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Abstract
Phosphorylase kinase (PhK), the key enzyme that regulates glycogenolysis, has traditionally been
thought to be expressed predominantly in muscle and liver. In this study, we show by two different
database searches (Expressed Sequence Tag and UniGene) that PhK gene expression occurs in at
least 28 – 36 different tissues, and that the genes encoding the α, β and γ subunits of PhK undergo
extensive transcriptional processing. In particular, we have identified exon 6 of PHKG1 as a 3′
composite terminal exon due to the presence of a weak polyadenylation and cleavage site in intron
6. We have verified biochemically that transcriptional processing of PHKG1 does occur in vivo;
mRNA corresponding to the alternate variant is expressed in skeletal muscle, brain, heart, and tongue.
In silico translation of this mRNA yields a PhK γ subunit that contains the first 181 residues of the
protein, followed by an additional 21 amino acids. The implication of this alternate processing is
discussed within the context of γ catalysis and regulation.
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INTRODUCTION
Phosphorylase kinase (PhK) is the regulatory enzyme responsible for catalyzing the rate
limiting step in glycogen breakdown [1,2]. PhK activates glycogen phosphorylase resulting in
degradation of glycogen to glucose-1-phosphate. In liver, these reactions allow for the
maintenance of blood glucose, and in muscle, they lead to energy production to sustain muscle
contraction. PhK is one of the largest kinases known with a mass of 1.3 × 106 Da. It is comprised
of four different subunits with a stoichiometry of (αβγδ)4; α,β, and δ are regulatory, while γ is
catalytic. The α subunit is encoded by two different genes: PHKA1 located at Xq12–13, and
PHKA2 also located on the X chromosome in region Xp22.2-p22.1 [3–5]. The β subunit is
encoded by PHKB located on chromosome 16 in the region 16q12–13 [3]. PHKG1 and PHKG2
encode for two isoforms of γ PHKG1 is located on chromosome 7 in region p11.2 and PHKG2,
is found in chromosomal region 16p11.2–12.1 [6,7]. The smallest subunit of PhK, δ, is an
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intrinsic molecule of calmodulin (CaM) [8]. Three different CaM genes, all encoding the same
protein, have been identified and are localized to chromosomal regions 14q24–q31, 2p21, and
19q13.2–q13.3 [9]. All three genes have been shown to encode for PhK δ yet the expression
of these genes is not necessarily restricted to PhK.

Because liver and muscle are the primary storage sites for glycogen in mammals, PhK subunit
expression has traditionally been thought to have a restricted tissue distribution profile in which
PHKA1 and PHKG1 are considered muscle-specific genes and encode the αM and γM subunits,
PHKA2 and PHKG2 are liver-specific and code for αL and γL, and PHKB is responsible for
β expression in both tissues. There is mounting evidence however, that glycogenolytic
regulating enzymes are expressed in other tissues, e.g. brain [10–14], lung [15], lymphocytes
and erythrocytes [16–19], although it is not always known which of the two different α and γ
isoforms are found in these tissues and whether or not they are alternatively processed. To date,
only the α and β subunits of PhK have been shown to undergo alternative splicing [20]. An
internal deletion of 59 residues in αM results in a cardiac and smooth muscle variant, α′.
Additionally, many other variants of αM and αL exist as a result of elaborate differential splicing
at a hypervariable region within the PHKA1 and PHKA2 genes, a region thought to be a hotspot
for molecular evolution [21].

Structural and functional gene analysis has been dramatically accelerated through the wealth
of genomic information available in public repositories and the advent of expressed sequence
tag (EST) databases [22]. It is now possible to identify spatial relationships in gene expression
patterns, as well as determine alternative splicing variants among genes in silico, thus
eliminating years of tedious biochemical analysis. In this study, we have examined the
expression profile for all five PhK genes that encode the α, β and γ subunits by computational
sequence analysis of the human EST database and have determined the genomic location of
each identified EST. We show that PhK is expressed in numerous tissues, and all five analyzed
genes undergo some transcriptional processing. Moreover, we demonstrate that PHKG1
contains a composite 3′ terminal exon that results in a truncated transcript lacking the known
C-terminal CaM binding domains. Given the fact that the catalytic activity of γ in the PhK
complex is absolutely dependent on Ca2+ [23,24], our findings suggest a potential alternative,
Ca2+-independent γ activity in the cell.

MATERIALS and METHODS
Sequence analysis

cDNA reference sequences (RefSeq), corresponding to the following human PhK genes, were
obtained from GenBank [25] and used for searching the human EST database [22]: PHKA1
[GI_4505778], PHKA2 [GI_4505780], PHKB-variant 1 [GI_4505782], PHKB-variant 2
[GI_73611905], PHKG1 [GI_94538351], and PHKG2 [GI_4505784]. The RefSeq database
is a routinely updated set of sequence standards derived by merging multiple entry types for
any given gene including chromosomal sequence, genomic molecules, mRNAs, RNAs, and
proteins, and as such, provides non-redundant data representing the most current knowledge
of each known gene sequence. The sequence analysis was performed by BLASTN [26] using
the human dbEST database housed at the National Center for Biotechnology (NCBI)
(www.ncbi.nlm.nih.gov). Search constraints were defined by the default parameters of the
BLASTN program from NCBI. The results presented were obtained by using the dbEST file
as of January 2006. The database contained 7,157,729 EST entries. The resulting EST data for
each gene was categorized by tissue of origin as extracted from UniGene [27]. ESTs were
scored for their alignment with other sequences and for their splicing patterns. ESTs showing
sequence similarity to the PHK gene of interest using BLASTn were downloaded and further
analyzed by aligning them to each other and to the full length genomic and cDNA reference
sequences from which they were derived using the gapped alignment programs ClustalW

Winchester et al. Page 2

Mol Genet Metab. Author manuscript; available in PMC 2009 July 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



[28] and Sim4 [29]. Genomic alignments generated by Sim4 were visualized using a program
developed by E.C. Rouchka (http://kbrin.a-bldg.louisville.edu/~rouchka/estMapping2.html).

Amplification of truncated PHKG1
First strand cDNA for human brain, heart, tongue, small intestine, and skeletal muscle was
obtained from Biochain Institute, Inc. and was used as the template for polymerase chain
reaction (PCR). Full length and truncated PHKG1 were amplified using a forward primer
corresponding to exon 1 of the PHKG1 open reading frame (5′-
GCCTCCGGTCATCAAATAGCAA-3′), and a second reverse primer located in either exon
10 (5′-CCATAGATTCGGAAAGCGTAGG-3′) or intron 6 (5′-
TGCAGATGGTTGATTGAGCACC-3′), respectively. Amplified DNA was resolved by
agarose gel electrophoresis for molecular weight determination and proper sequences were
verified by dideoxy sequencing using an ABI Hitachi 3130.

RESULTS
PhK is expressed in numerous tissues in humans

PhK gene distribution in human tissues was determined by in silico analysis of the human
dbEST. Our results indicate that in addition to those tissues known to be glycogenolytic,
numerous others express full complements of PhK genes (Table 1). Using the dbEST dated
January 2006, 47 ESTs corresponding to PHKA1 were found expressed in 14 different tissues;
the majority of these ESTs were in brain and pancreas. Fifty ESTs corresponding to PHKA2
were found in 19 total tissues of which 16% were from lymphocytes and 10% from brain.
Seventy-eight ESTs matching PHKB were identified in 18 different tissues, most notably testis,
eye, placenta and lung. Thirty ESTs were identified for PHKG1 from only 5 tissues, heart,
brain, small intestine, prostate and tongue, while 52 ESTs corresponding to PHKG2 were found
expressed in at least 13 different tissues with brain having the most ESTs, thus suggesting that
PHKG2 is more ubiquitously expressed that PHKG1. Overall, 28 different tissues or organs
were identified that express one or more PhK gene. Contrary to expectation, no EST
representing PHKA1, PHKB, or PHKG1 was identified from skeletal muscle even though high
expression of PhK in this tissue is well established. These results are likely due to the high
stringency with which we performed our search in combination with the low percentage of
skeletal muscle ESTs represented in the publicly available database (0.6% of the total EST
pool). Furthermore, our results correlate very well to the EST expression profiles in the
UniGene database, a more organized data resource that gives a view of the transcriptome by
relating sets of sequences that originate from the same transcription locus. These sequences
are in the form of well characterized genes, mRNAs and ESTs and are organized into
transcription clusters [27]. By this analysis, PHK gene expression displays a spatial distribution
where transcription of PHKB (36 tissues) > PHKA2 (35 tissues) > PHKG2 (31 tissues) >
PHKA1 (29 tissues) > PHKG1 (17 tissues) (Table 2). The fact that the absolute numbers for
tissue distribution are overall lower in our analysis is likely due to the high stringency with
which our search was performed. Only sequences with 95% identity or greater to the query
cDNA were selected for our results.

Genomic location of human PhK ESTs
Unique EST sequences for each tissue were refined by sequence analysis using the ClustalW
alignment tool [28]. ESTs from tissues that had at least two homologous sequences with a core
region that was 90% identical or greater by ClustalW were subsequently aligned to the
corresponding genomic sequence by Sim4 analysis [29]. These data are schematically
represented in Figure 1. Based upon our results, PHKA1 is alternatively spliced in breast and
colon (Fig. 1A). Three exons were identified in breast that are not found in same overlapping
region of the reference sequence (RefSeq) [30], the sequence that provides the structure, i.e.
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intron/exon boundary, for each gene. Since the three exons were not identified in the known
gene structure, they are likely novel and produced through splicing. These exons are encoded
by nucleotides 38081–38220, 38585–35676, and 40096–40282 of the PHKA1 gene.

PHKA1 expressed in colon also appears to undergo alternative splicing at the 5′ region of the
gene producing four novel exons encoded by genomic regions bps 1769–1969, 3620–3673,
12475–12645, and 21529–21606. The first of these exons, bps 1769–1969, also appears in
embryonic stem cells. No alternate processing was observed in the genomic regions bps
111765–111880 and 112009–112047 which correspond to exons 27 and 28, the multiple
phosphorylation domain of PHKA1 previously identified to be extensively spliced in skeletal
muscle (Fig. 1A) [21]. PHKA2 undergoes differential splicing at the 5′ region of the gene in
bone, brain, liver, lung, lymphocyte, and testis to produce four different exons not identified
in the corresponding RefSeq (Fig. 1B). Additionally, a large region of the gene appears to be
spliced out in placental tissue. According to the National Center for Biotechnology
Information’s (NCBI) Entrez Gene database [27], PHKB encodes for two transcript variants
as a result of differential splicing of exon 25 (Fig. 1C). In addition, our work indicates that
PHKB undergoes extensive 5′ splicing in placenta, lung and bone as well as processing in
genomic regions 116808–116830 and 117813–117862 in testis. The fact that of all the PHKB
ESTs identified that overlap in the genomic region 202351–207888, the area identified by
NCBI to be alternatively spliced, none contained the exon encoded by PHKB variant 1,
suggests that the β isoform encoded by variant 2 is likely the predominant form. Previously,
alternative splicing has been reported for the N-terminus of β in brain [20]; the lack of EST
data from brain for PHKB did not allow us to confirm these results. Alternative processing of
PHKG1 was found when compared to the RefSeq in that the last four terminal exons were not
represented in any tissue analyzed in silico (Fig. 1D). PHKG2 is alternatively spliced in
placenta, lung, and brain at the 5′ region (Fig. 1E).

The fact that in our analysis no EST was identified that contained any of the last 4 distal exons
of PHKG1, led us to hypothesize that PHKG1 mRNA may undergo 3′ processing via an
alternate stop codon and polyadenylation site located in intron 6, thus converting exon 6, an
internal exon, into a 3′ terminal exon also called a composite terminal exon. Following searches
of the genomic sequence for PHKG1, we did indeed identify an intronic polyadenylation site
at nucleotide 106 of intron 6 (Fig. 2). The site was specified by the conserved hexanucleotide
AAUAAA sequence followed by two possible CA cleavage sites 10 and 15 nucleotides
downstream, and a U-rich region 25 nucleotides downstream. This site correlates well with
consensus polyadenylation signal where the U-rich region is typically ~40 bps downstream of
the cleavage site [31]. Analysis of this same region in other species indicates that the
polyadenylation site is highly conserved across many species, although the downstream
regulatory elements in mouse, rat, and zebrafish are less conserved. This is not necessarily
surprising given that, in contrast to the AAUAAA sequence, downstream regulatory elements
tend to be more variable in sequence composition, length and location [31,32]. No putative
polyadenylation sequence was identified in the chicken genome (data not shown). The
identification of a second poly(A) site is not necessarily surprising given that ~ 50% of human
genes have been found to have multiple poly(A) sites [33,34]. We should note that it was
surprising that no ESTs were identified that corresponded to the C-terminus of PHKG1, given
that dbEST are typically 3′ ESTs, yet may reflect the fact that the number of ESTs mapping to
the PHKG1 gene is comparatively small. As more ESTs become available, we expect to see
this region represented in the database, and additional splice sites revealed.

Identification of exon 6 as a composite terminal exon in PHKG1
The two predicted PHKG1 transcripts were studied by RT-PCR in four of the five different
human tissues that were identified to express the truncated PHKG1 variant in order to
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biochemically verify the newly identified composite terminal exon. When primer pairs
corresponding to regions in either exon 1 and exon 10, or exon 1 and intron 6, were used for
amplification of cDNA, all tissues were found to express the full length 1256 bp PHKG1
transcript, as well as a 795bp fragment corresponding the truncated product, respectively (Fig.
3A and B). The truncated PHKG1 did not amplify well from small intestine, yet was found to
be present in skeletal muscle. These results confirm that alternative 3′ processing of PHKG1
does indeed occur in vivo. Translation of the alternate PHKG1 variant would result in an
additional 21 amino acid residues (GLVTWPWPTSPRVLNQPSAE) being added past the end
of the region encoded by exon 6 (Fig. 3C). These 21 residues are 95% conserved between
humans and primates, varying at only a single glycine residue, yet diverge considerably across
lower mammals. By PROSITE [35] database searching this region in the human sequence
contains a putative protein kinase C phosphorylation site (TxR) at residue 191 that is not
conserved across all species. The identification of this potential site for Ca2+ regulation in the
truncated variant is interesting given that γ activity is normally regulated through Ca2+/CaM
binding at its C-terminus, the region of the protein removed as a result of the alternative 3′
processing. Several other genes have been identified to use alternate composite terminal exons
[36]; for many of these, the choice between isoforms discriminates between changes in tissue
expression, developmental expression or secreted versus cytoplasmic location of the final
protein. The functional significance of this newly identified PhK γ variant is currently being
investigated.

Discussion
In this study, we have used in silico methods to determine the spatial expression pattern for
the five genes that encode the α, β, and γ subunits of PhK. We have determined that PhK
transcripts are found in multiple tissues suggesting that the previous designation of PHKA1
and PHKG1 as muscle-specific, and PHKA2 and PHKG2 as liver specific, is not an accurate
representation of their spatial distribution. While the absolute number of ESTs identified for
each PhK gene varies among tissues, for all five PhK genes analyzed, more ESTs were
identified in the brain than any other tissue, including liver and muscle. This result is likely an
artifact given that the number of human brain ESTs in the database is 514,226, approximately
6% of the total, while skeletal muscle ESTs represent only 0.6% of the total (48,864 ESTs).
Regardless, the fact that the EST number in a given library for the same gene is a rough
indication of that gene’s expression in the tissue from which the library was derived, does
indicate that relatively high levels of PhK are expressed in many different tissues. Such
ubiquitous expression is not necessarily surprising since several studies suggest potential
alternative roles for PhK outside of metabolism. PhK has been shown to mediate numerous
interactions with proteins that play both a structural and/or a catalytic role in cytoskeletal
architecture and dynamics [37,38].

We have also shown that unique transcriptional processing occurs for all five PhK genes
analyzed, and in particular, that PHKG1 undergoes terminal 3′ processing via a newly identified
polyadenylation and cleavage site located in intron 6. Alternative polyadenylation is a common
mechanism in human cells to increase the complexity of the transcriptome by producing
mRNAs with either different 3′ untranslated regions and/or variable protein isoforms.
Changing polyadenylation site usage can have enormous effects on overall amount,
localization, translation efficiency and stability of the resultant gene product [36]. Generation
of composite 3′ ends by competition between splicing and polyadenylation has been well
studied [36] and is mediated by altering relative levels of polyadenylation, splicing and
transcription termination factors usually resulting in an increase in the processing efficiency
of weak polyadenylation sites. The splice site of PHKG1 intron 6 is relatively weak; the 5′
donor site lacks the conserved GUAAGU sequence and instead contains a GUCTGG, and the
3′ acceptor site contains 4 purines within the conical pyrimidine track, likely lowering the
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affinity of snRNP binding to these regions. It will be of interest to learn under what conditions,
and in which tissues, PHKG1 undergoes alternative 3′ processing and the functional
significance of this switch.

In addition to in silico identification, we have biochemically verified that the identified
truncated variant of PHKG1 is expressed at the mRNA level and thus is likely to be translated.
While transcription of a particular gene does not always correlate with translation, the fact that
mRNA synthesis is the most regulated step in controlling protein concentrations, determining
mRNA levels does typically provide a good approximation of the abundance of the
corresponding protein [39]. Therefore, an important question that emerges is whether it is
possible that this truncated variant of γ (γv), while considerably small, is catalytic. This
alternative variant would contain the first 181 residues of γ followed by an additional 21
residues: GLVTWPWPTSPRVLNQPSAE. When compared to the solved crystal structure of
the catalytic core of PhKγ (residues 1– 298) [40], γv would possess the N-terminal lobe
responsible for metal and ATP binding [41], however, the C-terminal α-helical region of the
kinase would be truncated in the activation loop (residues 178–185 of γ). The activation loop
is the region identified in S/T kinases to contain a critical phosphorylatable residue leading to
kinase activity [42]. In PhKγ, the conserved S/T is replaced by E182, and in the truncated γv
this residue is changed to a G, thus preventing the polar associations with R (+2) in the peptide
substrate, as shown to occur in the solved crystal structure [40]. Furthermore, while the key
catalytic aspartate, D149, is present in the variant, several other residues identified to make
contacts with the substrate peptide analog (V183, C184, G185 and S188) are changed in γv as
a result of translation of intron 6, and thus key polar associations known to mediate substrate
binding may be altered.

Alternatively, if γv is not catalytic itself, it may function to allosterically regulate catalysis of
the PhK holoenzyme. When compared to the sequences of the α and β regulatory subunits, the
additional 21 residues added to γv contain a 7 amino acid stretch (PTSPRVL) that is also
partially conserved in the β subunit (residues 824–830). Given the fact that another region of
β has previously been identified to inhibit the catalytic activity of γ (residues 420–436) [43],
and that β makes numerous contacts with γ in the holoenzyme [44], it is reasonable to speculate
thatthis portion of γv may also be inhibitory. Furthermore, the fact that γ has been shown to
self-associate between resides 66–110 [37] and form dimers [40,45], suggests a potential
inhibitory mechanism through the formation of γ-γv heterodimers. Catalytic inhibition by an
alternatively spliced protein variant is not unprecedented. The gene that encodes for endothelial
nitric oxidesynthase (eNOS) is alternatively spliced in intron 13 to produce a 3′ truncated
variant that serves as a dominant negative inhibitor for the activity of the full-length eNOS
enzyme [46]. While the precise cellular function of γv is yet to be determined, such allosteric
regulation of γ by γv would provide yet another mechanism to ensure that uncontrolled
glycogenolysis did not occur in the absence of the regulatory α and β subunits.
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Figure 1. Genomic Alignment of EST Sequences
The genomic location for each identified PHK EST sequence was determined as indicated in
Materials and Methods. For each of the PHK genes shown (A–E), vertical lines and boxes
represent exon regions while horizontal lines represent connecting intron regions. The tissue
of origin for each identified EST is indicated on the right. Overlapping ESTs that were
identified to encode for PHK exon regions were mapped to their genomic location by Sim4
analysis and are schematically represented here. The total number of nucleotides in each gene
are as follows: PHKA1 – 133410 bp and Human Genome Locus (HGL) = NC_000023.9;
PHKA2 – 91035 bp and HGL = NC_000023; PHKB – 237017 bp and HGL = NC_000016.8;
PHKG1 – 12015 bp and HGL = NC_000007.12; PHKG2 – 8946 bp and HGL = NC_000016.8.
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Identified EST sequences are compared to the non-redundant RefSeq, the sequence that
provides the intron/exon boundaries for each gene, and differences between ESTs and the
RefSeq in a particular tissue represent alternative mRNA processing (underlined in red). Other
highlighted regions include: exons 27–28 in PHKA1 previously reported to be alternatively
spliced – blue circle; alternative splicing of PHKB in GenBank –purple circle; 3′ region of
PHKG1 missing due to alternate polyadenylation - green. Two separate diagrams for PHKG2
expression in lung, placenta and brain are shown in order to emphasize the striking differential
expression in the 5′ domain of this gene.
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Figure 2. Species Conservation of the PHKG1 Polyadenylation and Cleavage Site
The DNA sequence of PHKG1 intron 6 is shown for six different species. The conserved
hexanucleotide sequence is underlined; putative cleavage sites are indicated by arrows.
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Figure 3. PCR amplification of the full-length and spliced PHKG1 variants
Human cDNA from brain, heart, small intestine, skeletal muscle, and tongue was used as the
template for PCR as indicated in Materials and Methods. A. Amplification of full-length
PHKG1 cDNA (1256 bp). B. Amplification of the 3′ truncated PHKG1 cDNA (795 bp). C. In
silico translation of PHKG1 exon 6 with the additional 21 residues that result from alternate
polyadenylation of intron 6 (underlined).
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