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A variety of cDNA and genomic clones for the y-sub-
unit of mouse muscle phosphorylase kinase (Phk-vyM)
have been isolated and characterized. The murine gene
for Phk-vM (Phkg) exhibits multiple transcription
start sites that are identical in skeletal muscle, cardiac
muscle, and brain. The gene is composed of 10 exons
and includes a 4,.9-kb intron located in the 5 untrans-
lated region. Two mRNA species of 1.75 and 2.56 kb
are produced from Phkg in ICR and C57BL/10 mice;
these transcripts are colinear throughout the coding re-
gion and differ only in the length of the 3’ untranslated
region. We have mapped the polyadenylation site of the
1.75-kb mRNA to the middle of exon 10; the 2,55-kb
mRNA terminates further 3’ at the end of a mouse B2
repeat. In Balb/C mice an additional B2 insertion and
related genomic rearrangements alter the sequence of
Phkg exon 10 and are accompanied by an increase in
the quantity of the 1.75-kb transcript and a decrease in
the abundance and size of the longer transcript, from
2.55 to 2.35 kb. A PCR assay for sequences contained
in exon 10 reveals that the Balb/C 3’ gene structure is
shared by Mus musculus castaneus and Mus musculus
molossinus; the C57BL/10 gene structure is shared by
Mus spretus, Mus domesticus, and geveral strains of
laboratory mice. These results suggest that Phkg in
Balb/C mice was derived from M. m. molossinus and
that Phkg of the other examined laboratory strains was
derived from M, domesticus. © 1993 Academic Press, Inc.

INTRODUCTION

Phosphorylase kinase (Phk; ATP:phosphorylase-b
phosphotransferase, EC 2.7.1.38) is an intermediate en-
zyme in the glycogenolytic regulatory cascade and was
the first regulatory protein kinase to be isolated (Krebs
and Fischer, 1956). The Phk holoenzyme is composed of
four molecules each of the four subunits o, 5, v, and é.

Sequence data from this article have been deposited with the Gen-
Bank Data Library under Accession No. L080566, L08057, LO8058, and
L08059.
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Phosphorylation of the ¢ and 8 subunits via the 8-
adrenergic pathway and increased calcium concentra-
tions, activate the enzyme (for review see Picket-Gies
and Walsh, 1986). The calcium binding é subunit is
identical with calmodulin, an effector of several Ca®'-
dependent enzymes. The v subunit catalyzes phosphor-
ylation of the enzyme phosphorylase. Phk activity is
highest in fast-twitch skeletal muscle but is also present
in slow-twitch skeletal muscle (15% of the activity in
fast-twitch muscle), cardiac muscle (5%), brain (5%),
and liver {2%) (Gross and Mayer, 1974; Proux et al,,
1974; Cohen et al., 1981).

There are several known isoforms for each of the Phk
subunits, as well as several known genes that express
calmodulin (Nojima, 1989). Three isoforms of the Phk «
subunit have heen cloned: aM and «M’, which are the
alternatively spliced products of a single gene, Phkal
(Zander et al., 1988; Harmann et al., 1991; Barnard et al,,
1990), and oL, which is the product of Phka2 (Davidson
et al., 1992). The aL subunit is expressed primarily in
brain and at lower levels in liver, cardiac muscle, and
testis (Davidson et al., 1992). The «M and oM’ subunits
are predominant in fast-twitch glycolytic muscle fibers
and in fast-twitch oxidative glycolytic and slow-twitch
oxidative muscle fibers, respectively (Picket-Gies and
Walsh, 1986; Pickett-Gies et al., 1987). Two isoforms of
the 8-subunit have been identified, M and 8B; these are
generated from a single gene by alternative splicing and
are predominant in muscle and brain, respectively
{Hartmann et al., 1991; Kilimann et al.,, 1988). The two
known ¥ subunit isoforms, ¥yM (Chamberlain et al,
1987; Bender and Emerson, 1987} and ¥T (Hanks,
1989), are products of separate genes. Phk-vM is ex-
pressed at high levels in skeletal muscle and at lower
levels in cardiac muscle and brain {Chamberlain et al.,
1987). Phk-+T is expressed predominantly in testis (Ca-
lalb et al., 1992).

Although the oM and «M' proteins were first recog-
nized as alternate subunits in the early 1970s (Jennissen
and Heilmeyer, 1974), the molecular mechanisms con-
trolling the expression of these and other Phk subunits
remain undetermined. The availability of gene sequence
information for these isoforms will facilitate the search
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for shared regulatory motifs and common regulatory
mechanisms. As a first step in understanding the diver-
sity of phosphorylase kinase isoforms we report here the
complete structure of the gene for Phk-yM in Balb/C
mice. This research lays the groundwork for future stud-
ies on the mechanism of transcription control of the
phosphorylase kinase subunit isoforms.

During the course of this work we ohserved an interest-
ing example of gene evolution mediated by the insertion
of mouse B2 repeat sequences. B2 repeats are present in
5-10 X 10° copies per genome and have been identified at
the 3’ end of several mRNAs (Ryskov et al., 1983; Kress
et al,, 1984). Phkg generates two transcripts that differ in
the length of the 3’ untranslated region; the longer tran-
script terminates at the 3' end of a B2 repeat. Compari-
son of the 2’ end of Phkg in several laboratory strains
and species of mice has revealed a second, proximal B2
insertion and related rearrangements in some strains of
mice. These observations have allowed us to infer ge-
netic relationships between these mice and propose a
model for the evolution of Phkg by sequential insertion
of B2 repeats.

MATERIALS AND METHODS

Isolation of Phk-yM ¢cDNA eclones. Full-length cDNA clones were
isolated from an ICR mouse skeletal muscle cDNA library in Agtll
that was prepared by random hexamer and oligo(dT) priming of
poly(A)* RNA (Chamberlain et al, 1988b). Primary clones (2 % 10°)
were hybridized in duplicate with subclones of the 5'- and 3'-most ends
of previously described mouse muscle Phk-yM ¢cDNAs (Chamberlain
et al, 1987}). Hybridization conditions were as deseribed (Chamberlain
et al., 1987). Seven clones hybridized with both probes; these were
plaque purified and the inserts were subcloned into pTZ19r (Pharma-
cia). Restriction analysis indicated that none of the clones contained
sequences further 5 than had been isolated previously, but that all
contained the entire 3’ untranslated region for the longer of the two v
subunit mRNAs. The complete sequence of the 3’ untranslated region
for one of these clones, y-Phk5.1, was determined from subcloned
fragments in the vectors pTZ19r or M13mp19 either manually or on
an Applied Biogystems Model 373 automated DNA sequencer, as de-
scribed previously (Chamberlain et al, 1988a).

Isolation of Phkg genomic clones.  Genomic clones for the v subunit
of mouse muscle Phk were isolated from a Balb/C mouse genomic
library prepared by partial Sau3A digestion of genomic DNA followed
by ligation into the vector AEMBL3. Plaques (10°%) were screened by
hybridization with purified insert from the yM-Phk3 ¢DNA clone
(Chamberlain et gl, 1987) as described previously (Chamberlain et al,,
1988a). To isolate the 3’ end of the gene, a second genomic library was
prepared in AEMBLA from EcoRI-digested Balb/C DNA size selected
for restriction fragments between 12 and 16 kb in size. This latter
library was screened with a 0.6-kb Puull fragment from the 3' end of
the Phk-yM ¢DNA, and eight identical clones containing a 14-kb
EcoRI fragment were isolated (A\PhkE14, Fig. 1A}. The Phkg genomic
clones were restriction mapped with eight enzymes (Fig. 14). Exon-
containing restriction fragments were subcloned into pUC18 and
pUC19, pTZ18 and pTZ19, or M13mpl8 and M13mpl9 and se-
quenced on an Applied Biosystems Model 373 automated DNA se-
quencer (Figs. 1A and 2). Selected genomic fragments were amplified
by polymerase chain reaction (PCR) and cycle sequenced using the
Taquence v.2.0 kit (USB). For sequencing, PCR. products were elec-
trophoresed through agarose gels, isolated from gel slices by centrifu-
gation through sterile glass wool, precipitated with ethanol, and resus-
pended in H;0. Cycle sequencing reactions contained 100 ng sach of
purified PCR product and either the forward or reverse PCR primer
and were carried out using PCR amplification conditions (see below)
for 40 cycles. Genomic DNA sequences were aligned with ¢cDNA se-
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quences and with the GenBank database to identify exon/intron
boundaries and internal repeats using the MacVector program (TBI).
cDNA and genomic clone sequence data have been deposited in Gen-
Bank.

RNA gnalysis. Total RNA was isolated from mouse tissues as de-
scribed previously (Chomczynski and Sacchi, 1987), reextracted with
phenol/chloroform, and ethanol precipitated. Poly(A)* RNA was iso-
lated by oligo(dT) cellulose chromatography (Aviv and Leder, 1972),
For Northern blot analysis, 10 pg of total RNA was resolved by electro-
phoresis through a 1.35% agarcse/0.66 M formaldehyde gel, trans-
ferred to Nytran membrane (Schleicher and Schuell), and fixed using
a UV crosslinker (Stratagene). Membranes were prehybridized at
42°Cin 5X 88C (1X 88C = 150 mM NaCl, 15 mM citric acid, pH 7.0),
&X Denhardt’s solution {1X Derthardt’s = 0.2 mg/ml each Ficoli, poly-
vinylpyrrolidone, and bovine serum albumin], 0.05 M Tris (pH 7.5),
0.1% sodium pyrophosphate, 0.5% sodium dodecyl sulfate (SDS), 50%
formamide, and 100 pg/ml each herring sperm DNA, poly (dATP) and
poly (dCTP). Hybridization conditions were as above, except that the
concentrations of Denhardt’s solution and SDS were 1X and 0.1%
respectively, and the poly(dATP) and poly(dCTP) were omitted.
cDNA probes were labeled using a Prime-It II kit (Stratagene) and
added to the hybridizations at 1-2 X 10° cpm/ml. Filters were washed
for 1 hat 80°C in 2xX 8SC and 0.5% SDS followed by 20 min at 45°C in
0.5X 88C and 0.1% SDS (for Phk-yM) or 0.1x SSC and 0.1% SDS
(for MCK). Filters were regenerated after hybridization with Phk-+M
by washing for 60 min at 65°C in 50% formamide, 0.1% SDS, and 4x
SSPE [1x SSPE = 150 mM NaCl, 10 mM sodium phosphate, 1 mM
EDTA, pH 7.4]. The amount of hybridization obtained with the MCK
probe was measured with a Betascope imager (Betagen). Densitome-
try of the Northern analysis sutoradiograms was performed with a
Biclmage gel analysis system {Millipore).

Reverse transcription and PCR. Single-stranded ¢cDNA for PCR
was prepared by reverse transcription (RT) of total RNA. A 15.5-ul
reaction containing 1 ug total RNA, 10 ug random hexamers (Pharma-
cia), 2 ug oligo(dT),;, and 4 ul 5% RT buffer [1X RT buffer = 50 mM
Tris—HCI (pH 8.3 at 37°C), 8 mM MgCl,, 30 mM KCl, and 10 mM
dithiothreitol (DTT)] was heated to 95°C for 1 min and then chilled
on ice. The reaction volume was increased to 20 ul with the addition of
50 nmol each dNTP, 2 ug BSA, 10 units of RNAsin (Pharmacia), and
200 units of SuperScript MMLV reverse transcriptase (BRL). The
reactions were incubated at 37°C for 1 h and stored at —70°C.
Twenty-five-microliter PCRs contained 0.2 uM primers, 1 U Tag poly-
merase {Engelke et al., 1990}, and 0.2 mM each dN'TP, in 1X reaction
buffer [10 mM Tris-HC), pH 8.3, 50 mM KCl, 1.5 mM MgCL]. PCR
templates were 1 ng cloned DNA, 125 ng genomic DNA, or 1 1] reverse
transcribed first-strand cDNA. Amplification was performed on a
Perkin-Elmer Cetus thermocycler using the step cycle function. The
reactions were heated to 94°C for 4 min, amplified for 30 to 35 cycles,
and incubated for 5 min at 72°C. Amplification cyeles were 30 s dena-
turation at 94°C, 30 s annealing (optimum temperature varies), and 30
s minimum extension at 72°C. The annealing temperature was opti-
mized for each primer set and the extension time was increased by 30 s
for each 500 bp to be amplified beyond 500 bp.

Rapid amplification of cDNA ends (RACE). The following modifi-
cations were made to the published procedure (Frohman 1990). Re-
verse transcription was performed as described above except that 50
ng poly(A)" RNA was used as template and 500 ng of an oligo(dT)-
adapter primer, Ad(dT) [5' GGTCAGCTGATGTGCAAGG(T),; 37,
replaced both the random hexamers and the oligo(dT),,. One
hundred-microliter PCRs were assembled in two layers using Ampli-
Wax PCR Gems (Perkin-Elmer). The 25-u] lower layer contained
0.8% PCR buffer, 4 U Tag polymerase, 200 ng Phk-vM forward primer
F4 (Fig. 2B), and 200 ng of the adapter primer without oligo{dT) se-
quence. The 75-4] top layer contained 1.1X PCR buffer, 8 ul of 2.5 mM
dNTPs, and 2 ul of the RACE first-strand eDNA. PCR was performed
as described above using an annealing temperature of 58°C and 1-min
extensions for 35 cycles. The gel-purified product was treated with T4
DNA polymerase and ligated into the Hincll site of pTZ19. Following
transformation of Escherichia coli, plasmid inserts from individual
colonies were amplified by PCR using vector-specific primers and cy-
cle sequenced.
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Primer extension. Primer extensions were performed essentially
as described (Boorstein and Craig, 1989). Synthetic oligonucleotides
PXA (5 ATCCCAAACACCTCGTGAGGTCCTTGTAGG 37 and
PXB (5" AGTGACAAGAATTCCAAAGGTCCTGGAGCC 3'), com-
plementary to the 5" untranslated region of Phk-yM, were end-labeled
with T4 polynucleotide kinase. Primer (5 X 10* ¢pm) was annealed
with 2 ug poly(A)* RNA, 3 ug tRNA, or 25 pg synthetic-sense RNA
(see below) in 10 ul of 1X single-strand hybridization buffer [0.3 M
NaCl, 10 mM Tris—HCI, pH 7.5, and 2 mM EDTA]. After incubation
for 3 h at 50°C, 40 gl of 1.25X transcription buffer [1X transcription
buffer = 1 mM dNTPs, 50 mM T'ris (pH 8.3 at 37°C), 8 mM MgCl,, 30
mM KCl, 10 mM DTT, 100 xg/ml BSA, 100 ug/ml Actinomycin C1]
and 300 U of MMLV reverse transcriptase were added to each reac-
tion and the mixture was incubated at 42°C for 1 h. The reactions were
stopped by addition of 1 ul 0.5 M EDTA, ethanol precipitated, and
resuspended in 2 ul H,O and 5 gl formatmide loading dye. Extension
products were size fractionated on a denaturing 6% polyacrylamide
gel and analyzed by autoradiography.

RNase protection. Exon 1 and upstream sequences were PCR am-
plified from Balb/C genomic DNA using primers F0 and R1 (Fig. 2A).
Reactions were treated with T4 DNA polymerase, gel purified using
the MerMaid kit (Bio 101}, ligated into the Hincll site of pTZ19R, and
sequenced as described above, Plasmids pPhkN and pPhkR contained
the insert in opposite orientations and were used to generate sense and
antisense RNA, respectively. RNase protection analysis was per-
formed using antisense RNA from plasmid pPhkR as described previ-
ously {Chamberlain ef al., 1988b). Sense RNA from plasmid pPhkN
was used for the primer extension reactions.

RESULTS

Isolation of Genomic Clones for Phk-vM

Genomic clones for mouse muscle Phk-vM were iso-
lated by screening a Balb/C genomic library. Five clones
were identified by hybridization with the ¢cDNA sub-
clone yM-Phk3 (Chamberlain et al., 1987), of which two
were found to be identical. These clones were restriction
mapped with a variety of enzymes, and exon-containing
restriction fragments were subcloned and sequenced
(Figs. 1 and 2). This analysis revealed that none of the
genomic clones contained the 3’ end of the gene, and
rescreening of the library indicated that the 3’ end of the
gene was not present in the original library. Southern
analysis of Balb/C genomic DNA revealed that the 3’
end of the gene was present on a 14-kb EcoRI fragment
(data not shown). Therefore, we prepared a size-selected
EcoRI total digest genomic library from which the 3’ end
of the gene was isolated, Figure 1A is a schematic illus-
tration of the gene for Phk-yM from Balb/C mice. The
location of all restriction sites for eight enzymes, the
location of the exons and sequenced regions, the extent
of each of the genomic clones analyzed, and the location
of various B1 and B2 repetitive elements (some of which
are truncated) within the sequenced regions are indi-
cated on the figure. Figure 2 displays the sequence of the
exons and flanking regions.

Exon boundaries of the gene were determined initially
by comparison of sequence data of cDNA clones isclated
from C57BL/10 and ICR skeletal muscle cDNA libraries
(Chamberlain et al., 1987; Bender and Emerson, 1987).
These data indicated that the gene was divided into 10
exons and 9 introns (Figs. 1 and 2) flanked by consensus
splice donor or acceptor sequences [Table 1; (Mount,
1982)]. However, this analysis was complicated by the
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presence of two insertions of 165 and 209 bp within the 3’
untranslated region in exon 10 of the Balb/C gene rela-
tive to the sequence of cDNA clones isolated from two
independent ICR mouse libraries [Figs. 1B and 2;
Bender and Emerson, 1987; this work]. This analysis
also revealed a short tandem repeat (STR) polymozr-
phism of (T),4(A); vs (T)¢(A), in Balb/C and ICR mice,
respectively. The inserted sequences did not appear to
represent introns as they were not flanked by consensus
splice donor and acceptor sequences (Fig. 2); this sug-
gested that the Balb/C and ICR mouse genes for Phk-
¥M might differ in their 3’ end structure.

3' End Structure of Phkg

The 3’ end structure of Phkg was compared in a vari-
ety of different mouse species and strains by PCR am-
plification from genomic DNA and reverse transcribed
mRNA. PCR was performed with primers F5 and R5
(Fig. 2B), which are complementary to sequences sepa-
rated by 200 bp in the ICR ¢cDNA and by 585 bp in Balb/
C genomic DNA. A 585-bp PCR product was obtained
with Balb/C and Mus molossinus genomic DNAs,
whereas the product from Mus castaneus (CASA/RK)
appeared slightly smaller (Fig. 3). In contrast, a PCR
product of 200 bp was obtained with genomic DNA from
six laboratory strains of mice and from both Mus spretus
and Mus domesticus. The 200-bp preduct comigrated
with the PCR product obtained from reverse transcribed
C57BL/10 RNA and ICR mouse ¢cDNA clones (Fig. 3
and data not shown). We conclude that Phkg displays
two types of 3’ end structure: a shorter version as exem-
plified by the C57BL/10 and ICR genes {(class I Phkg)
and a longer version that contains insertions totaling
385 bp and which is found in the Balb/C gene (class II
Phkg). Cycle sequencing of the PCR products from sev-
eral mouse strains with the class I or the class Il gene
structure revealed that the sequences between primers
F5 and R5 were nearly identical for each class. Only a
few base changes were observed between any two mouse
strains with a given gene class. The CASA/RK se-
quence, however, was 20 bp shorter than those of Balb/C
and M. m. molossinus due to a tetranucleotide repeat
length variation of (TAAA), vs (TAAA);. This length
variation is at the 3’ end of a mouse B2 repeat in exon 10
and is similar to other polymorphic STRs present in a
variety of eukaryotic species {{Beckman and Weber,
1992); Figs 1B and 2B].

To explore the nature of the sequences inserted into
the clasgs II gene, the ICR ¢DNA and Balb/C genomic
sequences were compared with sequences in the Gen-
Bank database and also aligned to detect self-comple-
mentarity. This analysis identified a number of B1 and
B2 repeats within the gene (Figs. 1 and 2) as well as a B2
repeat at the very 3’ end of the ICR mouse cDNA (Fig.
1B). Colinearity between the class I and the class II
genes is interrupted by two insertions into exon 10 of the
class [I gene, and these insertions occur at the exact
same positions within each class II gene sequenced (Figs.
1B and 2). Outside of these insertions the ICR and Balb/
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FIG. 1. (A) Structure of the Balb/C Phk-vM gene. Sequenced regions are indicated by shaded bars, exons by solid boxes. Location and 5 to

3’ orientation of B1 and B2 repeats are indicated with arrows. Lambda clones are aligned beneath the restriction map. Restriction enzyme sites
are abbreviated as follows: S, Sall; B, BamHI; E, EcoRI; G, Bglll, P, Pstl; H, Hindlll; K, Kpnl; C, Secl. (B) Comparison of the class I (ICR and
C57BL/10} and class 1 (Balb/C) Ph4-vM gene structures. Exon 10 is represented by heavy lines; flanking sequences are indicated by thin lines;
unsequenced flanking regions are indicated by dots. Dashes indicate boundaries of known sequence identity in the Balb/C and ICR genes. The
location and orientations of inverted repeats and B2 sequences are shown by arrows above the line, PCR primers are indicated below the line.
Also shown are the location of the polyadenylation addition sites and the stop codon. Al and A2 indicate sequences present in the Balb/C gene

but not in the ICR gene (Fig. 2B).

C sequences maintain a high degree of sequence identity:
single base changes within the coding region are de-
scribed in the legend to Fig. 2, whereas similarities in the
3' untranslated region are as follows. In the region be-
tween the stop codon and the first insertion (A1) of the
Balb/C gene 404/413 bases are identical (98%) between
the Balb/C and ICR sequences; this is followed by 6
bases of ICR sequence that have a 3/6 base match with
either end of the Al insertion. In the region between
insertions Al and A2 (114 bp in the Balb/c gene) the two
classes of genes differ at one position and display an
STR of (T);3{A); in Balb/C mice vs (T),4(A), in ICR
mice. From the second insertion (A2) to the 3’ end of the
ICR ¢DNA, 486/508 bases are identical (96%) between
the ICR and Balb/c sequences.

Several features of the inserted sequences in the Balb/
C exon 10 were also noted. The 5-most insertion, Al,
contains two adjacent stretches of sequence that repre-
sent inverted repeats of portions of the gene located fur-
ther 3'. The 5-most inverted repeat (designated IR1 in
Fig. 2) begins 6 bp 3’ of the insertion and extends for 18
bp. The second inverted repeat (designated IR2 in Fig. 2}

overlaps IR1 by 2 bp and extends for 119 bp. The 5 copy
of IR2 has two base mismatches and two single-base de-
letions relative to the complementary copy located 3’ of
the insertion (Fig. 2) and is followed by 24 bases of un-
known origin. The second insertion in the Balb/C gene
is a 198-bp B2 repeat (Figs. 1B and 2) flanked by an
11-bp direct repeat.

The repetitive nature of the Balb/C insertions, as well
as the absence of consensus splice junctions, suggested
that these sequences might not be spliced from the Phk-
vM mRNA transcript of the class I genes. To test this
hypothesis, we synthesized two additional PCR primers,
R3 and R4, which are complementary to sequences be-
tween F5 and R5 (Figs. 2B and 4). Primer R4 contains at
its 5" end three nucleotides that differ from the consen-
sus mouse B2 sequence and was designed to anneal with
the specific B2 repeat that is present in Phkg of Balb/C
mice (Fig. 2B). Products of the predicted size are gener-
ated from Balb/C genomic DNA by amplification with
primer F5 and each of the reverse primers R3, R4, and
R5 (Figs. 2 and 4); however, when these same primer
pairs were used to amplify reverse transcribed KNA, the
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reaction with primer R5 failed to generate a product
{Fig. 4). These results demonstrate that the sequences
inserted into the Balb/C gene alter the 3’ end of the
Phk-yM mRNA. The Balb/C messenger RNA is tran-
scribed through the inserted sequences without splicing
and terminates in the sequence between primers R4 and
R5, most likely at the polyadenylation signal within the
inserted B2 repeat. Figure 1B illustrates the deduced 3’
end structures of the class I and class I genes for Phk-yM,

The structure of the 3’ end of the class 11 gene suggests
that the mature mRNA should be approximately 200 bp
shorter in mice with the class IT gene than in mice with
the class I gene. To verify this prediction, total RNA
from Balb/C and C57BL/10 mice was examined by
northern analysis. Previous studies have demonstrated
that two transcripts of 1.75 and 2.55 kb are generated
from Phkg in ICR and C57BL/10 mice {Chamberlain et
al., 1987; Bender and Emerson, 1987). Figure 5 reveals
that the larger of these transcripts is reduced in size by
approximately 200 bp in Balb/C mice. The observed size
difference between the longer Phk-yM transcripts is
consistent with the altered exon 10 sequence in Balb/C
mice.

Northern analysis also revealed that the 1.75-kb
mRNA is expressed at higher levels in Balb/C than in
C57BL/10 mice, and that the levels of the longer mRNA
are reduced. The relative ratios of the Phk-yM mRNAs
in Balb/C and C57BL/10 skeletal muscle were deter-
mined by densitometric analysis of autoradiograms ob-
tained from three independent Northern blots, includ-
ing the one displayed in Fig. 5. Rehybridization of the
same blots with a mouse muscle creatine kinase
{(PMCKm36) cDNA (Jaynes et al, 1986) enabled the rel-
ative amounts of the Phk-yM transcripts in the mouse
strains to be normalized to the levels of MCK mRNA.
These experiments revealed that the total amount of
Phk-vM mRBRNA in Balb/C mice is 65% of that in
C57BL./10 mice. In C57BL/10 mice the 1.75-kb tran-
script is 10% of the total Phk-vM mRNA, whereas in
Balb/C mice it is 60% of the total. In addition, the 1.75-
kb Phk-yM transcripts from both strains of mice were
indistinguishable in size, suggesting that the same poly-
adenylation site is used for the shorter mRNA in both
class I and class 1] genes.

Mapping the End of the 1.75-kb Phk-yM mRNA

Several groups have isolated ¢DNA clones for the
larger of the two Phk-vyM mRNAs (Chamberlain et al.,
1987, Bender and Emerson, 1987; da Cruz e Silva and
Cohen, 1987; this study), but the site of polyadenylation
for the shorter, less abundant, transcript has not been
reported. It is difficult to predict precisely where the
shorter transcript ends, as there are two separate polyad-
enylation signals (AATAAA) in exon 10 corresponding
to the approximate size of the 1.75-kb mRNA (Fig, 2B).
The 3’ end of the 1.75-kb transcript could not be mapped
easily by RNase A protection, as the longer transcript
would be expected to produce a high background of fuil-
length probe protection. Therefore, the 3’ end of the
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shorter transcript was cloned from C57BL/10 mouse
muscle using the RACE technique (see Materials and
Methods). For this purpose an oligo(dT)-adapter primer
was used to prime reverse transcription of muscle
poly(A)* RNA. The single-stranded ¢cDNA was PCR
amplified with the Phk-yM-specific forward primer, F4
(Fig. 2B), and the adapter primer lacking the oligo(dT)
sequence. A short extension time was utilized in the
PCR to selectively amplify products from the short tran-
script. A single prominent band of PCR products was
isolated from an agarose gel and subcloned.

Each of the sequenced RACE clones contained primer
F4 and downstream Phk-yM sequences and was termi-
nated with a stretch of adenine residues followed by the
adapter primer. These results mapped the polyadenyla-
tion addition site to a location 15 bp downstream of the
5-most AATAAA sequence in exon 10, and 5 to 12 bp
upstream from two overlapping sequences similar to the
consensus mRNA cleavage signal YGTGTTYY [(Mec-
Lauchlan et al, 1985); Fig. 2B and data not shown]. A
few clones terminated within the overlapping down-
stream AATAAA sequences, and several additional
clones ended with the sequence of the oligo(dT)-adapter
primer in the upstreamm AATAAA sequence. These
clones appear to have arisen by artifactual priming dur-
ing reverse transcription, as in each case the adapter
primer sequence was within a highly A-rich stretch of
sequence and was not within 10-30 base 3' of an
AATAAA polyadenylation signal (Figs. 2B and data not
shown).

Identification of the Phkg Transcription Start Site

The Phkg transcription start site was mapped by
primer extension. Two primers were used: PXA, which
overlaps the exon 1-2 boundary and is complementary
to 17 bases in exon 1 and 13 bases in exon 2, and PXB,
which is complementary to exon 1 upstream of primer
PXA (Fig. 2A). Primer extension products were electro-
phoresed in parallel with sequencing reactions from a
Phkg genomic subclone using PXA and PXB as se-
quencing primers, this allowed the RNA strand se-
quence to be read directly from the gel. Both primer ex-
tensions identified identical, multiple start sites in skele-
tal muscle (Fig. 6). The 5'-most start site was identified 1
bp downstream from a nearly perfect 18-bp palindromic
sequence (Fig. 2A). A parallel reaction using synthetic
RNA as template generated a single band of full-length
extension and demonstrated that secondary structure in
the RNA did not cause artifactual polymerase stopping.
No extension products were detected with liver RNA,
suggesting that Phkg is transcribed at a very low level, if
at all, in liver.

Transcription start sites were also determined by
RNase A protection of radiolabeled cRNA probes tran-
scribed from the genomic subclone pPhkR (see Mate-
rials and Methods). These experiments also identified
multiple transcription start sites, although the exact po-
sition of transcriptional initiation often varied by sev-
eral bases from those determined by primer extension
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A

gaattcgatctecagcacccatgtageaaacaaccagotataattccagetgcagaaanacccaatacctotggcttgggcaggoactaatact catatecacatacagatagatatgetgtgatggtttgtatatgettggtctgggge 150
gtggcactattaggaggtgtgggaggggagaggggatagagaanonssagtigecttgatcatggtgtotgttcacageagt aaagecctaactangacatacacactcatacacataattasaagtttgettgtttgtotttggtttet 300

veaggecaggttbotatgtctaactetggotgttgtggaasatcactcanactcaasagatctacctgeoctctgoetcotaagtgttctcocaacacattggctcagcanangccaatat bttt tnanaaar:cgggctggtgagntggttca 450

gtcggtaﬂgﬂqcacccqactnttctt asggccggagttcasacccagcaaccacatggt ggctcacas "ctm'_ rgagal ctgacge: _t.cit‘.qu_t.q_tq&tglag_aca_qcigclgtgtncttncntataataant.nantna 600
tttgtctcctetqagccatt.tgct.t.tacc%@gccar:at.g;gbcttt.ccccaqgctEcgcaggtg_t]cacccct.gatgtaqttctqmctagccctg 750
' F2 P | F3
ctggnccttggcctgcat.cccaggttI:gcagttgtgatt.r.ar.ttttggcaggccggccttcéat?@hﬂwmmﬁsmmﬂgmﬂCQATMGTGTCTGCPCAGGACACAGG‘TC\G?CCTTTGTGGTC 500
'I‘GCTGT-:.‘!‘CCCAAEEG_CTCCAGGACC‘I"I"I‘GGMTTC[TGTCM_"I'I‘CCATTCAAGGGOCTACAAGGAWICAO_Gthantnqccaqg cagtagatgggagcaatggggttgtgaggcaaagacaggaaceccttecaggtetgtitgaces 1050

L PxB 1 R1
atttcccettaatectggggagagoacggatt et cagageactgtcatgecagttacctacagatcatggatogg -INTRON 1 {4 .%kb)

B

aacmaacasaca anaga gogggaggaat ttgestgettetbtttgtacceccotoon AﬂG‘PGﬂTGGGATOg:fCTGAGATOCLQGTGAOCATGACCCGGGATGICGOCCTC 1590
EXOH 2 — — - — - — —_
CCTGACTCGTATTCTGCACAGACTTTCTACGAGAACTATGAGCCCAMGGAGATCCTGGGTAGgtaagacoay gog toocctgacctoagotctgatocgoagattggetecacectectcactanceggtitetga 100

cecebtagetoctocoogt agggiyagaggggaagectgtgttacagtocagggoctitggtgtectgottgatitoatttotgttttctgaggtacaagtgt ttoggetgtgtgeatgttigtgtetggt gtecagteggat cecetgy 450

agttccagacagttgttagtgaccatgtgggtactggganctgacgceaggctacctoeoagtacctgtacggtageastteggt caagggtctecgetggagtacggagteccgaagocatctgttct ctgoccccangGGEAGTCAGCAG 600
EXON 3

TGTGETCAGGCGCTG CATCCACAAACCCACATCCCACCAAT AMCGCAGTCARAATCATTGACAT CAOCGGAGGAGOAAGC TTTACCTCTGAGCAGG TACAGGAG CT TCOGGAAGCCACCCTCAAGGAGGTGC ACATCCTGCAGAAGETCTC 750

GCGGACACCCCAACATCAghaagtgtat cctoraaaccecactattoctcoggyg g ggcagegtgotttatagt ttetgocctaataact caagtoagggtgttaagtaagagecaccttgtgtgacgagetotace 900

cattcaaagggoatcttgetoagtggctcagecagocaattactgaggetegaggtgoatecttatt cact cagaatgggtacagecagtgttgggagt agggecagetggganagogggotat gaagy tyggtectecceaca g 1050
ON
cgattgoettggaaaceccatcaccttococaceectgocttigaagt cageetgecctgtggecegtgocaaggetoctgtgatoct tgagactagotageet tebeeytt teag TACAGCTGARGGACACTTACGAGACCAACACTTTC 1200

TTCTTCTTGCTATTTGATC Tyt aagtacecancoctggagocaccattatcoctoggget tatgagy ] tooton: t t gocaacagttgattoaggpe 1350

cacactgccaggttigaaacttggataccactigtgggggggggyggggyantatatatatatatatatatatattcbtbtttttibtttttttthbtitttggtggtttaggggtgggggaggttgtrtatitotttttggtgrtagget 1500

v tttttttccahttr_ttuttnggtatttnqetct.atatathccttttuag’tgtatatattttnaangnt!:qf.l‘.LntttuttttatgtutatqnyCacactg’l‘.ag’ctqttcagatggttg’tgagccttcatgtggttgttgqguattgan 1650

atatcteattaatgggtggttatgagctaccatgaggttgetgggatttgaactcaggacett greagocatettgecag ‘Attttqnﬁaeawqtttctctqtgtamgccctggctgttctqgaa:ttgttctg’tngn 1950

ccaggetggoctiggacteacagagttccbobtgtttoctgect cocaagtgottggattanagacatgaactaccascageagotttatgatcagtttttat anaanagccaggtggtggtggggcce 2100
it il SR bl dy L A A g i ol b gLl Lkl gy

atacctttagtccoagoactigggaggtagaggiaggeagatattacctgtgagatteag geetggt et gtgaatt toagagt tgtt g ggaaagggaa aaaggaaagga 2250
asggasaggaaaggaaaggaang 1 gg gg gag b o q tocttogagtgaggocatgoatgectttaattcageecttgggagacag 2400

aagettggtgagttogggoctgoctggtotacacagtgeagttccaggetagocatagt catatagagacccatet caggy

1 ggccgggectgtgbcaatetta--INT é--ctttcttcagticttcecagacaactect 29

ctacgceocttcccaggttectitect 3 tog ggcageagoagggtgyg ggtotgaggacaagtanggogctygtggtcttggaaacgott tgtt cacacagGATGAAGAGAGGGGAACTCT 179
'r";'GACMTC‘[‘CACTGAGMGGTCAOCTTMCOGAGMGGwccmgtngatgcgccttcEQClctagt'--II"I §---aagctbotoctnanacancaacageaacataaataaaatananataastaageccaatgecatgoatctace 69
EXON 6§

coaghis GATCATGCGGGCWPGC'I‘GGAGGT QATCTGTACC.'J‘TGCACMACTCMCA’I‘[‘GTCCATWGGACC.'.I'BAAGOCGGABMTATO:T‘I'[‘TGGATGACAACATGMTATMAGC'PCACAGA.CI‘TCGGG‘!"I'!'TOC!GO:AGC!‘GCAGC 21%

el
CaGCAGAGMGC'I‘OCGAthctggtectntgccctggcccatannnagqcctcaaqqq‘cngaqattqcacgattthctccccaqntaaaanttctaggcatgtcug:qgctaatgagatggcr.:nutgqu:cauutqagqacncaagca 369
Lgaggaccigagttegastgecccagageccatgtaact ccagcaataggetygeagot aggaggat coctogggattgetggetggbctgoctgaatcagtcagot tcaggocagtgagagatcot gt ctcanaaagcaaggtgaaage 519
tqggcgtgqtqgcgcn:g:ttt_nat :ccnq:Qctr.gggaggcaguggcaqqtgaahttctgaght.ccng;gtcaqgttcccaccacctqaqctccacgcccgggtgt ctaaaaggacotaggantocoacaggtgacect cegegectghy 669

tattctgctgitactattgagtg taaaataqgagagcccr.cccaagcuctgtct.tt.gt.cc:qtct.ctt.qgntctctcggg't.aac|:r.cttcr.'aagagngggcccctggtgtcctgt coctgatagcagoogttoeegoagAGGTTTCTGOCA BLS
crcccac'rmrcmccoccwcm'rcmncamscrcumccmccccamuccmmmocmcmcm-rgmaq:uatctqqggqacchtgqgggtqgnggggnagaggtgggcacnacutqgcctguccccagwag 965

gatg gagy gectaccetecagGTGOAGCACACGCGTCATCATGTACACTT TGCTGGCTGGCT COCCGCCT TTCT GGCACCGGAAGC AAAT GCTGATGTTGCUGGAT 1119
GATCATGGAO:GCAMTACCAGTTTGGC[‘CAQCAGAGTGGGATGACTACTCTGLCRGAGTGMACTTGQtgngaﬂgccahggtcgcccgrr tgt tgtcocoagagtggagggatcactgtatetghe 1269

nccuctcctgcchcctcccctacccq tgagg
EXON

tcaatgaagtt ﬂal‘-Hanatn=¢=taicnnnnﬂccntt.goangcccggaaatggt.ggcacatgccttcaatcccaqc_act tgggaggcageggcaggcggattt ctqagt.thnggccagcctgqtct acoaagtgagttccaggacages 1419

= — = — =

agggctacacagagasaccot.tt.chogaaa 187 ;quqgtggqt.gqgctggagugnt.ggcttagcagttaagaqcactaactgctcttccqnggtcct.gagttcnuntcccngcuuccncntgqtqctcac 156%

asccatctgtastgagatatgacgeectett ctggtetanags cagctncnqtqtngttacntataatu:aaatmtcr.tr.nngtatutgtatqtnt_nttanncctaettnngqaaqgaagggt.t,gtr.cqr.ct;atgqctacngar. 1719

ctgtgaggaccatocacagtocaggaagragagggagattaatgttggggat tagetagetcattitetotittocatocaggoacecccagoccat gaactggaactacceacat tbaggyt gt agettttcacct caacotgt gt ganca 186%

atccegecataggcaggtocagagacctgottooat tgtggt octanatoct agoaagtt agoaat caggactyg tea ggtgttttoag gotgecatggtattotcaggteocttatgttetcccagGTGTCTCGATTCT 2019
TGGTGGTGCMCCTCAGGACCEC‘TGCTOGGCGGMGAGGmo@étimcmgmﬂmmnmamAWAGmMMAmﬂcamCAGCCG’.‘CGAGGGMG'J’PCAAthactnmt ttaagectececcaaggetettogggg 2169
aggctgctgttggetcctgetggoaccaggetctcanagetttaagetatgagggaatgectigtacecactgtt ccaattraatttetggttgoaggggatgtongetancegacectgttacctaaatcoctacagatget tgtages 2319
tgggaat aggggacatoatgaagggcacceccanagecagetaaggt ttccccgacnagctttgctgcgggctgqugttctcnqtqctg‘ccccctgcaqGTGATCl‘GTCl‘mGTGETGGCATCAGTMAGATCTACTACCAG‘I‘AOCG 2469
TCCGGTGAAGCCGGT AACCAGGCAGAT ccTCmoccAmccccncccommcsccmc‘mcGGmcrcnﬂmceccncccrﬁmammmmmcmmcamcucmmmcccrcr TCCAGAL 2619
CACGCCCAAGSCTGT Gc‘rccrcrocr'rmmsmmc@cmmmmcmmmmmmmmm@umcccocusmsccmmccumccmcwmmcrcmmcrc 2769
TCAAAGG C'I‘CGCC‘TCTAGMGCACJ\GGGTGT'l'(I?CAG’J‘MACAGCAGTMTTACAG(.'I'GGAGTTGGATGI‘GCTGTGCA‘!‘GTGCCI‘CTTGCCWGAGACAGTAGGhTCCCGGmAGCOCAgmGGQGTCﬂGTGATGCTTATT’I‘C 291%
TGAGGC'.I‘GGGMTGT CCCTGTGGTGAGTGTAAGGT! (.'I'CCMATTCAACCZ‘CTGGTACAGC.AMAATAGATMTMACAAATAMTMA"PCCMCGCAGCTGAGACCGTGA-?GCAGAMTGG A%TTTE G J069

Cleavags Signal
AATACATGTGCTGCT TTCACTTCCTCAAATATOCATAACCTTACCTAGGCAGTTATCACCCCTGTTCTTGCAGAGGAGGGGT T CAAT TOCT ACCACCACAAGG TGCECTCAGCT ATCTATACAACTCCAAGGACT TGCAGAGT TTTCCTT 3219

IRl IR2
A2
GCAE?\GGAAAGAGCACATGTATTC'I‘GG%GCTATMWGGCI;TCICTACTGTGCA@W&ATGT@ATMML1 TGTTTTTTTTTTTTITTTT TAAAGATTTAT DFC'I'GGTGAGATGGCTCAGTGGGTAAGRGCAC 13539
IR1 - -_

CCGACTGCTCTTOCGAAGS TC'PGAAGTTCAM'!‘CCCAGCMCACATGG‘[‘GGC‘I‘CACMCCACCCGTMTGAGITCTGCT ca:x\:'rc'r'r CTGGTGCGTCTGANGACATCTACAGTCT ACTTACAT ATAATAARTAAATAMTARATAARTAA 3519

f=-d
ATAMTATTMMMMAgnuAnt uttttatgl:n!:gththegctgcntgr_atattntgtnncccm:ar.gcutgcggtacqtggagaggr t qnncl’-ggagttgtntagatugctqaqcct:N:CE 3669
- D1

R >
gtgggtggtaggaattgaaccce t.ccr.ctgcnagaucuggcgct.catuact.gccr.agctuggttatgqatatttgnqaugtauaagcaggatyqtcaggagttcaaqgt catttgtggctacacaagaagcttgaggctagectggge 3819

tqcatgaaa:cctatc:cnncnacnnttatnttgcacttcctgatatacataagenf.tt=ttga-:ctcgggctggtgtgatggctcaqtgggf.nagngtncn:cgacLgctcttceaauggcccagtgt\:cnagtcccngcnaccacahc 3969
D2 ettt e o m m — — ——— e e = = = ——— —
a:ggcttacnaccntccgtnaeaugatctgacgccct.ct.t.ct.gghgt.qt.ctquunacasctacnqtgtucttncntﬂtaatmatunatauatcttunaunau-n.mmguntttattgaecf.CAtaugatccngttcttcttcagggacat 4115
e e i e e e e e e e e e e e e e e —
gtotgcaggatacacagaatgoctacatgattactgactetcagageagghctgoattgtctoctagaggratactigtotecaca-4204

FIG. 2. BSequence of the Balb/C Phk-vM gene. Exons are written in uppercase letters and are indicated above the line of sequence. Introns
and flanking sequences are written in lowercase. B2 repeats are underlined with dashes, and B1 repeats with alternating dots and dashes. Thin
arrows and names designate the oligonucleotides used in PCRs and primer extensions; forward and reverse primers are indicated above and
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(data not shown). This result likely reflects the cleavage
specificity of RNase A, which has been noted previously
{(Sambrook et al., 1989). Identical bands were obtained
with RINase A protection of Balb/C and C57BL/10 skele-
tal muscle, demonstrating that transcription is initiated
from identical sites in the two strains of mice (data not
shown).

We also used an RT-PCR assay to confirm the tran-
scription start sites in Balb/C skeletal muscle (Fig. 7).
Three primers were chesen to bracket the transcription
start sites: primer F1 is complementary to genomic se-
quences upstream of the mapped start sites, primer F2
overlaps the upstream start sites, and primer F3 over-
laps the downstream sites (Figs. 2A and 7a)}. PCR condi-
tions were optimized on genomic DNA using forward
primers F1, F2, and F3 and reverse primer R1, which
anneals with the 3’ end of exon 1. Each reaction pro-
duced a single band of the expected size (Fig. 7a).
Primers F1, F2, and F3 were also used with reverse
primer R2, which is complementary to sequences in exon
6 (Fig. 2B), to amplify Teverse-transcribed RNA (Fig.
7h). Single fragments of the predicted size were gener-
ated with primers F2 and F3, revealing that Phk-yM
transcripts are available to anneal with these primers;
the absence of a product in the F1 to R2 reaction con-
firmed that primer F1 is upstream of the transcription
start sites. Lowering the annealing temperatures in
these PCRs did not increase the amount of product am-
plified by the upstream primers F! or F2. These results
confirmed the primer extension results and, together
with the RNAse protections, demonstrated that identi-
cal transcription start sites are utilized in Balb/C and
C57BL/10 skeletal muscle. Both the RNase protection
and PCR assays were repeated on first-strand ¢DNA
from C57BL./10 heart and brain, demonstrating that the
same transcription start sites are used in heart, brain,
and skeletal muscle (data not shown).

DISCUSSION

We have characterized the gene for Phk-vM from
Balb/C mice and have compared the structure of the 3’
end of the gene between a variety of different types of
mice. The Balb/C gene spans 16 kb and is composed of
10 exons. The 5 untranslated region is encoded by exons
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1 and 2 and the initiator codon is in exon 2. Exon 10
encodes the C-terminal 82 amino acids and a 3’ untrans-
lated region of variable length. The first polyadenylation
signal is 256 bases downstream of the stop codon; use of
this signal results in a 1.75-kb mRNA that is the minor
product of the class I genes and the major product of the
class 11 genes. Polyadenylation signals at the 3’ ends of
mouse B2 repeats produce mBNAs of 2.55 and 2.35 kb in
class I and II Phkg, respectively.

Transcription from Phkg is initiated at multiple start
sites that are identical in C57BL/10 and Balb/C skeletal
muscle, cardiac muscle, and brain. Many other genes,
including that of the recently described testis-specific
isoform, Phk-4T, also display multiple start sites
(Hanks, 1989; Melton et al., 1984; Takenaka et al., 1989
Martini et al., 1986). Analysis of the Balb/C genomic
sequences identified a nonconsensus TATA box approxi-
mately 21 bp upstream of the first transcription start
site. It has been shown that mutations in the canonical
TATAAA sequence can result in 5 heterogeneity of
transcripts without a significant decrease in the total
level of transeription (Dynan and Tjian, 1985). An 18-bp
imperfect palindrome, located between the TATA box
and the first transcription start site, is suggestive of a
protein dimer binding site. Within the region that we
have sequenced there are several matches with the con-
sensus binding site for the myogenic regulator MyaD
[CANNTG (Lassar et al., 1989)). Two of these sequences
(hoxes, Fig. 2A) display 9 of 10 bp matches with the two
adjacent MyoD binding sites in the muscle creatine ki-
nase gene enhancer, and these sequences are separated
by a similar distance in both genes (Buskin and
Hauschka, 1989; Lassar et al, 1989). Extensive func-
tional testing of the promoter region will be necessary to
prove whether these sequences in Phkg bind MyoD. No
other muscle-specific regulatory sequences were identi-
fied; however, two perfect matches with the consensus
Ap?2 binding site are located 45 and 80 bp upstream of
the TATA box (Fig. 2A).

Analysis of the alternative structures at the 8’ end of
Phkg yielded several insights into the evolutionary his-
tory of this gene. Sequence data obtained from several
strains of mice with either the class I or the class I gene
structure indicated that both classes of genes are colin-
ear and nearly identical outside of the insertions. Fur-

below the line, respectively. These sequences have been deposited in GenBank and assigned the following Accession Nos. 108056, exon 1 and
flanks; LO8057, exons 2 through 4 and flanks; 108058, exon 5 and Aanks: L08059, exons & through 10 and fAanks. (A) Exon 1 and flanking
sequence. Asterisks indicate the major transcription start sites. The noneonsensus TATA box is double underlined, and consensus Ap2 binding
sites are overlined, Two 9/10 base matches with the MCK gene MyoD binding sites are hoxed (Lassar et al., 1989). A previously described ICR
cDNA sequence {Bender and Emerson, 1987) includes an extra A 5 bases before the 3' end of exon 1. (B) Exons 2 through 10 and flanking
sequences. Sequence numbers begin again with number 1 after each discontinuity. Unsequenced introns are indicated within the line of
sequence (INT). The initiator and stop codons are double underlined. A vertical arrow indicates the polyadenylation site mapped from the short
transcript, which is preceded by a boxed polyadenylation addition signal and followed by an underlined consensus polyadenylation cleavage
signal. Sequences present in the Balb/C gene but not in the ICR and Ch7BL/10 genes are labeled Al and A2 and bracketed with arrows (see also
Fig. 1B). Inverted repeats are denoted by thick arrows and are labeled IR1 and IR2. Direct repeats flanking two B2 repeats are also indicated by
thick arrows and are designated D1 and D2. Single-base polymorphisms identified among the C57BL/10, ICR, and Balb/C amino acid coding
sequences are indicated with asterisks: Exon 6, T in Balb/C, C in C57BL/10 and ICR; Exon 7 (both differences), T in Balb/C, C in C57BL/10
and ICR, the 5-most difference encodes a Phe in Balb/C and a Ser in C57BL/10 and ICR; Exon 8, T in Balb/C and C57BL/10, C in ICR {only
the change indicated aliers the amino acid encoded). In addition, we have identified a sequencing error in our previously reported Phk-yM
cDNA clone from C57BL/10 mice (Chamberlain ef al., 1987); a C in exon 10 was incorrectly reported as a G {(asterisk).
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TABLE 1
Exon—Intron Boundaries of the Murine Phk-yM Gene”

Intron 5" Boundary Size 3 Boundary
1 CTCACG gtgagt 47kb  ccceccteccag AGGTGT
—35 —34
2 G GGC AG gtaaga 376 bp ctgccccaag G GGA GT
83 84
Arg (28) Arg (28)
3 AC ATC A gtaagt 398 bp tccgtttecag TA CAGC
262 263
Ile (88) Ile (88)
4 T GAT CT gtaagt 3.8kb gttcccacag G ATG AhL
317 318
Leu (106) Leu (106)
5 A ACC AG gtaaga 2.2kb  ctecetecag A ARG AT
383 384
Arg (128) Arg (128)
6 TC CGA G gtctgg 570 bp gttcccgcag AG GTT T
547 548
Glu (183) Glu (183)
7 G GAC AT gtaagt 137 bp taccctccag G TGG AG
638 639
Met (213) Met (213)
8 GAC TTG gtgaga 817 bp gttctceccag GTG TCT
792 793
Leu (264) Val (265)
9 TTC AAG gtactg 286 bp ceccctgocag GTG ATC
918 919
Lys (308) Val (307)

¢ Exon sequences are shown in uppercase, intron sequences in lo-
wercase. Immediately below the exon sequence is indicated the
base number of the first or last base of each exon. This numbering
begins with the A of the initiator methionine as base 1. The amino
acid encoded by the first and last codon of each exon is listed below
the base number, and the position of the amino acid is indicated in
parentheses.

thermore, all mice with the class II gene contain two
insertions of virtually identical sequence that are lo-
cated at precisely the same positions of exon 10, strongly
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FIG. 3. Distribution of the class I and class II Phkg structures.
Reverse-transcribed C57BL/10 RNA and various genomic DNAs
were PCR amplified using primers F5 and R5 (see Fig. 1B). As pre-
dicted from the cloned sequences, primers F5 and R5 amplify a 200-bp
fragment from the 3’ end of reverse transcribed C57BL/10 RNA and a
586-bp fragment from Balb/C genomic DNA. PCR amplification from
other genomic DNA samples yields fragments of approximately 585
bp (class II) or 200 bp {class I). PCR products were resolved on a 4%
agarose gel (3% NuSieve agarose, 1% LE agarose, FMC Bioproducts)
with Haelll-digested ¢X174 DNA as a molecular weight standard.
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FIG. 4. Transcription of the 3’ end of Balb/C Phk-vM gene.
(Left) PCR amplification of Balb/C genomic DNA using primer F5
and primers R3, R4, or R5 as indicated. (Center} PCR amplification
of Balb/C reverse transcribed RNA using the same primers. (Right)
PCR amplification of a mock reverse transcription reaction {Balb/C
RNA incubated without reverse transcriptase). RNAs were treated
with DNase I prior to reverse transcription. Gel analysis was as de-
scribed in the legend to Fig, 3.

suggesting that the class II gene arose from the class 1
gene. The class [ gene structure is present in many labo-
ratory strains of mice, including C57BL./10 and ICR, as
well as in M. domesticus and M. spretus. The class 11
gene structure was identified from the Balb/C gene se-
quence and is shared by M. m. castaneus and M. m. mo-
lossinus. M. domesticus is known to be more closely re-
lated to M. m. castaneus and M. m. molossinus than it is
to M. spretus (Bonhomme and Guenet, 1989). The fact
that M. domesticus and M. spretus share the class I gene
structure also suggests that the class IT allele is the deriv-
ative state and arose in the ancestor of M. m. castaneus
and M. m. molossinus after their separation from M. do-
mesticus. The common inbred laboratory strains of mice
are thought to have arisen from crosses between M. do-
mesticus and M. m. castaneus and/or M. m. molossinus,
the latter being a naturally occurring hybrid of M. m.
musculus and M. m. castaneus (Bonhomme and Guenet,

FIG. 5. Northern analysis of Phk-yM mRNA in Balb/C and
C57BL/10 mice. Ten micrograms of total skeletal muscle RNA were
loaded in each lane. After transfer of the RNA to Nytran membranes
(Schleicher and Schuell), the membrane was sequentially hybridized
with Phk-vM ¢DNA Phk-2 (Chamberlain et al, 1987) and mouse
muscle creatine kinase cDNA pMCK-36 (Jaynes et al, 1986). The
hybridized blot was exposed to X-ray film for 6 days (Phk-vM)or 4 h
(MCK).
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FIG. 8. Mapping the transcription start site by primer extension
with primers PXA and PXB. Lanes labeled Syn contain an aliquot of
a primer extension reaction that used the indicated primer and 25 pg
synthetic sense-strand RNA from plasmid pPhkN. Lanes labeled Sk,
L, and t contain 3/7 of the primer extension reactions that used the
indicated primer and either 2 pg poly{A)™ C57BL/10 skeletal RNA, 2
ug poly(A)t CATBL/10 liver RNA, or 3 ug tRNA. pPhkR was se-
quenced with the appropriate primer, either PXA or PXB, and elec-
trophoresed in parallel with the primer extension reactions. The
corresponding RNA sequence is read §' to 3’ beginning from each co-
migrating primer extension and proceeding toward the bottom of the
gel. The C lane of the PXB sequencing reaction is shown as a size
standard for the PXB synthetic RNA control.

1989). We conclude that ICR, C57BL/10 and at least
four other strains of laboratory mice have inherited the
class I Phkg structure from M. domesticus, whereas the
Balb/C strain has inherited the class II structure from
M. m. molossinus and/or M. m. castaneus.

The fact that Balb/C and M. m. molossinus share the
same size STR in A2, rather than the shorter STR ob-
served in M. m. castaneus, supports the hypothesis that
M. m. castaneus genetic material entered the inbred labo-
ratory strains via M. m. molossinus (Bonhomme and
Guenet, 1989). It is possible, however, that M. m. castan-
eus and M. m. molossinus populations are polymorphic
for the STR. CASA/RK has been propagated as an
inbred strain and therefore would not display heterozy-
gosity. One additional noninbred M. m. castaneus and
several M. spretus samples could not be amplified using
primers F5 and R5, suggesting that polymorphisms are
present in the primer binding sites of these individuals,
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Besides Phk-yM, several other cDNAs terminating in
B2 repeat sequences have been reported (Ryskov et al.,
1983; Kress ef al, 1984). B2 sequences are approxi-
mately 190 bases long, contain an internal RNA poly-
merase III promoter, and end with the consensus polyad-
enylation sipnal AATAAA (Ryskov et al., 1983). These
elements are helieved to replicate through reverse tran-
scription of RNA intermediates (Jagadeeswaran et al,
1981) and can integrate into a previously nicked or bro-
ken DNA molecule, creating a direct repeat at the inser-
tion site (Deininger, 1989). Genes that encode mRNAs
ending with a B2 repeat are likely to have existed prior to
insertion of the B2 element, which raises the question of
how the corresponding mRNAs were terminated prior to
the insertion event. One answer is illustrated by se-
quence comparisons of three closely related members of
the murine class I major histocompatibility (MHC}
genes (Kress et al, 1984). In the homologous DD and L
genes a B2 repeat provides the polyadenylation signals
for the mRNAs. The closely related K gene does not
carry this B2 insertion; transcripts from the K gene ter-
minate at sequences that are retained, with minimal use,
in the 3’ flanking region of the D and L genes.

The evolution of Phkg gene structure is both analo-
gous to and more complicated than the MHC example
since two B2 repeats, rather than one, have modified the
3" end of Phkg. The Balb/C (class I1I) and C57BL/10
(class I) genes produce transcripts of 2.35 and 2.55 kb,
respectively; these are colinear with the 1.75-kb tran-
scripts produced in both strains but contain longer 3’
untranslated regions. There is no obhvious need to pro-
duce alternatie 3' ends since all three mRNAs include the
protein coding region, and the relative ratio of the 1.75-
and 2.55-kb mRNAs is similar in all tissues and develop-
mental stages of C57BL/10 mice (Chamberlain et al,
1987 and unpublished observations}). We hypothesize
that the primordial gene for Phk-yM produced a single
transcript terminating at the site used to produce the
1.75-kb mRNA. Insertion of a B2 repeat into the 3’
flanking region introduced a strong distal polyadenyla-
tion site, which is used preferentially in C57BL/10 and

FIG. 7. Confirmation of the Phkg transcription start sites in
Balb/C skeletal muscle by PCR. (a) PCR products amplified from
Balb/C genomic DNA using the forward primers F1, F2, and F3 and
exon 1 reverse primer R1. Specific amplification conditions were 60°C
annealing and 1-min extensions for 35 cycles. (b) PCR amplification
of reverse-transcribed RNA from Balb/C skeletal muscle, using the
forward primers F1, ¥2, and F3 and excon 6 reverse primer R2. PCR
conditions were as in (a) except that the annealing temperature for
primers F1 and F2 were decreased to 57°C. Gel analysis was as de-
scribed in the legend to Fig. 3.
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ICR mice (class I) to produce the 2.55-kb transcript. A
second, more proximal, B2 insertion into a class I gene
produced the class II gene structure. This second B2 in-
sertion introduced an intermediate polyadenylation site
and, in Balb/C mice, allowed a resurgence in the use of
the original upstream termination site. The upstream
insertion in the class II genes, which contains two se-
quences duplicated and inverted from exon 10 of the
class I genes (Fig. 1B), is likely to have arisen in con-
junction with the B2 insertion as a result of chromosome
breakage and repair. Evidence for this hypothesis comes
from the structure of the two B2 repeats at the 3’ end of
Phkg. Both are “full-length” B2 repeats flanked by per-
fect direct repeats and both retain a high degree of se-
quence identity with the consensus B2 sequence, sug-
gesting that insertion of these elements has cccurred re-
cently in the evolution of this gene.

Phosphorylase kinase activity is detectable in many
tissues including skeletal muscle, cardiac muscle, brain,
and liver, as well as in leukocytes, erythrocytes, and fi-
broblasts (Picket-Gies and Walsh, 1986). In addition to
the Phk-yM isoform, a testis-specific isoform Phk-4T
has been isclated (Hanks, 1989). In rats, the two y sub-
units display 59% amino acid sequence identity (Calalb
et al, 1992). It remains unclear which gene encodes the
catalytic subunit of Phk in liver and hematopoetic cells;
neither the testis nor the muscle v subunit genes are
expressed to an appreciable degree in liver (Fig. 6;
Chamberlain et al., 1987; Calalb et al., 1992). Southern
analysis experiments used to map the human homolog of
Phkg to human chromosome 7 revealed the presence of
cross-hybridizing sequences on human chromosomes 11
and 7 (Chamberlain et al, 1987; da Cruz e Silva and
Cohen, 1987). However, no cross-hybridizing sequences
have been detected in mice with Phk-yM ¢DNA probes,
even at low stringency (Chamberlain et al., 1987; Bender
and Emerson, 1987). Since the gene for Phk-yT was not
detected by hybridization of genomic Southern blots
with Phk-yM c¢DNA probes, a liver-specific isoform for
the ¥ subunit of Phk may also display only moderate
sequence identity with the known isoforms. Identifica-
tion of all of the genes for the various isoforms of Phk
would enable identification of the genetic defects in the
many types of human Phk deficiencies and would allow
analysis of the regulatory elements that control the tis-
sue-specific expression patterns of the separate iso-
forms.
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