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A cDNA from human placenta and liver tissues that contained both sequence for the lysosomal glycosidase
di-N-acetylchitobiase and sequence homologous to the fy subunit of GTP-binding proteins was previously
isolated. Here we have shown that the 'y-subunit-homologous portion of this unusual cDNA is derived from a
member of the -y-subunit multigene family. The partial human fy-subunit sequence was used to isolate the
corresponding full-length cDNA clones from bovine and rat livers. The two cDNAs encode identical
68-amino-acid proteins (7.3 kDa) homologous to previously cloned G protein y subunits. The bovine gene
sequence encoding this new 'y-subunit isoform (-y5) was determined and found to have an intron-exon structure
consistent with the original human chitobiasey5-subunit hybrid mRNA being a product of alternative splicing.
Genomic cloning also resulted in the isolation of a human 'y5 pseudogene.

Heterotrimeric G proteins are important regulators of
receptor-mediated signal transduction, linking extracellular
signals to cellular responses (5, 7, 16). These proteins are
composed of tightly associated 1 and -y subunits with a
GDP-bound a subunit. Formation of a ligand-receptor com-
plex stimulates the catalytic exchange of GTP for GDP, thus
activating the ao subunit and causing its dissociation from the
G protein proper. In response to the freed cx subunit and 1-y
heterodimer, a cascade of events that ultimately results in a
cellular function occurs. Molecular cloning, biochemical,
and immunological studies indicate that the (x, ,B, and y
subunits of heterotrimeric G proteins are derived from large
multigene families (21). It has been proposed that additional
diversity in G protein structure and function may be ob-
tained by bringing together different combinations of the
subunit isoforms expressed by each family (6). Within the
-y-subunit family, three complete cDNA clones representing
three different isoforms have been isolated: one from the
bovine retina (-Yl) (8), the second from the bovine brain and
adrenal gland (Y2) (17), and the third from the bovine brain
(O) (6). A partial cDNA sequence of a fourth isoform (Y4)
from mouse kidney and retina tissues has also been reported
(6).
During our studies on the molecular genetics of a species-

specific lysosomal glycosidase involved in Asn-linked glyco-
protein degradation, di-N-acetylchitobiase (chitobiase), a
chitobiase-related cDNA was cloned from both human pla-
centa and liver Xgtll libraries (4). This cDNA specifies the
first 319 of 385 amino acids for human chitobiase and a
41-amino-acid carboxyl terminus with 50% identity to the -y
subunit of a heterotrimeric G protein. Using the y-subunit-
homologous sequence as a hybridization probe, we have
isolated full-length -y-subunit cDNAs from bovine and rat
livers and a bovine y-subunit genomic clone that encode a
previously undescribed member of the y-subunit multigene
family, _Y5. Preliminary evidence based on the bovine _y5 gene
intron-exon structure suggests that the chitobiase-related
cDNA results from alternative splicing of a pre-mRNA that
contains exons from both the chitobiase and the _Y5 genes.

* Corresponding author.

The novel occurrence of sequence for two different cellular
proteins in a single mRNA further suggests that the struc-
tural genes for chitobiase and the G protein _Y5 subunit form
a complex genetic locus.

MATERIALS AND METHODS

Library screening. The protocol for cloning rat and human
chitobiase and human chitobiase-related cDNAs has been
described elsewhere (4). A 200-bp PvuII-HindIII restriction
fragment specific for the y-subunit-homologous region of a
human placenta chitobiase-related cDNA, HPCB1Oa (4),
was gel purified and random primed labeled with biotin-11-
dUTP (Sigma). Agtll cDNA libraries from bovine liver
(Clontech) and rat liver (C.-P. David Tu, Pennsylvania State
University) were screened with the y-subunit-homologous
probe as described previously (4). One of the cDNAs that
was isolated from the bovine library (BLGTP-y.6) was ran-
dom primed and labeled with [5'-32P]dCTP and used to
screen a Agtll library from human placenta tissue (Clon-
tech). The bovine cDNA was also used to screen a bovine
liver EMBL-4 genomic library (Katherine L. Knight, Loyola
University of Chicago) and a human placenta FIX II ge-
nomic library (Stratagene). Nylon membrane plaque lifts
were prehybridized in a solution containing 5x SSC (lx
SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 5 x
Denhardt's solution, 1.0% sodium dodecyl sulfate (SDS),
and 0.05 mg of sheared herring sperm DNA per ml at 65°C
for 1 h and hybridized in a solution containing 5 x SSC, lx
Denhardt's, 1% SDS, 0.05 mg of sheared herring sperm
DNA per ml, and 2 ng of labeled probe (106 cpm) per ml at
65°C for 12 to 16 h. Posthybridization washes were per-
formed in the following order: 2x SSC-0.1% SDS twice for
15 min at 23°C, 0.2x SSC-0.1% SDS twice for 15 min at
23°C, and 0.2x SSC-0.1% SDS for 15 min at 65 or 50°C,
depending on the desired stringency.
Northern (RNA) blot analysis. The same 200-bp y-subunit-

homologous sequence from HPCB1Oa that was used for
library screening was random primed labeled with [5'-
32P]dCTP (Du Pont-New England Nuclear) to a specific
activity of approximately 109 cpm/,g. Total RNA was iso-
lated from tissue by the acid guanidinium thiocyanate-
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phenol-chloroform extraction method (3). Poly(A)+ selected
RNA was prepared by oligo(dT) chromatography (12). RNA
samples (1 to 2 ,ug) were heated to 65°C for 5 min, quick
cooled in an ice bath, resolved on a 1.2% agarose-2.2%
formaldehyde gel, and electroblotted from the gel onto a
nylon membrane. Blots were hybridized in a solution con-
taining 5x SSC, lx Denhardt's solution, 1.0% SDS, 10%
polyethylene glycol, 50 ,ug of sheared herring sperm DNA
per ml, and 2 ng (106 cpm) of labeled probe per ml at 60°C for
16 h. Posthybridization washes were conducted in the fol-
lowing order: 2x SSC-0.1% SDS twice for 15 min at 23°C,
0.2x SSC-0.1% SDS twice for 15 min at 23°C, and 0.2x
SSC-0.1% SDS for 15 min at 60°C.

Subcloning, nucleotide sequence analysis, and Southern blot
mapping. The bacteriophage DNA from positive clones was
purified from plate lysates, endonuclease digested, and re-
solved on a 1.0% agarose gel. Cloned sequences were
purified by electroelution into dialysis tubing and ligated into
pUC18, M13mpl8, or M13mpl9. Nucleotide sequence anal-
ysis was done by the dideoxynucleotide chain termination
method with the Sequenase Version 2.0 DNA sequencing kit
(U.S. Biochemicals). Sequencing reaction mixtures were
labeled with ([5'-a- 5S]thio)-dATP (Du Pont-New England
Nuclear) and separated on a wedge 6% polyacrylamide-7.5
M urea gel. Southern blot mapping of genomic clones was
performed as previously described (12).

RESULTS

Isolation of a chitobiase-related cDNA with sequence homol-
ogous to a G protein fy subunit. Twelve cDNA clones were

isolated from a human placenta Agtll library when it was
screened with a rat cDNA encoding the lysosomal glycosi-
dase di-N-acetylchitobiase (chitobiase) (4). The sequence
from four of the cDNAs was found to encode human
chitobiase on the basis of its homology to rat chitobiase and
on the basis of expression studies in COS-1 cells (4). DNA
sequencing and restriction analysis of the remaining eight
clones, however, revealed a sequence that was identical to
that of human chitobiase through bp 958 of the open reading
frame but that terminated with a 3' end different from that of
chitobiase. The sequence of a representative of the eight
cDNAs, HPCB1Oa (1.3 kb), is shown in Fig. 1, partially
aligned to the sequence from a full-length human chitobiase
cDNA, HPCB5b (4). The open reading frame of the diver-
gent 3' end from HPCB1Oa continues for 41 amino acids,
thereby replacing the carboxyl-terminal 67 amino acids of
normal chitobiase. Expression of HPCB1Oa in COS-1 cells
did not produce an increase in chitobiase activity (data not
shown), making it appropriate to refer to this sequence as

chitobiase related. A protein data base search with the
41-amino-acid carboxyl terminus of the chitobiase-related
sequence revealed 56% sequence identity to the -y subunit of
a heterotrimeric GTP-binding protein from bovine brain and
adrenal gland tissues (Fig. 1) (17).
To determine the occurrence of the chitobiase-related

cDNA in a tissue other than placenta, a human liver Xgtll
library was screened with HPCB1Oa. A total of six cDNAs
were isolated from the liver library, five of which encoded
normal chitobiase. The sixth liver cDNA, HLCB2a, encoded
the same chitobiase-related sequence originally discovered
in placenta tissue. While this established the presence of the
chitobiase-related sequence in two different tissues, the ratio
of chitobiase-related cDNA to chitobiase cDNA in the liver
library was much lower than that for the placenta library (1:5
for liver versus 8:4 for placenta).
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FIG. 1. Divergent 3' end from a human placenta chitobiase-
related cDNA and its homology to a G protein y subunit. (A) The
nucleotide and deduced amino acid sequences from the 3' end of a

human placenta chitobiase cDNA, HPCB5b (4), and a chitobiase-
related cDNA, HPCB1Oa (see text) are aligned, with nucleotide
matches indicated by vertical lines. The two sequences are identical
through bp +958 of the chitobiase open reading frame (where +1 is
A of the ATG initiation codon for chitobiase). A portion of the
deduced amino acid sequence from a bovine retina and adrenal
gland G protein -y subunit (17) cDNA is aligned with that from
HPCB1Oa, with matches boxed. A single codon gap has been
introduced in HPCB5b and HPCB1Oa to maintain alignment with the
y-subunit sequence. Translational stop codons are indicated by
asterisks. (B) Graphical alignment of the human and bovine cDNA
sequences of panel A. Boxed regions represent the protein coding
sequences, while untranslated sequences are indicated by solid
lines. Open boxes indicate chitobiase sequence; the box hatched
with thin lines represents the bovine G protein y-subunit sequence

(17); and the box hatched with thick lines indicates the divergent 3'
end of HPCB1Oa that shows homology to the bovine G protein
y-subunit sequence.

cDNA cloning of bovine and rat liver -y5 subunits. A
Northern blot containing mRNA from human placenta, rat
liver, and bovine liver tissues was probed with the y-subunit-
homologous sequence from the human placenta chitobiase-
related cDNA HPCB1Oa. The probe was expected to recog-
nize at least one of three chitobiase mRNAs (1.5, 1.8, and 3.7
kb) that have been detected in human placenta tissue (4).
Surprisingly, a 550-bp message was observed in all three
species, with the quantities greatest in bovine liver, interme-
diate in rat liver, and low in human placenta (Fig. 2).
Although the hybridization conditions for the blot in Fig. 2
were not sufficient to detect the parent mRNA responsible
for the chitobiase-related cDNA in human placenta, we have
since shown that the -y-subunit-homologous probe will hy-
bridize to the 1.5-kb chitobiase message (data not shown).
The -y-subunit-homologous probe was next used to screen

bovine and rat liver Agtll cDNA libraries. Six positive
clones were isolated from the bovine library, and a single
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FIG. 2. Northern blot analysis with the y-subunit-homologous 3'
end from a human chitobiase-related cDNA. The probe was a
32P-labeled 200-bp PvuII-HindIII fragment specific for the unique 3'
end of HPCB1Oa (bp 968 to 1167, Fig. 1A). Poly(A) selected mRNAs
(0.5 pLg) from human placenta, bovine liver, and rat liver tissues
were resolved on a 1.2% agarose-2.2% formaldehyde gel, blotted
onto a nylon membrane, and hybridized. The 550-bp message that
was detected is indicated.

clone was isolated from the rat library. Restriction analysis
of the purified phage DNA revealed that all six bovine
cDNAs were approximately 550 bp in length, while the rat
cDNA was approximately 1.3 kb. Figure 3 shows a complete
alignment between one of the bovine cDNAs (BLGTP-y.6),
the rat cDNA (RLGTP-y.1), and the open reading frame from
the -y-subunit-homologous portion of the human chitobiase-
related cDNA. The bovine and rat liver cDNAs were found
to encode identical 68-amino-acid proteins. The correspond-
ing 41-amino-acid sequence deduced from the human chito-
biase-related cDNA sequence also matched precisely. A
sequence conforming to the CC(A/G)CC consensus se-
quence for translational initiation (10) is present immediately
5' to the proposed start codon ATG in both the bovine and
the rat cDNAs. Polyadenylation signals appear 15 bp up-
stream of the poly(A) tail in the bovine cDNA and at bp 432,
1260, and 1342 in the rat cDNA. The predominance of the
550-bp message in rat liver determined by Northern blotting
(Fig. 2) suggests that the polyadenylation site at bp 432 is the
most frequently utilized. The homology between the bovine
and rat cDNAs extends into the 3' untranslated region,
where 70% of the nucleotides are identical. This same degree
of homology also applies to the 3' untranslated sequence
from the human chitobiase-related cDNA when it is com-
pared with either bovine or rat cDNA (data not shown).
Alignment of the deduced protein sequence from

BLGTP-y.6 and RLGTP-y.1 with those of G protein y sub-
units that have been cloned strongly suggests that the cDNA
from bovine and rat tissues is a new isoform of the -y subunit,
which we have tentatively designated Y5 (Fig. 4). The degree
of sequence identity between Y5 and other -y subunits ranges
from 25% (-Yj from bovine retina tissue) to 49% (Y2 from
bovine brain and adrenal gland tissues). As with the other
members of the -y-subunit family, Y5 maintains a cysteine
residue four positions from the carboxyl terminus. This
important amino acid has been shown to be a target for the
posttranslational addition of polyisoprenoid groups, which
are thought to be needed for membrane anchoring (11, 14,
18). Since the y-subunit-homologous sequence from the
human chitobiase-related cDNA identically encodes 41 of 68
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Bovine atgtctacctctctgaatattcataattttctgtttcacaagg.gtaattattttatata 406
lIIIIIIIIIII 11111 1111111111111 111111111

Rat acatctacctctctggattttcatggatctctgtttcacaaggtttaactgttttatata 414

Bovine cactgatg9eaacataca&taaatacttagtaaaaaaaaaaaaaaa 438
11111 lIlI11111111111 11
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Rat atgtgctgtatactaattttttcaacatcaggactcactgccttattggcaaggcttcta 534
ggaatttacagaacaactgcaaatctttgttcaaaggccggaagacttaagagtttctaa 594
tccttcagtcagttatgggaattatcttaaatatcccaaatataggtagggagatggctc 654
ggtggctaagagcacttgctctgcagttagttatgctgagttcagatcctgccacccatg 714
taaaaagctgggcgtggctgtacatgcccgtggccacagcttcggggagatggtttgttg 774
gctgccagcgagggtaaggttgtaattagctccgtgagaacgaggcagaaagggatacag 834
gtgcctgacactgccatgtgggctcacacaggcaacaaacaactctagtggcgtcagcag 894
ttagtgctaccaagaaggtggctgcttccatctggaaaaagagttaaagattcacagaat 954
caagaccttgaggacttacgacaatgcctcaagtaggcaagtggaggtaattaggtagaa 1014
aggaacaagaaaacaggttaacctctgtgacctgtaactttgctccaagtcccaataacc 1074
tgtcctttagaactggtatattaaatcagggtcatacactatctaccaacaagccttttt 1134
tctagcctacaagttctttgggaatgaaaattataaagtttgaatcgtcattcctaagaa 1194
attattacaactaatccaaaatgacaacagcttttatgactttcatacataatttttcag 1254

acaaaaLt.aaattatatttatttatatttactatatgcagtggaaactcatagcacttg 1314
gtcatttcttcaaacacaggatttataaaotatcccattttgaaaagtaa 1367

FIG. 3. Nucleotide and deduced amino acid sequences of bovine
and rat liver cDNA clones isolated with the y-subunit-homologous
sequence from a human chitobiase-related cDNA. The bovine
sequence is from clone BLGTP-y.6, and the rat sequence is from
RLGTP-y.1. The sequences have been aligned, with nucleotide
matches indicated by vertical lines. The open reading frame from the
-y-subunit-homologous 3' end of a human chitobiase-related cDNA
(4) is also included in the alignment. In the region where all three
species have been aligned, conserved nucleotides are indicated by
vertical lines. Gaps have been introduced in the 3' untranslated
region of the bovine and rat sequences to optimize the alignment.
Potential polyadenylation signals (aataaa) have been underlined.
The translational stop codon is indicated by asterisks.

amino acids of the bovine and rat -y5 subunit, we propose that
the human chitobiase-related cDNA is a chitobiase--y5-sub-
unit hybrid.

Characterization of the bovine 'y. gene and a human -y5
retropseudogene. Having established the existence of a y5
cDNA sequence in bovine and rat liver tissues, we were
interested in the structure of the 'y5 gene and whether it
would provide any clues as to how the chitobiase--y5 cDNA
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FIG. 4. Alignment of G protein y-subunit isoforms. The amino
acid sequences deduced from previously cloned y-subunit cDNAs
have been aligned with the sequences from the bovine and rat liver
cDNAs BLGTP-y.6 and RLGTP-y.1. Designations: -Yl, isoform from
bovine retina tissue (8); Y2, isoform from bovine brain and adrenal
gland tissues (17); -y3, a second isoform from bovine brain tissue (6);
_y4, partial sequence from an isoform that was amplified by polymer-
ase chain reaction from mouse kidney and retina tissues (6); and -y5,
bovine and rat liver sequences from BLGTP-y.1 and RLGTP-y.1.
Exact matches that occur in two or more isoforms are shaded. Gaps
have been introduced to obtain optimal alignment.

sequence from human placenta and liver tissues may have
arisen. Bovine and human genomic libraries were screened
with the bovine _y5 cDNA BLGTPy.6, and several positive
clones were isolated. Southern mapping of the bacteriophage
DNA from two bovine genomic clones revealed that each
contained three EcoRI fragments (4.5, 4.0, and 2.2 kb) that
hybridized to the cDNA probe. The three EcoRI fragments
from clone BGGTPy.2a were sequenced and found to en-
code the entire bovine _y5 gene. The gene spans approxi-
mately 7 kb and is divided into three exons, with the open
reading frame distributed between the first two while the
third comprises only the 3' untranslated sequence (Fig. 5).
Interestingly, the 5' end of exon 2 was found to correspond
exactly to the 5' end of the Y5-subunit sequence from the
human chitobiase-Y5 hybrid cDNA. All intron-exon bound-
aries of the bovine _y5 gene conform to the GT-AG rule for
intron splice sites.
The 5' transcriptional regulatory domain of the bovine -y

gene contains elements characteristic of housekeeping genes
(13, 19), including three GC boxes located at bp -166, -528,
and -616 (where +1 is A of the initiation codon ATG). Two
CAAT boxes are present at positions -304 and -859, but
there is no TATA box. Although the transcriptional start site
was not experimentally determined, we predict that it cor-
responds approximately to bp -73 (i.e., the 5' end of
BLGTP-y.6), since all six bovine cDNAs that were isolated
initiate near this site. Within the immediate vicinity of this
putative start site are several blocks of sequence that are
nearly exact matches to the weak consensus PyPyCAPyPy-
PyPy (where Py is C or T and A is where transcription starts)
that has been proposed to be a recognition determinant for
transcriptional initiation (22).

Southern blot analysis of two human genomic clones that
were isolated revealed that both contained a single 2.3-kb
EcoRI fragment that hybridized to the bovine Y5 cDNA
probe. This fragment was sequenced and was discovered to
contain a processed retropseudogene that appears to be
derived from human y, mRNA. In Fig. 6, the human
pseudogene H*Iy5 has been aligned with the bovine cDNA
BLGTP-y.6 instead of with the partial human placenta Y5

sequence in order to obtain a complete comparison. Through
the open reading frame, the bovine y5 and human H*-y5

-1228.. .CCTTCTCTCCTATACTGAATTAAGTTCT
TTATTAGACAGACGCTAGATAAAAACTAAGAAGAAAGGACTGGACGACATACTCCCTGAA

TTGACGGACTATACCAGCAGAACAAGAAACTTCTGTCCTAAGTGCGTGGCATACGTTCCC
ATGGGTGAAACATGCAGTGGCTGAGCCTCCTTTGCTTAGTTCCATCCTACTATTTCTCCT
GAAAGCTCCTCTGAAGGTCATTCAAGCATCAGGTAATAAGCTACAACTGAAACATAAA
AGAGCAAACTTTCTCACAACAGAAAGTTTTTATTTCTTAAAGTAAAATAAACGTTTATCC
ACCAAATGAAATGGACGAGATAAATATAATTTCTGGTCAGCACCTTGGCTTCTTCACAAT
CGTTTCTAGAAAAATGAGAGGTAAGAGGCGCCAGAAGCCAAACCTTGTGAAGATCCCTTT
TTCTC
GACCT

:TGGCGAACCAGCGCCCTCGCTGCCCGCCGCCCGGCTCCTCTCAGTCGGTTACAGA
ICGCGCCCTCCTTCGGCCTCGGGGGTCTGTCGGTGGGAAGCCATCTGCGGAAGGGC

CGCCCGTTGGACAAAAACGGGTCATTTAGGGACGCGTCCTAAGGGGACAAGGTGGCAGCG
ACTCAAGCCCATACTTCTAGCTCCTACGCCTCAGTGAGGCTCTCCCTTCCCTTTCCTCCA
TCTCTGCCGCCAACTCCGCCAGGACACTGGAACCGCCTCGTTGGCCCGCCACCATGACTG

CTCGCTGGATAACTACGATCTCTTTCCTTACCTCTCCCAACTCTGCTCTCGGAGAGGGAG
GACGCAGAGGAGGGGCGTCCGTTCCAGTCGGCGTCCCGTACGTGCCGCGCCCACCGTCCT
GCCGCCCCTTCTAGCTCCCAACTCTCCCCTCACCCTCGGAGGCTCGCGCTCCTTTCGGGT
GTGGAGCCAAAACAGCGGGCGAAGGAGAGGCATGCGCGTTGAGGGTGGAGCCGCTGGGTA
GAGGACCGGAAACTTAAGAGACAAAGTTCCGAGCCTCAACCCCAGCCGACTGGCC
CAGCGGACCCATCGCAGACCTGCCGACGGCCCGCGGATCTGCCATCCTTTCGAGTGCGCC

ATGTCTGGTTCATCCAGCGTCGCGGCTATGAAAAAAGTGGTTCAACAGCTCCGGCTGGAG
M S G S S S V A A M K K V V Q Q L R L E

GCCGGGCTCAATCGGGTGAAG GTGAGCGGGGGCGGGTGGCCGAGGGGGAGGGGAAGGC
A G L N R V K

GGGGAGGTGGCGGGTGGGATACTGCAG...Intron 1 (-2.8 kb) ... CTCTTCCCC

CACTGCTTGTTATATACLG GTTTCCCAGGCAGCTGCAGATTTGAAACAGTTCTGTCTG
V S Q A A A D L K Q F C L

CAGAATGCTCAACATGACCCTCTGCTGACTGGAGTATCTTCAAGTACAAATCCCTTCAGG
Q N A Q H D P L L T G V S S S T N P F R

CCCCAGAAAGTCTGTTCCTTTTTGTAGTAAGACGAATCTTGACAAG CTAAGTTTCCTT
P Q K V C S F L ***

AAATTAAAACAACAAAATTAGTAGGGA...Intron 2 (-3.2 kb)...ATTCCCTTT

TTCCCTTTTTCCTTTTCAG GTTTTCCAAACCACGTTTCATAAACCAGTGAATATTCAA

AGGAAAGCTAAATTTGAAGCCTGTACAAAAGCCTCTCTGTAACGTGCCATACTATACAAA

CAAGGGTAATTATTTTATATACACTGATGGCAACATACE TACTTAGTATAAAAG
TTTTATGTATTAATTTGTTTTGAACACTTAAAAAATGAAAATTTCCCCATCATACTTTTA
AGTGGTTAAATTTTTAGTGTTCTAACCATTCATCTCATAACTTTATGCCATGTATTTACA
AGATTACTAGAGAATTAAAGACTGCAAAGTTATTTTTTTAAGGTCAGGAGAAGGCTGCTA
ATAATACTAGTTTCTGTTCATGAGTTATTTACATG...

FIG. 5. Nucleotide and deduced amino acid sequences of the
bovine _y5 structural gene. The translated amino acid sequence (in
single-letter designations) is given below the nucleotide sequence.
Potential regulatory elements in the 5'-flanking region are under-
lined. The sequence enclosed in an open-ended box indicates the 5'
end of the bovine cDNA BLGTP-y.6 and corresponds to the vicinity
where RNA transcription is proposed to initiate. The GT-AG intron
splice sites are in bold print and separated from the exon sequence
by a space. The translational stop codon is indicated by asterisks.
The boxed sequence in the 3'-flanking region is a putative polyade-
nylation site (AATAAA). The 5' end of exon 2 overscored with a
horizontal arrow denotes the beginning of the y5 sequence in the
human chitobiase-y5 hybrid cDNA (Fig. 1).

nucleotide sequences are 86% identical, compared with 78%
for the complete alignment. The identity between the partial
human 'y5 cDNA sequence and HsY5 is 90% (data not
shown). In addition to several nucleotide substitutions that
result in amino acid changes, deletions of 1 and 2 bp have
occurred in the open reading frame of H*-y., which further
alters the predicted protein sequence as well as introducing
a premature translational stop codon (Fig. 6). Among the
amino acid changes that have occurred because of nucleo-
tide substitutions is the loss of the carboxyl-terminal cyste-
ine residue believed to be involved in polyisoprenylation.
Although a few processed retropseudogenes have been
shown to remain functional (23), the mutations that have

c
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HW5 GAATTCACTGTCTCTGCCGCCCCT ... 556 bp. ... GGTCTAGGATGCTAGGAATAAGAA

HV5 TTTCTGCCTGCTTTCGGAACGTCCAGCCCATGGTAGGAATGTGAGAATGCTCTCCATTTT

By5 CCGCCGACTGGCC

HVy5
BYr5

CTGGCCCCCTATGACCCACGATCCAGCAACCCACGAATCGGCCCAGACCTCACATGCACC
I I 1 I11 1 1 111 I II 11 III III 11 I111
CAGCGGACCCATCGCAGACCTGCCGACGGCCCGCGGATCTGCCATCCTTTCGAGTGCGCC

M L A S S S I A A M K K V V Q L R L E
HW5 ATGTTGGCTTCCTCCAGCATCGCAGCTATGAAGAAAGTGGTTCAACAGCTCAGGCTGGAG

111 I 111111 li1 11111111 111111111111111111 11111111

By5 ATGTCTGGTTCATCCAGCGTCGCGGCTATGAAAAAAGTGGTTCAACAGCTCCGGCTGGAG
M S G S S S V A A M K K V V Q Q L R L E

A E L N R V K V S Q A A A D F K Q L S
Ht'5 GCTGAACTCAACCGTGTTAAAGTTTCCCAGGCAGCTGCAGACTTTAAACAAT. . TGTCTG

111 11111I 11 11 11 111111111111111111 11 11111 1 111111
By5 GCCGGGCTCAATCGGGTGAAGGTTTCCCAGGCAGCTGCAGATTTGAAACAGTTCTGTCTG

A G L N R V K tV S Q A A A D L K Q F C L

A E C S T *** P S T D W N I F K Y K S F 0

HVy5 CAGAATGCTCAACATGACCCTCTACTGACTGGAATATCTTCAAATACAAATCCTTTCA. G

By.
Q N A Q H D P L L T G V S S S T N P F R

T 0 K F D S F L ***
HV5 ACCCAGAAATTCGATTCCTTTTTGTAGTAAAATGAATCTTTCAAAAGTTTCCCAAACTTT

1111111111111111111111 111111 11 1111 111111

By5 CCCCAGAAAGTCTGTTCCTTTTTGTAGTAAGACGAATCTTGACAAGGTTTTCCAAAC...
P Q K V C S F L *** t

HW5 TTTTTTTAATTGTACATTTGTGTACAATTAACTTACACCACGTAATTAGCCTCTGTGATA

By5 ............................................................

Hyf5 CTGAGGTTGTGTATGGGAATGTCTTTTCTCTATGAAGATGAAACTGCTTGTGTGTTATTG

BY5 ........................................................... C

HtV5 GTGTCTTATGATCGAGTGAATATTCAAAAGAGAGCTAAATTTGAAGCCTGTACAAAAGCT

By5 ACGTTTCATAAACCAGTGAATATTCAAAGGAAAGCTAAATTTGAAGCCTGTACAAAAG..

HY5

By5

GACCCCGTAACACATGTTCCATAATATACAAACTTCTCTTTTCGTCAGTCCTTAACACCT
11 11 111 IIIIIIIIIIIIIII III IIIIIIIIIII 11

... CCTCTCTGTAACGTGCCATACTATACAAACTTCTACTTTTGTCAGTCCTTAATGTCT

Hyf5 ACCTCTCTGAATTTCCATGAATTTCTATTTCACAAGGGTAATT . GTTTATATACACTGGC
111111111111 1111 11111 1111111111111111 1111111111111

BY5 ACCTCTCTGAATATTCATAATTTTCTGTTTCACAAGGGTAATTATTTTATATACACTGAT

HWrt5 AGCAGCATAC~CATAGTCTAAAAAAAAAAAAGAAATGGTAGGAAGATCTTTTAT
III 111111111111 1I1111111111111 11

BY5 GGCAACATAC TACTTAGTAAAAAAAAAAAAAAA

Ht5 CTGGCCATTCTTCACTTCTTTTTA ... 878 bp ... ACTCTGCACTGTGGCTTTGAATTC

FIG. 6. Nucleotide and deduced amino acid sequences of a
human y5 retropseudogene. The sequence of a 2.3-kb EcoRI frag-
ment from a human genomic clone is shown aligned with the bovine
y5 cDNA sequence from BLGTP-y.6. Nucleotide matches are indi-
cated by vertical lines. The translated amino acid sequence is given
in single-letter designations. Gaps have been introduced in the
human sequence to maintain alignment with the bovine sequence.
Vertical arrows indicate introns in the bovine -y5 gene (Fig. 5). Stop
codons are labeled by asterisks. The underlined sequence is a direct
repeat proposed to be a consequence of retrotransposition.

occurred in H*-y5 would argue against it remaining func-
tional.

Features of the H*iy5 sequence that are characteristic of
processed retropseudogenes include a poly(A) tail with its
associated polyadenylation signal and the absence of introns
(Fig. 6) (for a review, see reference 25). Immediately follow-
ing the poly(A) tail, there is a 9-bp sequence, TGGTAG
GAA, that is also present as a direct repeat at a site that
nearly corresponds to the 5' end of the bovine cDNA
BLGTPy.6. Short direct repeats similar to this are thought to
be a consequence of the retrotransposition mechanism.
Because these repeats often flank the 5' cap site and poly(A)

tail of the processed mRNA, the location of the 5' repeat in
H*.y5 is consistent with our prediction that the transcrip-
tional start site in the bovine _Y5 gene (and likely in the human
gene as well) approximates the 5' end of BLGTPy.6.

DISCUSSION

The cDNA clones from bovine (BLGTP-y.6) and rat
(RLGTPy.1) liver tissues that were characterized in this
study display significant homology to the different G protein
y subunits that have been previously described (Fig. 4) (6, 8,
17). This suggests that the bovine and rat cDNAs encode a
new isoform, which we have designated -y5. An attempt to
clone from human placenta the remainder of the human
-y5-subunit sequence originally cloned as a hybrid chitobiase-
y5-subunit cDNA was also made. However, no full-length y5
cDNAs, only chitobiase-y5-subunit hybrids, were detected.
Although the Northern blot in Fig. 2 shows a 550-bp message
in human placenta cDNA homologous to the human _y5-
subunit probe, the signal is reduced relative to that in bovine
and rat liver tissues. This may indicate a low copy number of
the -y5-subunit mRNA in placenta or a cross-hybridization
with homologous y-subunit isoforms. In light of the tissue-
specific pattern of expression displayed by most G protein -y
subunits (6), Y5 may be liver specific and not expressed in the
placenta.
A striking feature of the _y protein coding sequence is its

precise conservation among bovine, rat, and human (Fig. 3).
This cross-species identity has also been demonstrated for
the Y2 and Y3 subunits (6) and may reflect the different
structure-function relationships of the various isoforms. The
_y5 subunit is both the smallest of the isoforms that have been
cloned and the only one which possesses a carboxyl-terminal
sequence that deviates from the Cys-A-A-X (where A is an
aliphatic residue and X is unspecified) motif believed to be
the recognition determinant for posttranslational addition of
polyisoprene groups. Instead of aliphatic residues occupying
the -2 and -3 positions relative to the carboxyl terminus, Y5
contains an aromatic amino acid (Phe) and a hydroxy amino
acid (Ser), respectively (Fig. 4). Another class of GTP-
binding protein that has nonaliphatic amino acids at the -2
and -3 positions is the low-molecular-mass G proteins of the
rac and ral families (9). These proteins have been shown,
however, to successfully undergo polyisoprenylation. The
Cys-Ser-Phe-Leu motif in the _y5 subunit therefore fits the
proposal of Kinsella et al. (9) that proteins containing the
carboxyl-terminal sequence Cys-X-X-X (where X is unspec-
ified) may be targeted for polyisoprenoid modification as
well.
The structure of the bovine _Y5 gene provides strong

evidence that the chitobiase-_y5 hybrid cDNA from human
placenta and liver tissues is a product of alternative splicing.
Comparing the two sequences reveals that exon 2 matches
precisely to the site that defines the start of the human y5
sequence within the chitobiase-'y5 hybrid cDNA (Fig. 1 and
4). In addition to exon 2, sequence homologous to exon 3 is
present in the _Y portion of the hybrid cDNA. Assuming Y5
gene structure conservation between bovine and human
genes, exons 2 and 3 from the human _Y5 gene therefore
appear to have been spliced together with exons 1 through N
(where the exact linear position of exon N is unknown
because the structure of the chitobiase gene has not been
determined) from the chitobiase gene. Excluding complex
mechanisms such as trans splicing (15, 24), the most likely
explanation to account for the formation of a chitobiase-Y5
mRNA is that the two sequences originate from a common
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FIG. 7. Two mechanisms for generation of a chitobiase-y5 hybrid mRNA. Chitobiase exons are represented by open boxes, while the
-y5-subunit exons (Fig. 5) are labeled 1 through 3. Chitobiase exon N encodes the 3' end of the chitobiase sequence in the chitobiase-y5 hybrid
cDNA (Fig. 1). The actual number of chitobiase exons has not been determined, as indicated by the broken exons. Dashed lines represent
splicing patterns. (A) Chitobiase and _Y5 genes separated by an intergenic region sufficient to allow RNA polymerase II read-through are
shown. (B) The -y5 gene is placed within an intron of the chitobiase gene. In both scenarios, the splicing products include chitobiase, the y5
subunit, and a chitobiase--y5-subunit hybrid.

C 1 2 3>

primary RNA transcript and are joined during RNA proc-
essing. Consistent with an alternative splicing mechanism is
the existence of at least three different chitobiase mRNAs
(1.5, 1.8, and 3.7 kb) in human placenta tissue (4). The
sequence of the bovine _Y5 gene presented here (Fig. 5) is the
first report of a genomic sequence from the y-subunit multi-
gene family.
For the chitobiase and Y5 sequences to have been com-

bined into a single RNA transcript suggests that the two
genes may form a complex genetic locus. Such an associa-
tion has not yet been determined; however, there are at least
two possible genomic organizations. The first model envi-
sions the two genes juxtaposed such that the distance
between them is small enough to allow RNA polymerase
read-through from the chitobiase gene into the Y5 gene (Fig.
7A). Eukaryotic RNA polymerase II is known to extend
from approximately 0.5 to 2.0 kb beyond the polyadenyla-
tion site (2). If the polymerase were to establish contact with
the -Y5 gene during this extension, it might continue through
until the transcriptional termination signal in the _y5 gene. In
this regard, it is interesting that the 3' untranslated se-
quences from human and rat chitobiase display a high level
of sequence identity (4). While this may reflect the presence
of a sequence(s) that is important for aspects of the mRNA,
such as stability (20), it may also indicate a functional
importance of the putative intergenic region that links the
chitobiase and -y. genes. Our second model places the entire
_Y5 gene within the intron that corresponds to the chitobiase
splice site in the human hybrid cDNA (Fig. 7B). Considering
the small size of the _Y5 gene (7 kb), such an overlap is
feasible. This scenario has an advantage over the first
mechanism in that it would not require RNA polymerase
read-through from the chitobiase to the _y5 gene, since Y5
would lie within the chitobiase transcription unit. Southern
blot analysis of the bovine Y5 gene has revealed no evidence

of chitobiase-homologous sequence positioned within either
of the two 'y5 introns, indicating that exons from the two
genes are unlikely to be interspersed. Currently we are
trying to characterize these and any other possible structural
organizations for the bovine, rat, and human chitobiase and
'Y5 genes.
An intriguing hypothesis that has emerged from this study

addresses the possibility that the unique organization of the
chitobiase and Y5 genes may be related to the deficient levels
of chitobiase expression in ungulates and carnivores (1). In
other studies, we have shown that species that represent
these two groups, bovines and dogs, maintain the chitobiase
gene as part of their genetic load, yet bovines express very
reduced levels of chitobiase mRNA in their livers (4).
Because the loss of chitobiase expression is traceable along
the lines of mammalian radiation (1), an evolutionarily
acquired genetic alteration in the ancestor of ungulates and
carnivores may have changed the context of the chitobi-
ase--y5 locus sufficiently to result in positional interference
between the two genes. Although in this report we have
presented no evidence that directly supports this view, the
occurrence of two unusual events at a single genetic locus
(i.e., suppressed chitobiase expression and a complex orga-
nization of the chitobiase and _Y5 genes) suggests a possible
cause-and-effect relationship that will be important to eluci-
date.
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