfonate) activated Cellulofine (Seikagaku, Ja-
pan). Homogenized protein extracts were prepared from the ICR
mouse testis tissue with sample buffer (125 mM Tris-HCI, pH 6.8,
5% mercaptoethanol, 2% SDS, 0.1% glycerol). Aliquotes (50 ug) were
resolved by electrophoresis on 12 % SDS-polyacrylamide gels by us-
ing Mini-PROTEAN 11 Electrophoresis Cell (200V, 45min) and trans-
ferred to nitrocellulose membrane (Trans-Blot Transfer Medium,
BioRad). Antigen-bound anti-TBPIP antibody was detected with a
goat anti-rabbit 1gG-alkaline phosphatase and color development re-
agent.

Immunohistochemical analysis. The immunohistochemical pro-
cedure was carried out with 5 um tissue section using the avitin-
biotin-peroxidase complex method (Vectastain ABC kit). Briefly, the
reaction with the anti-TBPIP antibody (1:100 dilution) was done
overnight at 4 °C. This was followed by incubation with the biotinyl-
ated anti-rabbit 1gG (1:200 dilution) for 2 hr at room temperature,
then with the avidin-biotin complex (1:1000) and finally with 3,3’-
diaminobenzidine tetrahydrochloride (DAB) and hydrogen peroxide
to visualize the immunohistochemical reaction.

RESULTS

A Novel Gene Encoding One Such Candidate Protein
That Binds to mTBP-1 Was ldentified as TBP-1
Interacting Protein (TBPIP)

By the yeast two-hybrid screening, two potential can-
didate clones of mTBP-1 binding protein were identi-
fied. To further characterize these candidate cDNAs,
we determined their partial DNA sequences and car-
ried out homology searches using fasta program
against DDBJ, GenBank and EMBL data bases. The
homology searches indicated that both these clones
were found to be novel. One of two candidate genes was
studied in this study. We identified this clone as TBP-
1 interacting protein (TBPIP), which was composed of
874 bp encoding 217 amino acid residues (651 bp) to
be consistent with the size of TBPIP mRNA (approxi-
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Deduced amino acid sequence, domain structure and distribution of charged acidic (Glu and Asp) and basic (Lys and Arg) amino

acids in TBPIP. (A) The two tyrosine kinase phosphorylation sites (25) are marked with asterisks. The seven casein kinase 11 phosphorylation
sites (26) are underlined and the four protein kinase C phosphorylation sites (27) are underlined with broken lines. The C-terminal acidic
region are shown in the shaded area and acidic amino acid residues (Glu and Asp) are rich. (B) TBPIP has a high content (32%) of charged
acidic and basic amino acids and shows unusual distribution of these amino acids.

mately 0.9kb) accessed by Northern blot analysis (Fig.
1A, 2A).

The sequence analysis of TBPIP revealed that it con-
tains two tyrosine kinase phosphorylation sites (25)
and many serine and threonine residues that are ar-
ranged in a short peptide sequence matching consensus
sites for phosphorylation by casein kinase Il (26) and /
or protein kinase C (27) (Fig. 1A). Furthermore, TBPIP
has a high content and unusual distribution of charged
amino acids (Fig. 1B). TBPIP 1-217 possesses a neutral
isoelectric point of 7.8 and contains 35 acidic amino
acids (Glu and Asp) and 35 basic amino acids (Arg and
Lys); thus, 32% of the total amino acid residues are
charged. TBPIP 200-217 is the most acidic region, with
an isoelectric point of 3.5 due to the existence of gluta-
mate and aspartate-rich in the sequence of last 18
amino acid residues (Fig. 1A).

Nucleotide sequence of TBPIP shows high similarity
(86.2% homology) to that of GT198 sequence, which
has been isolated from human breast cancer cell cDNA
library (28). However, the length of deduced amino acid
sequence of GT198 is 203; 14 amino acid residues
shorter than that of full-length TBPIP.

TBPIP mRNA Is Strongly Expressed in the Mouse
Testis and Localizes in the Mouse CD4+
Lymphocytes
We investigated whether TBPIP is actually co-local-

ized in the cells with mTBP-1 in the adult mouse testis

from which TBPIP cDNA originated. In situ hybridiza-
tion histochemistry revealed a remarkable expression
of TBPIP mRNA in the cells in seminiferous tubules
where mTBP-1 is localized (Fig. 2B). Furthermore, we
examined whether it was possible that TBPIP coexisted
with mTBP-1 in the CD4+ lymphocyte which was a
major target of HIV infection. Although Northern blot
analysis of TBPIP showed that there was no significant
detectable signals in mouse spleen (data not shown)
where TBP-1 is expressed, expression of TBPIP mRNA
in both CD4+ T cell and macrophage preparations was
confirmed by RT-PCR (data not shown); yet its level of
expression was not high in either preparation. PCR
products were clearly stained by the ethidium bromide
after 35 cycles of amplification procedures, while were
not distinctly recognized after 25 cycles.

TBPIP Is Highly Expressed in the Nuclei of Germ
Cells in Seminiferous Tubules

Polyclonal antibody against TBPIP was character-
ized by Western blot analysis. A band of approximately
24 KDa in size was visualized in the testis preparation
(Fig. 2C). Immunohistochemistry was carried out using
an obtained antibody purified with a peptide-conju-
gated column. In the testis, while Leydig cells are free
from positive staining, the nuclei of primary and sec-
ondary spermatocytes express TBPIP most abundantly
among all germ cells processing the spermatogene-
sis.(Fig. 2D).
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FIG. 2. TBPIP expression in the testis. (A) Northern blot analysis. TBPIP mRNA is approximately 0.9 kb in size. (B) Strong expression
of TBPIP mRNA in the seminiferous tubule (st) is observed. spg: spermatogonium, spc: spermatocyte, spm: sperm, L: Leydig cell. Scale bar
= 200 pm. (C) Western blot analysis of the raised anti-TBPIP antibody. Immunoblot analysis was performed with purified anti-TBPIP
antibody with the testis preparations. The antibody detected a single protein with an apparent molecular mass of approximately 24 KDa,
consistent with the size predicted by TBPIP amino acid sequence. (D) Immunohistochemical demonstration of TBPIP in mouse testis. TBPIP
is highly expressed in the spermatogenesis-processing cells. The nuclei of primary and secondary spermatocytes (spc) in the seminiferous
tubules (st) are immuno-positive for TBPIP. The positive stained examples are shown by arrowheads. spg: spermatogonium, spc: spermato-

cyte, spm: sperm, L: Leydig cell. Scale bar = 200 ym.

TBPIP Enhances the TBP-1 Inhibitory Action on Tat
Activity in Vitro

TBP-1 was reported first as an inhibitory cofactor
suppressing Tat-mediated transactivation in vitro (12).
We have already examined whether or not the TBP-1
could inhibit Tat activity with a full-length mouse TBP-
1 cDNA. Our results reconfirm the previously reported
data. Since the histological analysis of TBPIP sug-
gested its close association with TBP-1, CAT assay was
carried out to observe whether or not TBPIP could in-
fluence the inhibitory action of TBP-1 on Tat activity.
When pCI-TBPIP was cotransfected with pCV1-Tat
(20), pBennCAT (21) and pCI-mTBP1 into CHO cells,

the Tat-mediated expression of the CAT gene was
markedly suppressed, as compared to the inhibition of
Tat-mediated expression by the pClI-mTBP1 without
pCI-TBPIP. On the contrary, Tat-mediated transacti-
vation was not significantly affected in CHO cells co-
transfected with pCI-TBPIP, pCV1-Tat and pBennCAT
(Fig. 3). These findings suggest that TBPIP can syner-
gistically cooperate with TBP-1 to suppress Tat-medi-
ated transactivation from the HIV LTR promoter.

DISCUSSION

Several reports have raised the controversy as to
whether the TBP-1 actually exerts an inhibitory action

179



Vol. 239, No. 1, 1997

pBenncat + pCV1-Tat

Exp. 1 Exp. 2
[ [ |
=
=
°
(]
g 10 -
©
c 5
pCl-mTBP1 - -+ + + - -+ + +
pCI-TBPIP -+ -+ ++ -+ -+ 4+

FIG.3. Enhancement of TBP-1 action by TBPIP accessed by CAT
assay. Half ug of pBennCAT, pCV1-Tat and variable amounts of pCl-
mTBP1 and pCI-TBPIP plasmids were cotransfected into CHO cells;
then chloramphenicol activity was measured in 2 series of experi-
ments. Activities were represented relatively as shown in the graph
with the standard of 1 representing the background activity in the
CHO cells alone. Tat activity was not substantially inhibited in the
presence of TBPIP alone, while that was dramatically inhibited when
both the TBP-1 and TBPIP were present. + indicates 0.5 ug, ++
indicates 2.0 pg, while - indicates 0.

on Tat activity or not (16, 17). In this respect, we have
already confirmed the suppressive effect of TBP-1 with
an apparent full-length mouse TBP-1 cDNA which we
have cloned (Nakamura, T. et al., submitted). However,
we speculate that the in vitro results obtained by CAT
assay may not be biologically relevant to the Tat-medi-
ated transactivation in vivo. We surmise that there is
a strong possibility that the Tat-mediated transactiva-
tion in vivo is altered by an additional molecule(s) asso-
ciated with TBP-1. It is noteworthy that TBP-1 is capa-
ble of binding to several factors, as TBP-1 could work
as a huge protein complex (26S proteasome) (29-31).
Therefore we searched for proteins that bind to mTBP-
1 using the yeast two-hybrid system in order to find
molecules involved in the function of TBP-1 in vivo.
As quantities of TBP-1 are expressed in the testis, we
employed a mouse testis cDNA library and set mTBP-
1 as the bait for this library for the two-hybrid system.
TBPIP contains multiple kinase phosphorylation
sites (25-27). Of interest, The C-terminal 200-217 re-
gion of TBPIP is rich in acidic amino acids (Glu and
Asp) (Fig. 1A), implying that this structural domain is
associated with several potent transcriptional activa-
tors (32, 33). This region also contains a casein kinase
Il phosphorylation site. Such phosphorylation could
contribute to additional negative charges of this region.
Although TBPIP show high sequence similarity to
GT198 which is cloned from human breast cancer
cDNA (28), it is not apparent whether the GT198 is the
human counterpart of TBPIP or not at present.
Several lines of experiments suggest that cofactors
exist which mediate interactions between Tat and
the cellular transcriptional machinery (9, 34). How-
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ever, it remains to be determined how these cofactors
associated with Tat affect such cellular transcrip-
tional machinery. In addition, it has been shown that
(i) one cellular kinase (e.g., TFIIH kinase) affects the
Tat action on RNA polymerase 11 (pol 11) processivity,
involving the phosphorylation of the carboxyl-termi-
nal domain (CTD) of pol 11 (35, 36), and (ii) the other
cellular kinases which phosphorylate a cofactor (e.g.,
Tat-SF1) enhance the Tat mediated transactivation
(15). Our results show that TBPIP works indirectly
and synergistically to suppress Tat activity with
TBP-1, although it is still possible that TBPIP acts
on other molecules distinct from TBP-1, that are in-
volved in the suppressive events of TBP-1 on Tat ac-
tivity. More in-depth study is needed regarding how
TBPIP contributes to TBP-1 through a protein com-
plex comprising of Tat, basal transcriptional factors
and cellular kinases, that is recruited to the trans-
activation responsive element (TAR).

We have shown that mTBP-1 is strongly expressed
in the nuclei of germ cells in seminiferous tubules of
mouse testis, where TBPIP is localized. This fact sug-
gests that TBP-1 and TBPIP cooperate for the biologi-
cal events to occur in the testis (e.g., spermatogenesis).
However, the expression of TBPIP is observed in the
late maturation stage-specific manner compared to
that of mTBP-1; TBPIP is mainly observed in sperma-
tocytes while mTBP-1 is localized in both spermatogo-
nia and spermatocytes. Thus it is possible that TBPIP
contributes to the certain stage of spermatogenesis,
particularly to the meiotic phase.

In regard to the HIV-1 proliferation in vivo, weak
proliferation of HIV-1 in seminiferous tubules is con-
firmed by in situ PCR (37). It is possible that both TBP-
1 and TBPIP coexist with HIV-1 in infected germ cells
and function together as a suppressor of virus replica-
tion there. In the CD4+ lymphocytes (T cell and macro-
phage), which are a major target of HIV-1 infection,
the level of TBPIP mRNA expression is not high. RT-
PCR products of TBPIP were not clearly recognized
after 25 cycles of amplification, yet confirmed after 35
cycles of amplification. On the contrary, the RT-PCR
products of mTBP-1 were easily identified in both
CD4+ T cell and macrophage preparations after 25
cycles of amplification (unpublished observation).
These results indicate the coexistence of TBPIP and
MTBP-1 in the CD4+ lymphocytes regardless of the
difference in amounts of mMRNA expression. TBPIP is
an encouraging candidate for modulating HIV prolifer-
ation in vivo. Hence we speculate that overexpression
of TBPIP in CD4+ lymphocytes could enhance the cel-
lular suppressive effect against HIV proliferation.

It has been found that TBP-1 is one such component
of 26 S proteasome (29-31), a large multiprotein com-
plex that degrades proteins targeted for degradation by
the ubiquitin pathway in an ATP-dependent fashion. It
is composed of two functionally independent parts—
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20 S proteasome, a core catalytic subunit that can act
as a peptidase and a 19 S regulatory complex (so-called
PA700) that confers the possibility to bind and process
ubiquitinated substrates in an ATP-dependent manner
(38). There are ~ 18 different polypeptides in PA700,
including some CAD proteins of S4 (39), MSS1 (39),
TBP7 (40, 41) and p45 (42, 43). TBP-1 is also identified
as a subunit of PA700 (30, 31). Furthermore it has been
speculated that TBP-1 is a subunit of both PA700 and
the PA700 dependent activator (modulator) (31). It is
possible that TBPIP is a component of 26 S proteasome,
particularly PA700 and modulator, or TBPIP could op-
erate as a molecule that interferes with 26 S protea-
some.

ACKNOWLEDGMENTS

This work was supported in part by Kanehara Foundation, Osaka
AIDS Research Foundation, Japanese Ministry for Health and Wel-
fare and Ministry of Education, Science, Sports and Culture of Japan.
We thank Dr. Hiroko Tsutsui for the Kupffer cell RNA and IL-12
primers, Dr. Mitsuyo Maeda and Dr. Hisashi ljichi for their help with
immunohistochemistry. The plasmid pBenncat was kindly provided
from Dr. Martin, M.A,, pCV1-Tat from Dr. Wong-Staal, F. DNA data-
base accession number for mouse TBPIP is AB000121.

REFERENCES

1. Sodroski, J., Patarca, R., Rosen, C., Wong-Staal, F., and Hasel-
tine, W. (1985) Science 229, 74-77.

2. Sodroski, J., Goh, W. C., Rosen, C., Dayton, A., Terwilliger, E.,
and Haseltine, W. A. (1986) Nature 321, 412-417.

3. Feinberg, M. B., Jarret, R. F., Aldovini, A., Gallo, R.C., and
Wong-Staal, F. (1986) Cell 46, 807-817.

4. Dingswall, C., Ernberg, 1., Gait, M. J., Green, S. M., Heaphy, S.,
Karn, J., Lowe, A. D., Singh, M., Skinner, M. A., and Valerio, R.
(1989) Proc. Natl. Acad. Sci. USA 86, 6925—6929.

5. Sharp, P. A., and Marciniak, R. A. (1989) Cell 59, 229-230.

6. Kato, H., Sumitomo, H., Pognonee, P., Chen, C. -H., Rosen, C. A,,
and Roeoder, R. G. (1992) Genes. Dev. 6, 655—666.

7. Rosen, C. A., Sodroski, J. G., and Haseltine, W. A. (1985) Cell
41, 813-823.

8. Muesing, M. A,, Smith, D. H., and Capon, D. J. (1987) Cell 48,
691-701.

9. Madore, S. J., and Cullen B. R. (1993) J. Virol. 67, 3703-3711.

10. Kashanchi, F., Piras, G., Radonovich, M. F., Duvall, J. F., Fat-
taey, A., Chiang, C., Roeder, R. G., and Brady J. N. (1994) Nature
367, 295-299.

11. Jeang, K. T., Chun, R., Lin, N. H., Gatignol, A., Glabe, C. G., and
Fan, H. (1993) J. Virol. 67, 6224-6233.

12. Nelbock, P., Dillon, P. J., Perkins, A., and Rosen, C. A. (1990)
Science 48, 1650—1653.

13. Desai, K., Loewenstein, P. M., and Green, M. (1991) Proc. Natl.
Acad. Sci. USA. 88, 8875-8879.

14. Herrmann, C. H., and Rice, A. P. (1993) Virology 197, 601-608.
15. Zhou, Q., and Sharp, P. A. (1996) Science 274, 605-610.
16. Ohana, B., Moore, P. A., Ruben, S. M., Southgate, C. D., Green,

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

181

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

M. R., and Rosen, C. A. (1993) Proc. Natl. Acad. Sci. USA 90,
138-142.

Goyer, C., Lee, H. S., Malo, D., and Sonenberg, N. (1992) DNA
Cell Biol. 11, 579-585.

Shibuya, H., Irei, K., Ninomiya-Tuiji, J., Goebl, M., Taniguti, T.,
and Matsumoto, K. (1992) Nature 357, 700—702.

Confalonieri, F., Marsault, J., and Duguet, M. J. (1994) J. Mol.
Biol. 235, 396—401.

Arya, S. K., Guo, C., Josephs, S. F., and Wong-Staal, F. (1985)
Science 229, 69-73.

Gendelman, H. E., Phelps, W., Feigenbaum, L., Ostrove, J. M.,
Adachi, A., Howley, P. M., Khoury, G., and Ginsberg, H. S. (1986)
Proc. Natl. Acad. Sci. USA. 83, 9759-9763.

Wanaka, A., Johnson E. M., Jr., and Milbrandt, J. (1990) Neuron
5, 267-281.

Noguchi, K., Morita, Y., Kiyama, H., Ono, K., and Tohyama, M.
(1988) Mol. Brain Res. 4, 31-35.

Eyhorn, S., Schlayer, H. J., Henninger, H. P., Dieter, P., Her-
mann, R., Woort, M. M., Becker, H., Schaefer, H. E., and Decker,
K. (1988) J. Hepatol. 6, 23-35.

Patschinsky, T., Hunter, T., Esch, F. S., Cooper, J. A., and Sef-
ton, B. N. (1982) Proc. Natl. Acad. Sci. USA 79, 973-977.
Pinna, L. A. (1990) Biochem. Biophys. Acta. 1054, 267—-284.
Woodget, J. R., Gould, K. L., and Hunter, T. (1986) Eur. J. Bio-
chem. 161, 177-184.

Rommens, J. M., Durocher, F.D., McArthur, J., Tonin, P.,
LeBlanc, J. F., Allen, T., Samson, C., Ferri, L., Narod, S., Mor-
gan, K., and Simard, J. (1995) Genomics 28, 530—-542.
Dawson, S. P., Arnold J. E., Mayer, N. J., Reynolds, S. E., Billett,
M. A, Gordon, C., Colleaux, L., Kloetzel, P. M., Tanaka, K., and
Mayer, R. J. (1995) J. Biol. Chem. 270, 1850—1858.

Kominami, K., DeMartino, G. N., Moonmaw, C. R., Slaughter,
C. A., Shimbara, N., Fujimuro, M., Yokosawa, H., Hisamatsu,
H., Tanahashi, N., Shimizu, Y., Tanaka, K., and Toh-e, A. (1995)
EMBO J. 14, 3105-3115.

DeMartino, G. N., Proske, R. J., Moonmaw, C. R., Strong, A. A.,
Song, X., Hisamatsu, H., Tanaka, K., and Slaughter, C. A. (1996)
J. Biol. Chem. 271, 3112-3118.

Swaffield, J. C., Bromberg, J. F., and Johnston S. A. (1992) Na-
ture 357, 698-700.

Swaffield, J. C., Melcher, K., and Johnston, S. A. (1995) Nature
374, 88-91.

Carrol, R., Peterlin, B. M., and Derse, D. (1992) J. Virol. 66,
2000-2007.

Hermann, C. H., and Rice, A. P. (1995) J. Virol. 69, 1612—-1620.
Parada, C. A., and Roeder, R. G. (1996) Nature 384, 375-378.
Nuovo, G. J., Becker, J., Simsir, A., Margiotta, M., Khalife, G.,
and Shevchk, M. (1994) Am. J. Pathol. 144, 1142-1148.
Chu-Ping, M., Vu, J. H., Proske, R. J., Slaughter, C. A., and De-
Martino, G. N. (1994) J. Biol. Chem. 269, 3539—-3547.

Dubiel, W., Ferell, K., Pratt, G., and Reichsteiner, M. (1992) J.
Biol. Chem. 267, 22699-22702.

DeMartino, G.N., Moonmaw, C.R., Zagnitko, O.P., Proske,
R. J., Chu-Ping, M., Afendis, S. J., Swaffield, J. C., and Slaugh-
ter, C. A. (1994) J. Biol. Chem. 269, 20878—-20884.

Dubiel, W., Ferrell, K., and Rechsteiner, M. (1994) Biol. Chem.
Hoppe-Seyler. 375, 237-240.

Dubiel, W., Ferell, K., and Reichsteiner, M. (1993) FEBS Lett.
323, 276-278.

Akiyama, K., Yokoya, K., Kagawa, S., Shimbara, N., DeMartino,
G. N, Slaughter, C. A., Noda, C., and Tanaka, K. (1995) FEBS
Lett. 363, 151-156.



