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Productive infection with HIV-l, the virus responsi- 
ble for AIDS, requires the involvement of host cell fac- 
tors for completion of the replicative cycle, but the 
identification of these factors and elucidation of their 
specific functions has been difficult. A human cDNA, 
TBBP, was recently cloned and characterized as a pos- 
itive regulator of gene expression that binds to the 
TAB region of the HIV-1 genome. Here we demonstrate 
that this factor is encoded by a gene, TABBPB, that 
maps to human chromosome 12 and mouse chromo- 
some 15, and we also identify and map one human 
pseudogene (TABBPBP) and two mouse TRBP-related 
sequences (TurbpB-rsl, Turbp2-rs2). The map location 
of the expressed gene identifies it as a candidate for the 
previously identified factor encoded on human chromo- 
some 12 that has been shown to be important for expres- 
sion of HIV-1 genes. Western blotting indicates that de- 
spite high sequence conservation in human and mouse, 
the TABBP2 protein differs in apparent size in primate 
and rodent cells. 0 1995 Academic Press, Inc. 

INTRODUCTION 

Human immunodeficiency virus-l (HIV-l) is the etio- 
logical agent for AIDS (Barre-Sinoussi et al., 1983; 
Gallo et al., 1984). As with other retroviruses, the virion 
contains an RNA genome that produces a chromosom- 
ally integrated DNA intermediate during the replica- 
tive cycle. Experiments directed toward an understand- 
ing of the HIV-l life cycle have revealed that host cell 
factors influence replication. In particular, a human 
gene located on chromosome 12 has been implicated as 
being critically important for optimal expression of 
HIV-l genes (Hart et al., 1989; Newstein et al., 1990; 
Alonso et al., 1992). 

An intriguing aspect to regulatory mechanisms oper- 
ative for HIV-l is the role of RNA-binding proteins (see 
reviews, Jeang et al., 1991; Jeang and Gatignol, 1994; 
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Vaishnav et al., 1991). Specifically, the virus encodes 
a transcriptional activating protein, Tat, and a post- 
transcriptional regulatory factor, Rev, that bind di- 
rectly to RNAs with a high degree of secondary struc- 
ture (TAR and RRE, respectively) within the viral 
genome (see reviews, Jeang et al., 1991; Jeang and Gat- 
ignol, 1994; Vaishnav et al., 1991). TAR and RRE, as 
RNA sequences, serve important regulatory functions 
and are recognized separately by many cellular RNA- 
binding proteins (Marciniak et al., 1990; Sheline et aZ., 
1991; Wu et al., 1991; McCormack et al., 1992; Roy et 
al., 1991; Rounseville and Kumar, 1992; Gatignol et 
al., 1991; Vaishnav et al., 1991). Although much de- 
scriptive information is known, our current under- 
standing of the functional interplay between the virally 
encoded RNA-binding proteins and their cellular coun- 
terparts is limited. 

In an attempt to better elucidate the identity and 
the function(s) of cellular proteins that bind HIV-l 
RNA, we previously developed an affinity-binding- 
based screening procedure to isolate cDNAs that code 
for TAR-binding proteins (Gatignol et al., 1993). One 
such human cDNA, TRBP, was isolated and character- 
ized as a positive regulator of gene expression and has 
been classed in an RNA-binding protein family that 
includes the human Pl/dsI kinase and Drosophila 
staufen (Gatignol et al., 1991, 1993). Here, we provide 
genetic map locations for the expressed TRBP gene and 
related sequences in the human and mouse genomes. 
In the human genome, the expressed gene, TARBPB, 
was mapped to chromosome 12 and the mouse homolog 
maps to chromosome 15. 

MATERIALS AND METHODS 

TRBP probes. Three segments of TRBP cDNA or genomic clones 
were selected for use as hybridization probes. A 1.3-kb BamHI cDNA 
fragment containing the entire coding region of TRBP was prepared 
from the cDNA clone described previously (Gatignol et al., 1991). A 
second probe was an EcoRI fragment containing 637 nt of TRBP2 5’ 
end cDNA. TRBPS is encoded by a cDNA from the same origin as 
TRBP and differs by a 61-nt extension at the 5’ terminus (GenBank 
Accession No. UO8998). These fragments were purified by gel electro- 
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phoresis and electroelution; they were labeled to high specific activity 
(i.e., > lo9 cpm/pg DNA) by random hexamer primed DNA synthesis. 

The third probe was developed from a partially sequenced phage 
isolated from a human genomic library from placenta DNA (Stra- 
tagene) screened with TRBP cDNA. The clone was partially se- 
quenced and shown to be 82% identical to TRBP cDNA but with 
frameshifts and stop codons in all possible reading frames, indicating 
that it was a pseudogene (Graham and Gatignol, unpublished data). 
To generate a pseudogene-specific probe, 54- and 56-nt oligomers 
were synthesized corresponding to a segment located 15 kb 3’ of the 
TRBP sequences and containing 50 bp complementarity at their 3’ 
ends. These oligonucleotides were permitted to anneal by slow cool- 
ing after denaturation at 100°C. The recessed 3’ ends were then 
labeled with [32P1dCTP using the Klenow fragment of DNA polymer- 
ase and unlabeled dATP, dGTP, and dTTP. 

Human gene mapping using somatic cell hybrids. Isolation and 
characterization of a panel of human/rodent somatic cell hybrids has 
been described (McBride et al., 1982). Hybrid cells were analyzed 
for the presence of all human chromosomes except Y by standard 
isoenzyme analyses, by Southern analysis with probes from pre- 
viously localized genes, and frequently, by cytogenetic analysis. 
Southern blots of DNA restriction digests of hybrid cells on positively 
charged nylon membranes were prepared after 0.7% agarose gel elec- 
trophoresis (Olson et al., 1991) and hybridized at high stringency 
with 32P-labeled probes under conditions allowing no more than 10% 
divergence of hybridizing sequences. 

Hybridizing sequences were sublocalized by analysis of previously 
described human/rodent hybrid cell lines containing specific breaks 
or translocations involving human chromosome 8 (McBride et al., 
1987) and chromosome 12 (McBride et al., 1983, 1990; Park et al., 
1992). Loci on chromosome 8 used for regional localizations included 
AACl(8pter-qll), GSR (8p21.1), POLB (8p12-~111, J protein retro- 
pseudogene (8q13-q21), MOS (8qll), MYC (8q24.12-q24.31, nine 
anonymous DNA fragments and pseudogenes, and two additional 
recently mapped genes. Loci on chromosome 12 used for regional 
mapping included TPIl (12p13.3), LDHB (12p12.2-p12.1), KRAS2 
(12p12.1), DDITB (12q13.1-q13.2), PEPB (12q21), D12S7 (12q14.3- 
qter), DCN (12q21.2-q23), and ATP2Bl (12q21-q23). 

Mouse genetic mapping. Chinese hamster X mouse somatic cell 
hybrids were produced and characterized as described previously 
(Hoggan et al., 1988). For this study, 24 hybrids were selected from 
a larger panel of 76 hybrids; 15 of these hybrids were karyotyped, 
and the remainder were typed for markers on specific mouse chromo- 
somes. 

To position the TRBP genes on specific chromosomes, the progeny 
of three genetic crosses were typed: (NFS/N or C58/J x Mus mus 
musculus) x M. m. musculus (NMM cross; Kozak et al., 19901, (NFS/ 
N x Mus spretus) x M. spretus (NSS; Adamson et al., 19911, and 
(NFS/N x M. spretus) x C58/J (NSC; Adamson et al., 1991). Progeny 
of these crosses have been typed for over 700 markers distributed 
over the 19 autosomes and the X chromosome. These markers include 
the Chr 6 markers Tcrb (T-cell receptor-b), Cbll (Gas-Br-M virus 
oncogene l), Cycs (cytochrome C, somatic), and Mtv8 (mammary tu- 
mor virus 8) and the Chr 7 markers Tyr (tyrosinase), Zp.2 (zona 
pellucida protein 2), Oat (ornithine aminotransferase), CypZel (cyto- 
chrome P450,2el), and Hrusl (Harvey ras oncogene 1). Probes and 
restriction enzymes for these markers were described previously 
(Hake et al., 1994; Majors and Varmus, 1983; Danciger et al., 1993; 
Lunsford et al., 1990; Ramesh et al., 1992). Pcpl was typed in the 
M. m. musculus cross following digestion with XbaI and in the M. 
spretus crosses following digestion with PvuII. 

Western blot analysis. Mouse NIH 3T3 (ATCC CRL 16581, Chi- 
nese hamster ovary (CHO, ATCC CCL 611, Chinese hamster E36 
cells, monkey Cos (ATCC CRL 1651), and human HeLa and Jurkat 
(ATCC TIB 152) cells were grown to 50% confluency, washed twice 
with PBS, resuspended in SDS lysis buffer, and boiled for 10 min. 
A similar amount of each cell lysate (estimated by Coomassie stain- 
ing) was loaded on two identical gels. One was stained by Coomassie 
blue, and the second one was transferred to a polyvinylidene difluor- 
ide membrane (Immobilon P, Millipore). Western blot analysis was 
performed using the antibody already described (Gatignol et al., 
1993). The reactions were developed with enhanced chemilumines- 
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FIG. 1. Southern blot analysis of representative human/hamster 
somatic cell hybrid DNAs. Aliquots (10 pg) of independent hybrid 
cell DNAs (lanes 1-14) and parental Chinese hamster (CH) and 
human placental (Hu) DNAs were digested with EcoRI and trans- 
ferred to nylon membranes after agarose gel electrophoresis. The 
blot was hybridized with a 1.3-kb human TRBPP cDNA insert probe 
and washed at high stringency (see Materials and Methods). A 2.1- 
kb hybridizing human band was detected in hybrids retaining human 
chromosome 12 (lanes 2, 4, 7, 10, 11, and 131, whereas a 17.4-kb 
hybridizing band was present in hybrids retaining human chromo- 
some 8 (lanes 2-5, 10, 11, and 13). Hybridizing 1.5 and 3.4 human 
bands were not resolved from cross-hybridizing hamster bands. Sizes 
of human and hamster bands are shown to the right and left, respec- 
tively. 

cence (Tropix). Filters were exposed 1 to 2 h after the reaction for 
about 3 min for autoradiography. 

RESULTS 

Genetic Mapping of TRBP-Related Sequences in the 
Human 

Genes containing TRBP-related sequences were 
identified on two different human chromosomes by 
Southern analysis of a panel of human/rodent somatic 
cell hybrid DNAs digested with EcoRI using the 1.3- 
kb cDNA probe (Fig. 1). Four hybridizing bands were 
detected in human DNAs under these conditions, and 
a 2.1-kb band clearly segregated with human chromo- 
some 12 (Table l>, while a 17.4-kb band could be as- 
signed to human chromosome 8. Digestion of human 
DNA with the enzymes Hind111 and Xf3aI produced 
only 2 TRBP-related fragments in each case (data not 
shown). Examination of the same panel of hybrids di- 
gested with these enzymes confirmed the assignment 
to chromosomes 8 and 12. The chromosome 8 locus was 
identified by a 3.9-kb Hind111 fragment and a 6%kb 
XbaI fragment and the chromosome 12 locus by a lo- 
kb Hind111 fragment and a 15.4-kb XbaI fragment. 

The EcoRI blots were reprobed with a 60-bp oligonu- 
cleotide specific for the 3’ flank of the cloned TRBP 
pseudogene. A single 2.1-kb band that segregated with 
human chromosome 8 was detected, and no cross-hy- 
bridizing rodent bands were found. These results 
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TABLE 1 

Segregation of the TRBPB Gene and Pseudogene 
with Human Chromosomes 12 and 8, Respectively 

Human 
chromosome 

% Discordancy 

Gene Pseudogene 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
X 

24 33 
25 35 
28 41 
39 46 
20 30 
26 29 
40 48 
28 0 
24 35 
26 20 
16 26 
0 26 

30 35 
35 34 
36 53 
43 22 
35 46 
40 47 
29 33 
18 23 
40 53 
27 38 
39 51 

Note. The human TRBP2 gene and pseudogene were detected as 
2.1- and 17.4-kb hybridizing bands, respectively, by Southern blot- 
ting of a panel of EcoRI-digested human/rodent somatic cell hybrid 
DNAs with a 1.3-kb BamHI cDNA fragment as probe (see Fig. 1). 
These bands were well resolved from 1.6-, 3.2-, and 3.5-kb or 1.8-, 
2.7-, 4.0-, and 16.4-kb cross-hybridizing bands in hamster and mouse 
DNAs, respectively. Discordancy indicates the presence of the gene 
in the absence of the chromosome or the absence of the gene despite 
the presence of the chromosome, and the sum of these numbers di- 
vided by total hybrids examined (~100) represents the percentage 
discordancy. The human/hamster hybrids consisted of 29 primary 
hybrids and 14 subclones (20 and 18 positive for gene and pseu- 
dogene, respectively, of 43 total) and the human/mouse hybrids rep- 
resented 19 primary hybrids and 30 subclones (14 and 8 positive for 
gene and pseudogene, respectively, of 49 total). 

clearly indicate that the functional gene, designated 
TARBPS, is located on human chromosome 12, whereas 
the sequence on chromosome 8, TARBPBP, is a pro- 
cessed pseudogene. 

It was possible to sublocalize each of these sequences 
by examination of hybrids containing breaks and trans- 
locations involving both of these chromosomes. Several 
subclones of a human/mouse hybrid contained a dele- 
tion of distal 12p but retained KRAS (12~12.1) and 
all 12q markers, and TARBPB was retained in these 
subclones. Several subclones of another human/mouse 
hybrid retained no 12p markers including KRAS, but 
all 12q markers including DDIT3 (12q13.1) were pres- 
ent, as was TARBPB. Two independent human/ham- 
ster and one human/mouse hybrid retained most of 
chromosome 12~ including KRAS, but all 12q markers 
were absent; TARBP2 was present in one of these hy- 
brids and absent in the other two. These results allow 

assignment of TARBP2 to the centromeric region be- 
tween KRAS (12~12.1) and DDITS (12q13.1). 

One human/hamster hybrid isolated after fusion of 
human fibroblasts (GM3501) containing the reciprocal 
translocation t(1;8)(p34;q22) retained the 8pter-q22 
translocation chromosome in the absence of the recipro- 
cal translocation chromosome or normal chromosome 
8; the TRBP pseudogene was not present in this hybrid. 
Hence, the pseudogene, TARBP2P, can be assigned to 
8q22-qter. 

The cDNA probe was also used to examine DNAs 
from 10 unrelated individuals for restriction fragment 
length polymorphisms. No RFLPs were found in di- 
gests with 12 different enzymes including BamHI, 
HindIII, EcoRI, TaqI, MspI, XbaI, SacI, PuuII, PstI, 
BgZII, EcoRV, and KpnI. 

Genetic Mapping of TRBP-Related Sequences in the 
Mouse 

Southern blot analysis of BALB/c and NFS/N mouse 
and Chinese hamster DNAs identified BamHI frag- 
ments of 19.4, 8.6, 2.8, and 2.2 kb in mouse and 15.5, 
2.1, and 0.7 kb in hamster (Fig. 2). Analysis of 24 so- 
matic cell hybrids for the presence or absence of each 
of the 4 fragments demonstrated that these TARBP- 
related sequences could be assigned to chromosome 
(Chr) 6 (the 8.6-kb fragment), Chr 7 (19.4 kb), and Chr 
15 (2.8 and 2.2 kb) (data not shown). Since Chr 15 
contains a region of linkage homology with human 
chromosome 12, we conclude that this chromosome con- 
tains the expressed gene, Tarbp2, and that related se- 
quences map to Chr 6 and Chr 7. 

To position these 3 TRBP-related loci on the linkage 
map, progeny of three multilocus crosses were typed 
for variant restriction enzyme fragments using the 1.3- 
kb TRBP probe. The Chr 7 locus, TarbpB-rsl, was iden- 
tified in the NMM cross as a 6.0-kb ScaI NFS/N frag- 
ment, in the NSC cross as a 6.7-kb BamHI spretus 
fragment, and in the NSS cross as a 19.4-kb BanHI 
NFS/N fragment (Fig. 2). Comparison of the inheri- 
tance of this locus with markers already typed in these 
3 crosses positioned this gene on distal Chr 7 between 
Zp2 and Oat as shown in Fig. 3. 

The Chr 6 locus, Tarbp-rs2, was identified as a 13.8- 
kb ScaI NFS/N fragment in the NMM cross and as an 
8.6 kb BamHI NFS/N fragment in the NSS cross. No 
fragment corresponding to this locus was identified in 
M. spretus DNA; following BamHI digestion, spretus 
DNA contains only the 6.7-kb Chr 7 Tarbp-rsl frag- 
ment and the 2.8- and 2.2-kb fragments that map to 
Chr 15. This Chr 6 locus, present in inbred mice but 
not in M. spretus, was positioned in the proximal region 
of Chr 6 near Tcrb (Fig. 4). 

Analysis of the NMM cross following digestion with 
ScaI and BgZII and the spretus crosses following diges- 
tion with BamHI and Sac1 failed to identify polymor- 
phic fragments corresponding to the Chr 15 locus using 
as hybridization probes the 1.3-kb TRBP probe and the 
637-bp Trbp2 probe. Digestion of the parental DNAs 
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FIG. 2. Southern blot analysis of mouse DNAs using TRBPP as hybridization probe following digestion with ScaI (A) and BamHI 
(B). Lane M, M. m. musculus; lane N, NFSM; lane H, Chinese hamster X mouse somatic cell hybrid containing Chr 15; C, Chinese 
hamster; lane S, M. spretus. Fragment sizes are indicated to the left in A and to the right in B along with chromosome locations for 
the fragments that could be mapped. 

of the M. spretus crosses with 8 additional restriction 
enzymes and those of the NMM cross with 12 addi- 
tional enzymes failed to identify a cross/enzyme combi- 
nation for which all fragments could be typed in the 
progeny. In an effort to determine whether any of the 
observed polymorphic fragments were derived from the 
Chr 15 locus, DNAs from hamster, mouse, and a so- 
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42 31 6 1 4 2 NMM cross 
2029 1 0 1 1 NX cross 

410 1 1 0 0 NSS cross 

matic cell hybrid containing mouse Chr 15, but not Chr 
6 or Chr 7, were analyzed by Southern blotting. These 
DNAs were digested with BamHI, ScaI, and 6 other 
enzymes that produced polymorphic fragments among 
parental DNAs. In all cases, however, the only mouse 
TRBP-related fragment present in the Chr 15 hybrid 
was the fragment identified as nonpolymorphic in the 

aoqzs 
10 

281249 (lL4t?. 0) 

U/l62 (6.ai2.0) 

a/l66 (4.ak1.6) 

2191 (2.2’1.5) 
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FIG. 3. (A) Segregation of TarbpB-rsl and the flanking genes Zp2 and Out in the progeny of three genetic crosses. Filled squares 
represent heterozygous mice; open squares are homozygotes. Numbers under each column represent the number of mice with each genotype. 
(B) An abbreviated map showing the map location of TarbpB-rsl with Zp2, Oat, and other markers on distal Chr 7 mapped in these crosses. 
For each adjacent locus pair the recombination fraction is given along with percentage recombination and standard error calculated according 
to Green (1981). 
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FIG. 4. (A) Segregation of Tarbp2-rs2 and the flanking genes Tcrb and Cbll in the progeny of two genetic crosses. Filled squares 
represent heterozygous mice; open squares are homozygotes. Numbers under each column represent the number of mice with each genotype. 
(B) An abbreviated map showing the map location of TarbpB-rs2 with Tcrb, Cbll, and the additional Chr 6 markers Cycs Mtvd For each 
adjacent locus pair the recombination fraction is given along with percentage recombination and standard error calculated according to 
Green (1981). CVCS and Mtu8 were not tvoed in the NSS cross. and therefore the recombinant fractions for locus pairs distal to Tarbp2-rs2 
were taken from the NMM cross only. ” _ 

parental mouse DNAs (Fig. 1). Therefore, this locus, 
Tarbp2, could not be positioned in our crosses. 

Expression of TRBP-Specific Proteins in Murine and 
Primate Cells 

The cDNA for the mouse homologue of TRBP has 
been isolated (R. E. Braun, University of Washington, 
pers. comm., 1993). A comparison between human and 
mouse revealed >95% identity in coding amino acid 
sequences and identified a message of 1.6 kb in both 
species (Gatignol, unpublished data). To determine 
whether rodent TRBP and primate TRBP were pro- 
cessed identically within cells, we examined protein 
expression in mouse (NIH 3T3), Chinese hamster 
(CHO and E36), monkey (Cos), and human (HeLa and 
Jurkat) cells (Fig. 5). With an antibody raised against 
two TRBP-specific peptides (Gatignol et al., 19931, im- 
munoblotting analysis revealed qualitative and quanti- 
tative differences among these cells (Fig. 5). Interest- 
ingly, in mouse cells, despite the high conservation 
with human seen at the cDNA level, two TRBP bands 
were detected with molecular masses of 90 and 37 kDa 
(Fig. 5, lane 1). In hamster cells, only the 37-kDa pro- 
tein was detected (Fig. 5, lanes 2 and 3). In comparison, 
monkey and human TRBP migrated with an apparent 
molecular mass of 55 kDa (Fig. 5, lanes 4-6). These 
findings suggest that the regulated expression of TRBP 
differs from cell to cell and that there are species-spe- 
cific differences in post-translational events. 

DISCUSSION 

RNA-binding proteins play important roles in many 
cellular metabolic processes (see reviews, Bandziulius 
et al., 1989; Kenan et al., 1991; Mattaj, 1993; Zamore 
et al., 1990). In the case of HIV-l, they contribute criti- 
cally to transcriptional, post-transcriptional, and virion 

packaging functions (see reviews, Jeang et al., 1991; 
Jeang and Gatignol, 1994; Vaishnavet al., 1991). TRBP 
is one of many cellular proteins that bind to the HIV- 
1 leader RNA, TAR (see review Jeang et al., 1991). It 
associates with the double-stranded stem of the TAR 
RNA hairpin. In contrast, other cellular proteins that 
bind to the loop and the bulge of TAR have been de- 
scribed (Sheline et al., 1991; Wu et al., 1991). Muta- 
tional analyses of HIV-l TAR RNA have shown that 
the stem, the bulge, and the loop elements are all im- 
portant for function (Berkhout and Jeang, 1939, 1991; 
see references below). This suggests that intimate con- 
tacts between the many TAR RNA-binding proteins are 
responsible for overall TAR function. Because TRBP is 
the only TAR-binding protein that has been molecu- 
larly cloned to date, characterization of the interactive 
biology of TAR-binding proteins is not possible. 

TRBP was originally isolated as an RNA-binding pro- 
tein that bound with great affinity to the double- 
stranded stem of TAR RNA (Gatignol et al., 1991, 
1993). Although the physiological function of TRBP in 
mammalian cells is unknown, current observations 
suggest that it serves as a cellular antagonist of the 
interferon-induced double-stranded RNA-activated 
protein kinase (Jeang, unpublished observation). We 
had previously observed that TRBP could augment the 
expression from the HIV-l promoter, as well as that 
from certain other promoters (Gatignol et al., 1991). 
Because a gene mapping to human chromosome 12 has 
been implicated as being important for HIV-1 gene ex- 
pression in human cells (Hart et al., 1989; Newstein et 
al., 1990; Alonso et al., 1992), and because our data 
map the expressed TRBP gene to human chromosome 
12, it is possible that the TARBPB gene product either 
is responsible for or contributes to this phenomenon. 
Direct confirmation awaits further studies. 

TRBP has an RNA binding domain that is conserved 
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FIG. 5. Characterization of TRBP in rodent and primate cell lines. Coomassie staining (left) and Western blot analysis (right) of TRBP 
in murine (NIH 3T3, lane l), Chinese hamster (CHO, lane 2, and E36, lane 31, simian (COS, lane 41, and human (HeLa, lane 5, and Jurkat, 
lane 6) cells. M represents molecular weight markers. The apparent molecular weight of simian and human TRBP is 55 kDa, while the 
rodent counterparts are 90 and 37 kDa for the mouse and 37 kDa for the hamster. 

in the human Pl/dsI protein kinase and in Drosophila 
staufen. Although the true role of TRBP in cells has not 
been defined, this homology with other RNA-binding 
proteins offers a functional clue. Ongoing experiments 
indicate that Pl/dsI protein kinase can potently inhibit 
translation of HIV-l proteins; however, overexpression 
of TRBP reverses this inhibition (Jeang, unpublished 
observation). Thus, TRBP might be a natural cellular 
regulator of Pl/dsI kinase. 

Genetic mapping indicates that mouse and human 
genomes contain multiple loci with sequences related 
to TRBP-two in human and three in mouse. The ex- 
pressed gene in human, TARBPB, was mapped to chro- 
mosome 12p12.1-q13.1. Since mouse homologs of 
genes in this region of the human map have been local- 
ized to distal mouse Chr 15, this identifies the TRBP- 
related sequences assigned to mouse Chr 15 using so- 
matic cell hybrids as the expressed gene and also sug- 
gests a regional assignment for this locus in the mouse 
chromosome. Although both human and mouse ge- 
nomes contain a functional TARBPB locus with a high 
degree of sequence conservation, Western blot analysis 
identifies gene products of different molecular mass in 
primate (human and monkey) and rodent (mouse and 
hamster) cells (Fig. 5). Whether this difference, pre- 
sumably due to post-translational modification, is re- 
sponsible for a functional difference in mouse vs pri- 
mate cells and thereby contributes to the failure of 
HIV-l to replicate in mouse cells remains to be deter- 
mined. 

In the human, the TRBP pseudogene maps to chro- 
mosome 8 and was clearly defined as a pseudogene by 
use of a 60-bp pseudogene-specific probe. The mouse 
contains two additional loci, one of which, TarbpB-rsl, 
was identified in inbred laboratory mice as well as the 
wild mouse species, M. spretus. The second additional 

locus, Tarbp2-rs2, was not present in all mice; it was 
detected in the laboratory mice analyzed in genetic 
crosses (NFS/N and C58/J) and in somatic cell hybrids 
(NFSN, BALB/c, and A/HeJ), but was not present in 
the cross designed to follow inheritance of M. spretus 
alleles. We can conclude that M. m. musculus also lacks 
this locus since many restriction enzymes generated 
identical TRBP fragment patterns in M. spretus and 
M. m. musculus, indicating that the two contain a com- 
parable complement of TRBP-related loci. This Chr 6 
locus therefore appears to represent a TRBP sequence 
present in inbred mice but not common to other species 
of Mus. 

ACKNOWLEDGMENTS 

Anne Gatignol is funded by the Council for Tobacco Research, USA 
INC. This work was supported in part through the Intramural AIDS 
targeted anti-viral program from the Office of the Director, NIH. 

REFERENCES 

Adamson, M. C., Silver, J., and Kozak, C. A. (1991). The mouse 
homolog of the Gibbon ape leukemia virus receptor: Genetic map- 
ping and a possible function in rodents. Virology 183: 778-781. 

Alonso, A., Derse, D., and Peterlin, B. M. (1992). Human chromosome 
12 is required for optimal interactions between TAT and TAR of 
human immunodeficiency virus type 1 in rodent cells. J. Viral. 66: 
4617-4621. 

Bandziulius, R. J., Swanson, M. S., and Dreyfuss, G. (1989). RNA- 
binding proteins as developmental regulators. Genes Den 3: 431- 
437. 

Barre-Sinoussi, F., Chermann, J.-C., Rey, F., Nugeyre, S., Chamaret, 
J., Gruest, C., Dauguet, C., Axler-Blin, C., Vezinet-Brun, F., Rouzi- 
oux, C., Rozenbaum, W., and Montagnier, L. (1983). Isolation of a 
T-lymphocyte retrovirus from a patient at risk for acquired im- 
mune deficiency syndrome (AIDS). Science 220: 868-872. 

Berkhout, B., and Jeang, K.-T. (1989). Trans-activation of human 



72 KOZAK ET AL 

immunodeficiency virus type 1 is sequence specific for both the 
single-stranded bulge and loop of the trans-acting-responsive hair- 
pin: A quantitative analysis. J. Viral. 63: 5501-5504. 

Berkhout, B., and Jeang, K.-T. (1991). Detailed mutational analysis 
of TAR RNA: Critical spacing between the bulge and loop recogni- 
tion domains. Nucleic Acids Res. 19: 6169-6176. 

Danciger, M., Farber, D. B., and Kozak, C. A. (1993). Genetic map- 
ping of three GABA* receptor-subunit genes in the mouse. Geno- 
mics 16: 361-365. 

Gallo, R. C., Salahuddin, C. Z., Popovic, M., Shearer, M., Kaplan, 
M., Haynes, B. F., Palker, T. J., Redfield, R., Oleske, J., and Safai, 
B. (1984). Frequent detection and isolation of cytopathic retrovi- 
ruses (HTLV-III) from patients with AIDS and at risk of AIDS. 
Science 224: 500-503. 

Gatignol, A., Buckler-White, A., Berkhout, B., and Jeang, K.-T. 
(1991). Characterization of a human TAR RNA-binding protein 
that activates the HIV-l LTR. Science 251: 1597-1600. 

Gatignol, A., Buckler, C., and Jeang, K.-T. (1993). Relatedness of an 
RNA binding motif in HIV-1 TAR RNA-binding protein TRBP to 
human Pl/dsI kinase and Drosophila Staufen. Mol. Cell. Biol. 13: 
2193-2202. 

Gatignol, A., and Jeang, K.-T. (1994). Expression cloning of genes 
encoding RNA-binding proteins. Methods Mol. Genet. 4: 18-28. 

Green, E. L. (1981). “Genetics and Probability in Animal Breeding 
Experiments,” pp. 77-113, MacMillan, New York. 

Hake, L. E., Kuemmerle, N., Hecht, N. B., and Kozak, C. A. (1994). 
The genes encoding the somatic and testis-specific isotypes of the 
mouse cytochrome c genes map to paralogous regions of Chromo- 
somes 6 and 2. Genomics 20: 503-505. 

Hart, C. E., Ou, C.-Y., Galphin, J. C., Moore, J., Bacheler, L. T., 
Wasmuth, J. J., Petteway, S. R., and Schochetman, G. (1989). Hu- 
man chromosome 12 is required for HIV-l expression in human- 
hamster hybrid cells. Science 246: 488-491. 

Hoggan, M. D., Halden, N. F., Buckler, C. E., and Kozak, C. A. (1988). 
Genetic mapping of the mouse c-fms proto-oncogene to chromosome 
18. J. Viral. 62: 1055-1056. 

Jeang, K.-T., Chang, Y.-N., Berkhout, B., Hammarskjold, M.-L., and 
Rekosh, D. (1991). Regulation of HIV expression: Mechanisms of 
action of Tat and Rev. AIDS 5: S3-S14. 

Jeang, K.-T., and Gatignol, A. (19941. Comparisons of regulatory 
features among primate lentiviruses. Curr. Top. Microbial. Immu- 
nol. 188: 123-144. 

Kenan, D. J., Query, C. C., and Keene, J. D. (1991). RNArecognition: 
Towards identifying determinants of specificity. Trends Biochem. 
Sci. 16: 214-220. 

Kozak, C. A., Peyser, M., Krall, M., Mariano, T. M., Kumar, C. S., 
Pestka, S., and Mock, B. A. (1990). Molecular genetic markers 
spanning mouse chromosome 10. Genomics 8: 519-524. 

Lunsford, R. D., Jenkins, N. A., Kozak, C. A., Liang, L., Silan, C. M., 
Copeland, N. G., and Dean, J. (1990). Genomic mapping of murine 
Zp-2 and Zp-3: Two oocyte-specific loci encoding zona pellucida 
proteins. Genomics 6: 184-187. 

Majors, J. V., and Varmus, H. (19831. Nucleotide sequencing of an 
apparent proviral copy of env mRNA defines determinants of ex- 
pression of the mouse mammary tumor virus env gene. J. Viral. 
47: 495-504. 

Marciniak, R. A., Garcia-Blanco, M. A., and Sharp, P. A. (1990). 
Identification and characterization of a HeLa nuclear protein that 
specifically binds to the trans-activation-response (TAR) element 
of human immunodeficiency virus. Proc. Natl. Acad. Sci. USA 87: 
3624-3628. 

Mattaj, I. W. (1993). RNA recognition: A family matter? Cell 73: 
837-840. 

McBride, 0. W., Fisher, L. W., and Young, M. F. (1990). Localization 
of PGl (biglycan, BGN) and PGII (Decorin, DCN, PG-40) genes on 
human chromosomes Xql3-qter and 12q, respectively. Genomics 
6: 219-225. 

McBride, 0. W., Heiter, P. A., Hollis, G. F., Swan, D., Otey, M. C., 
and Leder, P. (1982). Chromosomal location of human kappa and 
lambda immunoglobulin light chain constant region genes. J. Exp. 
Med. 155: 1480- 1490. 

McBride, 0. W., Swan, D. C., Tronick, S. R., Gol, R., Klimanis, D., 
Moore, D. E., and Aaronson, S. A. (1983). Regional chromosomal 
localization of N-ras, K-ras-2, and myb oncogenes in human cells. 
Nucleic Acids Res. 11: 8221-8236. 

McBride, 0. W., Zmudzka, B. Z., and Wilson, S. H. (1987). Chromo- 
somal location of the human gene for DNA polymerase B. Proc. 
Natl. Acad. Sci. USA 84: 503-507. 

McCormack, S. J., Thomis, D. C., and Samuel, C. E. (1992). Mecha- 
nism of interferon action: Identification of a RNA binding domain 
within the N-terminal region of the human RNA-dependent Pl/ 
eIF-2a protein kinase. Virology 188: 47-56. 

Newstein, M., Stanbridge, E. J., Casey, G., and Shank, P. R. (1990). 
Human chromosome 12 encodes a species-specific factor, which 
increases human immunodeficiency virus type 1 Tat-mediated 
trans activation in rodent cells. J. Viral. 64: 45654567. 

Olson, S., Wang, M. G., Carafoli, E., Strehler, E. E., and McBride, 
0. W. (1991). Localization of two genes encoding plasma membrane 
Ca’+-transporting ATPases to human chromosomes lq25-32 and 
12q21-23. Genomics 9: 629-641. 

Park, J. S., Luethy, J. D., Wang, M. G., Fargoli, J., Fornace, A. J., 
McBride. 0. W.. and Holbrood. N. J. (1992). Isolation. characteriza- 

I  I  I  

tion, and chromosomal localization of the human GADD153 gene. 
Gene 116: 259-267. 

Ramesh, V., Cheng, S. V., Kozak, C. A., Herron, B. J., Shih, V. E., 
Taylor, B. A., and Gusella, J. F. (1992). Mapping of ornithine ami- 
notransferase gene sequences to mouse Chromosomes 7, X, and 3. 
Mamm. Genome 3: 17-22. 

Rounseville, M. P., and Kumar, A. (1992). Binding of a host cell 
nuclear protein to the stem region of human immunodeficiency 
virus type 1 trans-activation-responsive RNA. J. Virol. 66: 1688- 
1694. 

Roy, S., Agy, M., Hovanessian, A. G., Sonenberg, N., and Katze, M. G. 
(1991). The integrity of the stem structure of human immunodefi- 
ciency virus type 1 Tat-responsive sequence RNA is required for 
interaction with the interferon-induced 68,000-M, protein kinase. 
J. Virol. 65: 632-640. 

Sheline, C. T., Milocco, L. H., and Jones, K. A. (1991). Two distinct 
nuclear transcription factors recognize loop and bulge residues of 
the HIV-l TAR RNA hairpin. Genes Dev. 5: 2508-2520. 

St. Johnston, D., Beuchle, D., and Nusslein-Volhard, C. (1991). 
Staufen, a gene required to localize maternal RNAs in the Drosoph- 
ila egg. Cell 66: 51-63. 

St. Johnston, D., Brown, N. H., Gall, J. G., and Jantsch, M. (1992). A 
conserved double-stranded RNA-binding domain. Proc. Natl. Acad. 
Sci. USA 89: 10979-10983. 

Vaishnav, Y. N., and Wong-Staal, F. (1991). The biochemistry of 
AIDS. Annu. Rev. Biochem. 60: 577-630. 

Vaishnav, Y., Vaishnav, M., and Wong-Staal, F. (1991). Identification 
and characterization of a nuclear factor that specifically binds to 
the Rev response element (RRE) of human immunodeficiency virus 
type 1 (HIV-l). New Biol. 3: 142-150. 

Wu, F., Garcia, J., S&man, D., and Gaynor, R. (1991). tat regulates 
binding of the human immunodeficiency virus trans-activating re- 
gion RNA loop-binding protein TRP-185. Genes Dev. 5: 2128-2140. 

Zamore, P. D., Zapp, M. L., and Green, M. R. (1990). RNA binding: 
Betas and basics. Nature 348: 485-486. 


