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We have determined the first genomic structure and characterized the mRNA and protein products of a novel
vertebrate gene that encodes a calcium-binding protein with amino acid sequence identity to a protein kinase
domain. The elucidation of the complete DNA sequence of this transcription unit and adjacent genomic DNA,
Southern blot and polymerase chain reaction analyses of cellular genomic DNA, and examination of mRNA and
protein species revealed that the calcium-binding kinase-related protein (KRP)-encoding gene is contained
within the gene for a calmodulin-regulated protein kinase, myosin light-chain kinase (MLCK). The KRP gene
transcription unit is composed of three exons and a 5’-flanking sequence containing a canonical TATA box
motif. The TATA box, the transcription initiation site, and the first 109 nucleotides of the 5’ noncoding region
of the KRP mRNA correspond to an MLCK gene intron sequence. Both KRP and MLCK are produced in the
same adult chicken tissue in relatively high abundance from a single contiguous stretch of genomic DNA and
utilize the same reading frame and common exons to produce distinct mRNAs (2.7 and 5.5 kb, respectively)
that encode proteins with dissimilar biochemical functions. There appears to be no precedent in vertebrate
molecular biology for such a relationship. This may represent a mechanism whereby functional diversity can
be achieved within the same vertebrate tissue by use of common exons to produce shuffled domains with
identical amino acid sequences in different molecular contexts.

Calcium functions as an intracellular mediator of diverse
biological processes. These effects of calcium are a result, in
large part, of its interaction with calcium-binding proteins
through a limited set of protein structural themes (for a
review, see reference 60). For example, a set of helix-loop-
helix motifs have been correlated with comparatively high-
affinity, reversible calcium binding to proteins (e.g., calmo-
dulin and troponin C) that function as calcium signal
transducers in eukaryotic cells. Other classes of calcium-
binding proteins, such as the class that includes skeletal
muscle calsequestrin (18), are clearly important to organis-
mal homeostasis, but a common calcium-binding structural
motif is less well defined for these proteins. Because of the
importance of calcium homeostasis and signal transduction
in eukaryotic cells, it is imperative that a continuing effort be
made to expand our knowledge about the structure, func-
tion, and genetics of the various classes of eukaryotic
proteins that selectively bind calcium.

Many intracellular calcium-binding proteins are low-mo-
lecular-weight (10,000 to 20,000), acidic proteins that gener-
ally lack enzymatic activity. There are examples of a prote-
ase (4) and a kinase (22) which have integral calcium-binding
domains. However, there does not appear to be a precedent
for the independent production of a calcium-binding protein
and an enzyme which contains the same calcium-binding
domain.

During two parallel studies of calcium-binding proteins
and protein kinases, we unexpectedly discovered that one of
the low-molecular-weight calcium-binding proteins that we
had isolated has an amino acid sequence indistinguishable
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from that of a domain (50) of the calmodulin-regulated
protein kinase myosin light-chain kinase (MLCK). Because
of this sequence relatedness, we have referred (14, 49) to the
calcium-binding protein as a kinase-related protein (KRP).
To determine the genetic relationship between KRP and
MLCK, the complete DNA sequence of the entire KRP-
encoding gene transcription unit was determined gnd used as
the foundation of an analysis of cellular genomic DNA and
RNA. The studies reported here show that the chicken KRP
gene is contained within the chicken MLCK gene and that
the amino acid sequence identity between KRP and the
MLCK domain is due to use of the same exon coding
sequences. The 5'-flanking region of the KRP gene (the
region containing a canonical TATA box sequence), the
transcription initiation site, and part of the 5’ noncoding
region of the mRNA correspond to intron sequences in the
MLCK gene. The initiator Met for KRP is an MLCK internal
methionine codon. The KRP and MLCK genes also encode
a common 3’ noncoding region in their respective mRNAs.

Therefore, the KRP gene is a true gene within a gene that
produces an abundant smooth-muscle protein whose amino
acid sequence is present in a domain of another abundant
smooth-muscle protein, MLCK. KRP is not a protein kinase
and has no demonstrable effect on MLCK kinase activity.

(Preliminary communications of certain aspects of this
work have appeared in abstract form [14, 49]. In addition,
while the manuscript was under revision, a cDNA sequence
for a protein, termed telokin [20, 26], that is homologous to
chicken KRP was reported [20].)

MATERIALS AND METHODS

Purification of KRP from chicken gizzard. KRP has been
isolated by several different protocols that are based on the
purification of low-molecular-weight, acidic proteins (56,
57). The procedure most commonly used is based upon
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purification of both MLCK (1) and calmodulin (34) from
chicken gizzards as outlined below.

Chicken gizzard tissue was processed as described previ-
ously (1) for preparation of washed myofibrils, except that
phenylmethylsulfonyl fluoride was the only protease inhibi-
tor. The initial gizzard homogenate was centrifuged as
previously described, except that both the pellet and super-
natant (S1) were saved. The pellet was rehomogenized and
centrifuged. The combined supernatants (S1 and S2) were
pooled for further purification of KRP. KRP also appeared
by Western blot (immunoblot) to be present in the pellet, but
it was not processed further. The pooled supernatants were
applied batchwise to a DEAE-cellulose ion-exchange resin
(DE-52; Pharmacia LKB Biotechnology, Inc., Piscataway,
N.J.) that had been pre-equilibrated with buffer I (20 mM
Tris-HCI [pH 7.5], 1 mM ethylene glycol-bis(B-aminoethyl
ether)-N,N,N',N'-tetraacetic acid [EGTA], 50 mM NaCl).
The resultant slurry was transferred to a coarse sinter glass
funnel and washed with approximately 15 bed volumes of
buffer I. A fraction which contained calmodulin and KRP
was step eluted with buffer I containing 300 mM NaCl. The
eluate was clarified by centrifugation at 17,500 X g for 20 min
at 4°C. To remove most of the calmodulin in the sample, the
supernatant was adjusted to a final concentration of 2.5 mM
calcium by addition of CaCl, and applied to a phenyl-
Sepharose column (Pharmacia LKB Biotechnologies, Inc.),
and the column flowthrough and wash (450 ml of buffer I
containing 2.5 mM CaCl,) were collected.

The calmodulin-depleted fraction was precipitated by ad-
justing the solution to 60% (vol/vol) ethanol and storing it at
—20°C for 4 h. The mixture was then centrifuged at 11,000 x
g for 40 min at 4°C, and the supernatant was discarded. The
pellet was suspended in 200 ml of buffer I and clarified by
centrifugation at 11,000 X g for 10 min. Ammonium sulfate
was added to the supernatant to a final concentration of 1.3
M. The resulting solution was applied to a phenyl-Sepharose
column that had been pre-equilibrated with buffer I contain-
ing 1.3 M ammonium sulfate. The eluate was immediately
collected in 2-min fractions, and the 4,5, was monitored.
After the breakthrough, the column was eluted with a
gradient of 1.3 to 0 M ammonium sulfate in buffer I.
Fractions containing a band with an M, of 24,000, as
determined by analysis by 12.5% (wt/vol) polyacrylamide gel
electrophoresis (PAGE) in the presence of sodium dodecyl
sulfate (SDS) and Coomassie blue stain, were pooled and
dialyzed at 4°C against 10 mM ammonium bicarbonate
solution (2 x 2 liters) and lyophilized.

The lyophilized powder was redissolved in 20 mM sodium
acetate (pH 6.5), and KRP was purified by reverse-phase
high-performance liquid chromatography using a BU-300
(Brownlee Labs, Santa Clara, Calif.) column (4.6 by 30 mm)
and gradients composed of limit buffers A (10 mM ammo-
nium acetate, pH 6.0) and B (10 mM ammonium acetate [pH
6.0], 60% [vol/vol] acetonitrile).

Peptide purification and amino acid sequence analysis.
Proteolytic digestions of performic acid-oxidized or car-
boxymethylated KRP were carried out by using previously
described protocols (33, 46). The peptides were isolated by
high-performance liquid chromatography (46) over a Brown-
lee RP-8 column (1.0 by 250 mm) by using gradients com-
posed of limit buffers A (0.2% trifluoroacetic acid) and B
(60% acetonitrile containing 0.08% trifluoroacetic acid).
Amino acid analysis was done by using a Pico-Tag System
(Waters, Milford, Mass.) as previously described (7, 46).
Automated Edman degradations were performed on a model
470A protein sequencer (Applied Biosystems Inc., Foster
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City, Calif.) by using manufacturer-recommended condi-
tions and previously described protocols (46).

Calcium-binding assay. The calcium binding of purified
KRP was determined by gel filtration analysis. A mixture of
35 ng of KRP and 283 pM “*Ca (ICN Biomedicals, Inc.,
Costa Mesa, Calif.) in 20 pl of buffer II (10 mM N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid [HEPES,
pH 7.2], 5 mM MgCl,, 100 mM KCl) was loaded onto a
Sephadex G-10 (Pharmacia LKB Biotechnologies, Inc.) col-
umn (0.7 by 22 cm) pre-equilibrated in buffer II. The column
was eluted with buffer II at a flow rate of 0.4 ml/min, and
fractions were collected every minute. The amount of “*Ca
in each fraction was measured by liquid scintillation count-
ing.

Antiserum preparation and Western blot analysis. Rabbit
antibodies against chicken gizzard MLCK were prepared on
the basis of procedures used for production of calmodulin
antibodies (58). Briefly, purified MLCK (50) was electro-
eluted from SDS-polyacrylamide gels and injected subcuta-
neously into four or five sites along the backs of two New
Zealand White, Pasteurella-free, female rabbits (rabbits 858
and 859). The antigen was emulsified in complete Freund’s
adjuvant for the initial injection and in incomplete Freund’s
adjuvant for a second injection 4 months later.

Extracts of chicken gizzard tissue for Western blot anal-
ysis were prepared by homogenization of tissue that had
been removed and rapidly frozen at —20°C. The tissue was
homogenized in 10 volumes of homogenization buffer (50
mM Tris-HCI [pH 7.5], 10 mM MgCl,, 10 mM NaCl, 0.1%
[wt/vol] SDS) with three 1-min bursts in an Omnimixer
(Omni Corporation International, Waterbury, Conn.). The
sample was further homogenized by using several passes of
the plunger in a Dounce homogenizer. The sample was
clarified by centrifugation at 25,000 x g for 20 min at 4°C.
The resulting supernatant was used for Western blot analy-
sis. Western blots were performed as described previously
(59), except for the following modifications: (i) proteins were
transferred to nitrocellulose for 2 h, (ii) no glutaraldehyde
fixation step was used, and (iii) the blocking step was done
overnight at room temperature in 5% (wt/vol) Carnation
nonfat dry milk in phosphate-buffered saline. Quantitative
Western blot analyses were done by densitometric scanning
of Western blots containing purified KRP and MLCK to
establish standard curves of densitometric area as a function
of increasing protein concentration. In the same experiment,
the amounts of KRP and MLCK in gizzard tissue extracts
were determined by densitometric scans of Western blots
containing dilutions of gizzard extract and comparison to the
linear range of the standard curves. As a check on the
method, the estimate of MLCK that was obtained by this
method was found to be in agreement with that estimated
from recovery of MLCK activity during purification (1).

Isolation and sequence analysis of cloned DNA. A chicken
genomic library was constructed (38) in EMBL-4 (19) by
using protocols previously described (66) and screened by
plaque hybridization (66) by using three probes: one based
on the amino acid sequence of KRP reported here, one
corresponding to bases 2225 to 3755 of MLCK cDNA (50),
and one corresponding to bases 3263 to 4487 of MLCK
cDNA (50). Only one clone (gM31) hybridized with all three
probes and was used for further characterization as de-
scribed previously (66). A cDNA was obtained from an
oligo(dT)-primed reverse transcriptase reaction mixture by
using chicken gizzard RNA, a commercial kit (Promega,
Madison, Wis.), and previously described protocols (66).
Subcloning and sequencing were done as described by
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Zimmer et al. (66), with the following additional methods: (i)
subcloning was done into Bluescript II (Stratagene, La Jolla,
Calif.), M13mpl8, and M13mp19 (New England BioLabs,
Beverly, Mass.) plasmid vectors; (ii) subcloning of larger
fragments also included nested clones obtained as described
by Henikoff (23) by use of a commercial Erase-a-Base kit
(Promega) and the manufacturer’s protocols; and (iii) sub-
cloning by polymerase chain reaction (PCR) was done by
using specific primers and a commercial kit, the TA Cloning
System (Invitrogen, San Diego, Calif.), and the manufactur-
er’s protocols. Automated DNA sequencing was done as
previously described (66), with commercially available fluo-
rescence-labeled primers (Applied Biosystems, Inc.) and the
manufacturer’s protocol on a Biomek 1000 pipetting work-
station (Beckman Instruments, Inc., Palo Alto, Calif.), with
the subsequent separation and analysis done on a 370A DNA
sequencer (Applied Biosystems, Inc.). Isotopic sequence
reactions were done as previously described (66) by using
chain termination (45) with [a-**S]dATP (>6,000 Ci/mmol;
Amersham Corp., Arlington Heights, Ill.).

PCR. The PCR was done (44) by using a commercial
Amplification Reagent Kit (Perkin-Elmer Cetus, Norwalk,
Conn.) and following the manufacturer’s protocol. All tem-
plates were boiled for 10 min and rapidly cooled on ice
before addition to the PCR reaction mixture. Enzymatic
amplification was done by using a Tempcycler (Coy Labo-
ratory Products, Inc., Ann Arbor, Mich.) and a temperature
cycling program which increased the time of the extension
step during its later stages. Products from PCR reactions
were analyzed by electrophoresis in agarose gels containing
ethidium bromide and characterized in terms of size and
ability to be cut by the appropriate restriction endonucleases
(based on the expected DNA sequence of the product).
Appropriate blanks and internal controls were run in each
set of PCR experiments to assess sample cross-contamina-
tion.

Southern and Northern (RNA) blot analyses. Southern and
Northern blot analyses were done essentially as previously
described (66). Briefly, high-molecular-weight genomic
DNA was digested with restriction endonucleases HindIII,
Sacl, and PstI (New England BioLabs, Inc.), subjected to
agarose gel electrophoresis, transferred to Hybond-N nylon
membrane (Amersham Corp.), and cross-linked to the mem-
brane by using a Stratalinker 1800 (Stratagene). Total RNA
was prepared from rapidly frozen tissues by the method of
Chomczynski and Sacchi (13), poly(A)* RNA was prepared
by oligo(dT) chromatography as previously described (6),
and samples were subjected to agarose gel electrophoresis
and transfer to nylon membranes with subsequent cross-
linking. Preparation of labeled probes, incubations, and
autoradiography were done as previously described (66).

Miscellaneous procedures. Synthetic oligodeoxynucle-
otides were made on a 380 or 381A synthesizer (Applied
Biosystems, Inc.). Nuclease protection experiments were
done with a commercial kit, RPA II (Ambion, Austin, Tex.)
by following the manufacturer’s protocol. Primer extension
reactions were done as described by Zimmer et al. (66).

Nucleotide sequence accession numbers. The sequence data
reported here have been assigned GenBank accession num-
bers M88283, M88284, and M88280.

RESULTS

Chicken gizzard KRP is an abundant calcium-binding pro-
tein with a molecular mass of 17,206 Da and an amino acid
sequence identical to that of the carboxyl-terminal domain of
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FIG. 1. KRP is a low-molecular-weight calcium-binding protein.
The chromatographic trace shows calcium binding by KRP in the
presence of a molar excess of magnesium. A 35-pg sample of KRP
and 283 pM “°Ca were used as described in Materials and Methods.
The solid line shows the UV A4,;5 of the column effluent, and the
dashed line indicates the amount of radioactivity found in each
fraction. In control experiments in which the same quantity of “*Ca
was loaded in the absence of KRP, the bulk of the radioactivity
eluted after 4.8 ml. The inset in the upper right corner shows a
Coomassie blue-stained SDS-polyacrylamide gel of purified KRP.
The molecular weight standards were phosphorylase b (94,000),
bovine serum albumin (67,000), ovalbumin (43,000), carbonic anhy-
drase (30,000), soybean trypsin inhibitor (20,000), and a-lactalbumin
(14,400).

chicken MLCK. KRP was purified from chicken gizzard
extracts as described in Materials and Methods. As shown in
Fig. 1, purified KRP has the ability to bind calcium in the
presence of a molar excess of magnesium that approximates
physiological concentrations of magnesium. KRP shows
reactivity with certain antisera raised against purified MLCK
(Fig. 2), which is not surprising because of the amino acid
sequence identity between KRP (Fig. 3) and the carboxyl-
terminal domain of MLCK (50). The recovery of purified
KRP and quantitative Western blot analyses of gizzard
extracts demonstrated that KRP comprises approximately 3
to 5% of the soluble protein of gizzard tissue. Previous
studies (1) have estimated that the concentration of MLCK
is approximately 1 to 2% of the soluble protein.

The relative abundance of KRP versus MLCK makes it
unlikely that KRP is a proteolytic fragment of MLCK. The
presence of a blocked amino terminus for purified KRP and
the amino acid sequence of MLCK in this region are also not
consistent with proteolysis. Artifactual proteolysis that re-
sults in a blocked amino terminus usually requires the
presence of glutamine at the site of cleavage, with cleavage



2362 COLLINGE ET AL.

A B

FIG. 2. KRP is immunoreactive with antiserum prepared against
MLCK. Extracts of chicken gizzard tissues were subjected to
SDS-PAGE and Western blot analysis using rabbit antisera prepared
against purified chicken gizzard MLCK as described in Materials
and Methods. Blots were probed with antisera from rabbits 859 (A)
and 858 (B). Note that although both antisera reacted with MLCK,
only that from rabbit 859 reacted with KRP (lower band in panel A).

resulting in nonenzymic cyclization of the glutamine to a
cyclized glutamate residue (3). Inspection of the KRP amino
acid sequence (Fig. 3) and the MLCK sequence in this region
(50) reveals that the data do not support such a proteolysis
hypothesis. As presented in following sections, all of the
available data support a nonproteolytic mechanism. On the
basis of the amino acid composition of the blocked amino-
terminal peptide from purified KRP (Fig. 3) and the high
frequency of removal of the initiator Met in proteins with
blocked amino termini that have an Ala residue after the
initiator Met (5), the penultimate Ala was designated amino
acid residue 1 and the A of the preceding ATG sequence was
called nucleotide 1.

The difference between the apparent molecular weight of
KRP as determined from PAGE (Fig. 1, inset) and the
computed molecular mass (17,206 Da) based on the amino
acid sequence (Fig. 3) is consistent (33, 61, 62) with the
behavior of acidic proteins during SDS-PAGE. The inferred
amino acid sequence of KRP (Fig. 3) agrees with the
experimentally determined amino acid sequence of selected
peptides from purified KRP. In addition, the experimentally
determined amino acid composition of purified KRP (Table
1) is consistent with the proposed sequence and the physical
and chemical properties of KRP that allowed its purification,
i.e., low molecular weight and acidity. Thus, all of the
experimentally determined properties of this abundant giz-
zard protein are consistent with the translated amino acid
sequence shown in Fig. 3.

Although KRP shows calcium-selective binding in the
presence of excess magnesium, the amino acid sequence of
KRP does not have sequence motifs characteristic of high-
affinity calcium-binding proteins in the calmodulin family,
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including revisions of this motif based on recent site-specific
mutagenesis studies of calcium-binding sites (21). However,
KRP does have sequence similarity to proteins in the low-
affinity, high-capacity class of calcium-binding proteins (18,
52, 53, 60, 65). This similarity is consistent with the data
shown in Fig. 1 and our inability to estimate accurately the
number and relative affinity of calcium-binding sites by using
the conditions previously described (21) for analysis of
calmodulin.

KRP does not contain the amino acid sequences which
have been shown (50) to encode calmodulin-regulated pro-
tein kinase activity and calmodulin-binding activity (32, 50).
In agreement with this relationship between structure and
function, KRP does not have protein kinase activity with
myosin light chain as a substrate and does not have calmod-
ulin-binding activity as determined by calmodulin-Sepharose
chromatography (63) or gel overlay analysis (11). As ex-
pected on the basis of the segmental-organization model of
MLCK described by Shoemaker et al. (50), KRP (up to 4
1M) did not have significant effects on MLCK-catalyzed
phosphotransferase activity with the myosin light-chain sub-
strate. KRP contains one of the two cyclic-:AMP-dependent
protein kinase phosphorylation sites previously described
for MLCK (32, 50) and is a substrate for cyclic-:AMP-
dependent protein kinase.

In summary, all of the data obtained in the characteriza-
tion of KRP are consistent with its amino acid sequence: (i)
KRP is a low-molecular-weight, acidic protein that binds
calcium selectively in the presence of a molar excess of
magnesium, but it is not in the calmodulin family of calcium-
binding proteins; (ii) the identity with an MLCK domain
results in cross-reaction with some antisera prepared against
purified MLCK; (iii) the presence in KRP of one of the two
phosphorylation sites found in MLCK makes KRP a sub-
strate for cyclic-:AMP-dependent protein kinase; and (iv)
KRP does not have calmodulin-binding activity or protein
kinase activity.

Organization and DNA sequence of the chicken KRP gene
transcription unit. The chicken KRP gene transcriptional
unit is found within a single 7.4-kb EcoRI fragment (Fig. 4A)
of genomic DNA and is composed of three exons and a
TATA motif with the appropriate (10) sequence and spacing
from the start of transcription (see Fig. 4B, 5, and 6). The
entire region shown in Fig. 4B was sequenced on both
strands. The DNA sequence for this region is given in Fig. 5.
In all cases, the DNA sequences of exons were identical to
their corresponding regions in the cDNAs (Fig. 3 and refer-
ence 50). In addition, the availability of cDNA and amino
acid sequences allowed a direct correlation between exon
coding sequences in the gene and the mRNA and protein.
Except for the 5' end of KRP gene exon 1, all of the
exon-intron boundary sequences shown in Fig. 4B and 5
contain potential 5’ acceptor and 3’ donor splice sites that
are consistent with the patterns seen in vertebrate genes (9).
The 5’ end of KRP gene exon 1 would not be expected to
conform to this pattern because it is the first exon of the
gene.

The first KRP gene exon encodes the 5’ nontranslated
region of the mRNA and codons for the first 28 amino acids
(Fig. 4B and C, 5, and 6). Nuclease protection analysis of
chicken gizzard RNA (Fig. 6A) using a RNA probe comple-
mentary to nucleotides —~381 to 47 (Fig. 5) generated a
protected fragment of approximately 200 bp. Primer exten-
sion analysis of chicken gizzard mRNA (Fig. 6B) using a
75-nucleotide oligodeoxynucleotide primer complementary
to sequences within KRP gene exon 1 (nucleotides —25 to 50
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cagcgcggtttgcagagatcccagctaatttgtacgaagcaccattgtcaca -100
gaaaatcacatgccttttggattggattgatcagaagcecttttgtgttatgtcttagaaaacaggccatgetgtccgagcaataggaagactgtcatce ATG 3
GCA ATG ATT TCT GGT ATG AGT GGG AGG AAG GCC TCT GGG AGC TCG CCT ACC AGC CCG ATA AAT GCA GAC AAA GTA GAG 81
ALA MET ILE SER GLY MET SER GLY ARG LYS ALA SER GLY SER SER PRO THR SER PRO ILE ASN ALA ASP LYS VAL GLU
e e e e i S I e e e i i i e i e i i e s
AAC GAA GAT GCC TTC CTT GAA GAA GTG GCT GAG GAA AAG CCC CAT GTA AAG CCA TAC TTT ACT AAA ACA ATC CTT GAC 159
ASN GLU ASP ALA PHE LEU GLU GLU VAL ALA GLU GLU LYS PRO HIS VAL LYS PRO TYR PHE THR LYS THR ILE LEU ASP
> - > > > > > > > > > > >
ATG GAG GTT GTG GAA GGA AGT GCT GCT AGG TTT GAC TGC AAA ATC GAA GGC TAT CCT GAC CCT GAG GTA ATG TGG TAC 237
MET GLU VAL VAL GLU GLY SER ALA ALA ARG PHE ASP CYS LYS ILE GLU GLY TYR PRO ASP PRO GLU VAL MET TRP TYR
- - > > > > > > > > > >
AAA GAT GAT CAG CCT GTC AAG GAG TCC CGT CAC TTC CAG ATA GAT TAT GAT GAG GAA GGG AAC TGT TCT TTG ACT ATT 315
LYS ASP ASP GLN PRO VAL LYS GLU SER ARG HIS PHE GLN ILE ASP TYR ASP GLU GLU GLY ASN CYS SER LEU THR ILE
> > > > > > > >
TCT GAA GTA TGT GGG GAC GAT GAT GCC AAA TAC ACC TGC AAA GCT GTT AAC AGC CTT GGG GAA GCC ACA TGT ACC GCA 393
SER GLU VAL CYS GLY ASP ASP ASP ALA LYS TYR THR CYS LYS ALA VAL ASN SER LEU GLY GLU ALA THR CYS THR ALA
> > > > > > > > >
GAA CTC CTT GTG GAA ACA ATG GGA AAA GAG GGA GAA GGA GAA GGA GAA GGA GAA GAA GAT GAA GAG GAG GAG GAA GAA 471
GLU LEU LEU VAL GLU THR MET GLY LYS GLU GLY GLU GLY GLU GLY GLU GLY GLU GLU ASP GLU GLU GLU GLU GLU GLU
- > >
tga aacaaggctcaaagaaaacaaaaaaaaaaaaaagaagaaaatatatttaaagactctcctgataaggctcagaaaaccaagttatcaaaagcaccttgt 573
stop
gtgatacataggtctttgaggggttgttttttcagcatgatcagttgatacctgtttgctttatgtacgggcattaattgaaatcagcaggcaatttaagtta 676
ctagcatttaagcaagtcatcgagtaagttgtccagtctatctttaaaattagaacgtatggaaaacaagtctacaattatattctgagcttcttaaagaaaa 779
ggtctgtttactgagctcactgctctataccatcattttctcagcctaaactgcagctaagtgggctcectaaggtctgetttacaaggaatcatttgecagg 882
cgtgcggtgaatcgectccagtcaaagaaactgectcecccagggcagtgtectectataagggaaggtctgatacagecagtgttgecatttgecatgttgecatggt 985
tcatttctcatctggtttaaacatcgtttcggegtcttaacttcaaacatatttactgeccctgetgttggtgcagctctaatgectggctaagctgaaatatcg 1088
gtgggctttgctgaagtactgectctggtgcttaaccagectgatggtaccctgtcagetttcecttatagaacctggcacgtcagegtgttacagacgectget 1191
taagaaacagactgaaagcacaaagacagaataccttctgtttgtttggtgtttttettttttttetttttttctttttetttttttttttctggtcagttta 1294
ataatgacctatggtttatatatatgctgctctgagaaataggttattgcaccgtcagtgaatggctctgacgtgcatgtgtgtgaatggaatcccaggttag 1397
ttaaaattttacatgcatttatttggcgattgcaaaacagatttcaactgatgataagctggaaactcccacagattttttggagtagccaaaaagatagtag 1500
tctggatttcaaactcctttatacttagcagtttccaaagaatcttaacgtatataggacctatttgtaccctctgagettgactgtettgtttttgtctgga 1603
acatgcaccaggaaggctgttgcctttttaaaaaatgcagaaaaaaaaaaaaaagaagaaacaaaaagcccaaagcccaggctttctttcagaaatggttaag 1706
gcactcaagacttaataactttgctttcctttcacagtattggcactttttattttttgttgttgttgetgttcagaggtaatatcagaggctgtaaggtgat 1809
atgcataatccaaaagcagcatgtctttcttacatttatgtatcattccaaaagtgattctttttcttttccactttgtgtgtaaagtgcaacaatttcaaag 1912
gttacctctttaaaagaataccttaagtcctcacagttaagtaggcagtgtactttattacaggtgtgtacaatatcagecttaggttgtttgatattaccga 2015
gttgtgtacgtgtttcatatgatttgctcttcectgcattcaaagctcaactaatgtggatgacacaatggtttttaactgetttactctttgttgctaagttca 2118
gattgccagcatgtcttttecttttcaattgataaagaactcttgttatactaaacacagtattgccacgattccttatacagaaaggtttttaatctgattt 2221
agaacatacagagcttttctcacgtttttaaatgttttaggcaacaatggggtgtattttgtaccttaataaaaatatgctaatgttttecectgtttgttaaa 2324

2384

ccatcagaattgcaaagatgagaacgctacggctgtagttactcacagttcctaaataaa

FIG. 3. Amino acid sequence of chicken gizzard KRP. The amino acid sequence of KRP was inferred from translation of the longest open
reading frame in the KRP cDNA sequence and established by analysis of the amino acid sequence and composition of purified KRP. The
coding region of the DNA sequence and the corresponding amino acids are in capital letters, and the 5’ and 3’ noncoding regions of the DNA
sequence are in lowercase letters. In all cases, empirically determined amino acid sequences agreed with the translated amino acid sequence.
In addition, the experimentally determined amino acid composition of purified KRP (see Table 1) was in agreement with that calculated from
the sequence shown here. Arrowheads indicate residues placed by amino acid sequence analysis of purified KRP peptides; half arrowheads
indicate residues placed by amino acid composition analysis of the blocked amino-terminal peptide. Numbering of the DNA sequence is
shown on the right, with the A of the initiator ATG as nucleotide 1; amino acid 1 is alanine (ALA).

of Fig. 5, which includes the KRP initiator Met codon)
yielded a product of approximately 200 bp, whose authen-
ticity was verified by sequence analysis. Within the experi-
mental error inherent in the methods, these results place the
start of transcription in the region around nucleotides —158
to —151 of Fig. 5. This is consistent with the start of the
cDNA sequence shown in Fig. 3. When the region (nucleo-
tides —137 to —284 of Fig. 5) encompassing the TATA motif
(underlined in Fig. 5) was tested in a fused reporter gene
construct system (47), this region supported transcription
(data not shown). Additional promoter and 5'-flanking se-
quence analyses will be reported elsewhere. Altogether, the
results support the genomic organization shown in Fig. 4. It
should be noted that the first 109 nucleotides of the 5’
nontranslated region of the KRP mRNA correspond to
MLCK gene intron sequence. The remaining 42 nucleotides
of the 5’ nontranslated region of KRP mRNA, as well as
codons for the initiator Met and the first 28 amino acids of
KRP, correspond to MLCK gene exon sequences (Fig. 4C
and 5). Further confirmation of this organization came from

Northern blot analyses (see the following section) in which
the unique 109-base, 5' nontranslated sequence of KRP
mRNA that immediately follows the transcription initiation
site was used to detect the KRP mRNA selectively.

KRP gene exon 2 encodes amino acids 29 to 68 of KRP,
and KRP gene exon 3 encodes amino acids 69 to 156, as well
as the termination-of-translation signal and the 3’ nontrans-
lated region of the mRNA (Fig. 4B and 5). These two KRP
gene exons are also MLCK gene exons.

It should be noted that empirically determined amino acid
sequence data (Fig. 3) are available for each KRP gene exon.
In fact, each of the KRP gene exons has been overlapped by
both the cDNA sequence and the amino acid sequence of the
protein, providing an exceptionally well-characterized mo-
lecular relationship between the genomic DNA sequence
and the protein. Therefore, all of the results from each level
of analysis (protein, mRNA, and DNA sequences) are con-
sistent with the KRP gene transcription unit shown in Fig. 4
and 5.

The KRP gene is at the same genetic locus as, and contained
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TABLE 1. Amino acid composition of KRP

No. of residues/mol

Amino acid
Experimental® Calculated”
Aspartic acid 18.1 17
Glutamic acid 28.7 31
Serine 9.6 11
Glycine 13.7 13
Histidine 22 2
Arginine 4.2 3
Threonine 8.2 8
Alanine 11.3 11
Proline 8.0 7
Tyrosine 4.9 5
Valine 10.1 10
Methionine 3.6 5
Cysteine 4.0 5
Isoleucine 6.2 6
Leucine 7.3 6
Phenylalanine 4.4 4
Lysine 12.0 11
Tryptophan ND 1

¢ The amino acid composition of purified KRP was determined as described
in Materials and Methods and was normalized to a molecular weight of 17,000.
Values shown are averages of four independent determinations. Cysteine was
determined as carboxymethylcysteine. ND, not determined.

# Calculated from the amino acid sequence in Fig. 3. Aspartic acid is the
sum of Asn and Asp, and glutamic acid is the sum of Glu and Gin in the
sequence.

within, the MLCK gene. The region of chicken genomic
DNA whose sequence is shown in Fig. 5 includes more than
the KRP gene transcription unit. This region also includes a
DNA sequence that is an exact match to the cDNA sequence
that encodes the calmodulin-regulatory unit of MLCK (50).
Therefore, there are four MLCK gene exon sequences for
this region of genomic DNA that encode the carboxyl-
terminal third of MLCK (the three KRP gene exons and the
calmodulin-regulatory unit exon). Analysis of the complete
DNA sequence of the single clone of genomic DNA that
hybridized with probes that encode both KRP and MLCK
provided a strong indication that the KRP gene is contained
within the MLCK gene. To provide more direct evidence
and exclude the possibility of artifacts from cloned DNA, we
did additional studies to establish the genetic relationship
between KRP and MLCK by examination of cellular ge-
nomic DNA.

PCR and Southern blot analyses of cellular genomic DNA
were done to verify that the cloned genomic DNA sequence
shown in Fig. 5 is present in cellular genomic DNA. Repre-
sentative data from one of the PCR analyses are shown in
Fig. 7. At the 5’ end, a set of exact-match primers based on
the DNA sequence were used in an anchored PCR experi-
ment employing either cellular genomic DNA or cloned
genomic DNA as the template. On one end, the same PCR
primer, which corresponds to the DNA sequence in an
intron that precedes the MLCK gene exon, was paired with
a series of PCR primers that are complement sequences
present in either the MLCK-specific gene exon, MLCK gene
intron, or KRP gene noncoding exon. In addition, a set of
primers in the 3’ end of the transcription unit, including
coding and 3’ noncoding exon sequences, were also used. In
all cases, the PCR produced a single DNA species and the
size of the product was the same whether cloned or cellular
genomic DNA was the template. These PCR results obtained
with both cellular DNA and cloned genomic DNA templates

MoL. CeLL. BioL.

demonstrated that the linear covalent relationship between
the MLCK and KRP genes found with cloned genomic DNA
is present in native cellular DNA.

Restriction nuclease digestion of cellular genomic DNA,
followed by Southern blot analysis, provided additional
confirmation that the sequence relationship found with

" cloned genomic DNA existed in the cell and indicated that

the cellular KRP gene is the one that was sequenced. A
representative result is given in Fig. 8. The experimental
design was based on the observations (9) that even if exon
coding sequences are highly conserved or duplicated in a
separate gene, it is unlikely that there would be an exact
duplication of intron and noncoding exon sequences. Even
in cases in which there is a high degree of DNA sequence
identity in the coding region of a cDNA or gene, the genes
and their respective products can usually be distinguished by
analysis of gene introns or the noncoding sequences of
mRNAs. Therefore, the design of the Southern blot analyses
shown here was such that there was a high probability of
detection of another copy of the KRP gene that might have
identical exon coding sequences but differ in intron se-
quences.

Cellular genomic DNA was prepared, digested with re-
striction endonucleases (Pstl, Sacl, and HindIII), and ana-
lyzed on Southern blots by using a probe corresponding to
KRP gene exon 2 and the surrounding intron sequence
(nucleotides 798 to 1771 of Fig. 5). By inclusion of the intron
sequence in the probe, the experimental design would be
biased toward detection of a separate gene that has the same
exon sequence but a different intron sequence. The number
and sizes of the hybridizing fragments obtained with cellular
genomic DNA (Fig. 8) were exactly those expected on the
basis of the DNA sequence and mapping data for cloned
genomic DNA (Fig. 4 and 5). Specifically, the probe hybrid-
ized (Fig. 8) with a Sacl fragment of 3.5 kb, a HindIII
fragment of 2.1 kb, and a Ps¢I fragment of 6.0 kb. Consistent
with the DNA sequence and mapping results summarized in
Fig. 4 and 5, the 6.0-kb PstI fragment also hybridized with a
probe corresponding to nucleotides —1598 to —890 of Fig. 5.
This sequence includes both exon and intron sequences
surrounding the MLCK calmodulin-regulatory unit gene
exon, a region of genomic DNA that flanks the KRP gene
transcription unit.

In summary, the Southern blot results obtained with
cellular genomic DNA, which utilized probes containing
contiguous exon and intron sequences, and the PCR results
obtained with cellular genomic DNA, which included prim-
ers based in both 5’ and 3’ noncoding sequences, as well as
introns, are consistent with the genomic organization of the
KRP gene and its relationship to the MLLCK gene shown in
Fig. 4B. No evidence of a separate KRP gene with the same
coding sequence but a different intron or noncoding se-
quence was detected with these standard methods.

Analysis of KRP gene expression. KRP is an abundant gene
product in chicken gizzard tissue, as demonstrated by its
recovery and characterization in tissue extracts. To confirm
the proposed (Fig. 4) relationship between the gene and its
products and develop reagents that can selectively and
reliably monitor both the KRP and MLCK mRNAs in tissue
extracts, Northern blot analyses were done with a series of
DNA probes designed on the basis of knowledge of the KRP
gene transcription unit structure and its relationship to the
MLCK gene. Representative data are shown in Fig. 9 and
10.

Probes based on the region of the KRP gene 5’ noncoding
exon sequence not found in MLCK (i.e., the MLCK gene
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FIG. 4. Organization of the KRP gene and mRNA. (A) Relative locations of the three KRP gene exons in chicken genomic DNA. (B) More
detailed map of the KRP gene and its relationship to the MLCK gene. (C) Diagrammatic map of KRP mRNA. The scale of each panel is shown
in the upper right corner. The genomic sequence corresponding to panel B is given in Fig. 5, and the cDNA sequence corresponding to panel
C is given in Fig. 3. (A) The three KRP gene exons are indicated by open boxes; restriction nuclease cleavage sites are indicated as follows:
H, HindIll; P, Pstl; S, Sacl; X, Xbal; E, EcoRI; B, BamHI; K, Kpnl. (B) Region including the entire KRP gene transcription unit. The boxes
are exons, the KRP coding areas are indicated by stippling, and the relative locations of the codons for KRP translation start (ATG) and stop
(TGA) are indicated; the smaller cross-hatched box on the left is an MLCK-specific gene exon. The angled lines indicate the pattern of KRP
gene exon splicing. CaM, calmodulin. (C) The stippled boxes represent the coding region of the KRP mRNA and correspond to the coding
regions of the exons in panel B; the horizontal lines indicate 5’ and 3’ nontranslated regions of the mRNA. The relative location of the KRP
5" mRNA nontranslated sequence that corresponds to the MLCK intron sequence is indicated.

intron sequence) selectively detected the 2.7-kb KRP mRNA
(Fig. 9A). Probes based on common KRP-MLCK gene exon
sequences (including the 3' nontranslated region) detected
both mRNAs (Fig. 9B). Probes based on MLCK-specific
gene exon sequences that precede the start of the KRP gene
transcription unit selectively detected the 5.5-kb MLCK
mRNA (Fig. 9C). These results confirm the molecular ge-
netic relationship proposed in Fig. 4 and demonstrate that
DNA probes based on the sequence of the 5’ end of the first
KRP gene exon can selectively detect the KRP mRNA.
All of the results from the analysis of chicken gizzard
mRNA and proteins demonstrated that KRP is a major gene
product in chicken gizzard tissue. To address initially the
question of whether KRP mRNA is expressed selectively in
gizzard tissue, we used the reagents and information ob-
tained with gizzard RNA to examine RNAs from other
chicken tissues. As demonstrated by the example shown in

Fig. 10, KRP mRNA can be detected in Northern blots of
skeletal muscle tissue and nonmuscle tissue and cells. How-
ever, the fact that we had to use a 10-fold lower amount of
gizzard RNA to obtain similar intensities on the autoradio-
gram indicates that the level of KRP mRNA in gizzard tissue
may be as much as 10-fold higher than that in the other
tissues examined. In addition, Western blot analysis of KRP
in extracts of skeletal muscle and nonmuscle tissues resulted
in only a barely detectable signal or no signal under the
standard conditions used (data not shown). Thus, the pres-
ence of a lower-abundance 2.7-kb mRNA in the extracts of
skeletal muscle and nonmuscle cells may represent authentic
KRP mRNA in a cell that has very low levels of the protein
compared with gizzard tissue. Consistent with this possibil-
ity, we obtained products with the characteristics of authen-
tic KRP mRNA when we analyzed these RNA preparations
by coupled reverse transcriptase-PCR. Further characteri-
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taacgtagctctttttttttttttaattgttgtgttggtatcatttttctttaccaatatctgecatgtcacagcatggatgtgttgcagtaacagaactt
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tqcctaagtactgcatggaataaatagatggatgtacatggcccacagtccaaactttccaqtqcatcactqtaacgtttgctgcatttagqgatcccgc
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caagacatacgaaaagctttccgtagtcactttaaaagcagttgcaagtggtatctagtgagtacctcagagctagettecattttgetgttcataataa
ggttgtttcaggcaaatgtaaagcaaaacagacctcagtcatttgcatttattttacataacactcaatgaaatgtttectgtaccagcatgtccatacac

agatgtggaatcagagttgaaagtaatgacggatgagttaatactcatttattgcaattgectggtctctctecgetattgecag GC TAT CCT GAC C
GLY TYR PRO ASP P

CT GAG GTA ATG TGG TAC AAA GAT GAT CAG CCT GTC AAG GAG TCC CGT CAC TTC CAG ATA GAT TAT GAT GAG GAA G
RO GLU VAL MET TRP TYR LYS ASP ASP GLN PRO VAL LYS GLU SER ARG HIS PHE GLN ILE ASP TYR ASP GLU GLU G

GG AAC TGT TCT TTG ACT ATT TCT GAA GTA TGT GGG GAC GAT GAT GCC AAA TAC ACC TGC AAA GCT GTT AAC AGC C
LY ASN CYS SER LEU THR ILE SER GLU VAL CYS GLY ASP ASP ASP ALA LYS TYR THR CYS LYS ALA VAL ASN SER L

TT GGG GAA GCC ACA TGT ACC GCA GAA CTC CTT GTG GAA ACA ATG GGA AAA GAG GGA GAA GGA GAA GGA GAA GGA G
EU GLY GLU ALA THR CYS THR ALA GLU LEU LEU VAL GLU THR MET GLY LYS GLU GLY GLU GLY GLU GLY GLU GLY G

AA GAA GAT GAA GAG GAG GAG GAA GAA tga aacaaggctcaaagaaaacaaaaaaaaaaaaaagaagaaaatatatttaaagactctcctg
LU GLU ASP GLU GLU GLU GLU GLU GLU stop (156)

ataaggctcagaaaaccaagttatcaaaagcaccttgtgtgatacataggtctttgaggggttgttttttcagcatgatcagttgatacctgtttgettt

atgtacgggcattaattgaaatcagcaggcaatttaagttactagcatttaagcaagtcatcgagtaagttgtccagtctatctttaaaattagaacgta

tggaaaacaagtctacaattatattctgagcttcttaaagaaaaggtctgtttactgagctcactgctctataccatcattttetcagectaaactgeag

ctaagtgggctccctaaggtctgetttacaaggaatcatttgecaggegtgeggtgaatcgetccagtcaaagaaactgetecccagggeagtgtetecta

taagggaaggtctgatacagccagtgttgccatttgcatgttgccatggttcatttctcatetggtttaaacategttteggegtcttaacttcaaacat

atttactgccctqctgttggtgcagctctaatgctggctaaqccqaaatatcggtqqgctttgctgaagtactgctctggtgcttaaccagctgatggta
tt

tttcecettat

g taccttctgtttg
tttggtgtttttcttttttttctttttttccttttcctcttttttttctggtcagtttaataatgacctatggtctatatatatgctgctctgagaaata
ggttatt tcagtgaatgg gacgtgcatgtgtgtgaatggaatcccaggttagttaaaattttacatgcatttatttggcgattgcaaaac

agatttcaactgatgataagctggaaactcccacagattttttgglqtagccaaaaaqatagtagtctgqatttcaaactcctttatacttagcaqtttc
caaagaatcttaacgtatatagqacctatttgtaccctctgagcttgactgtcttqtttttgtctgqaacatgcaccaggaaggctgthcctttttaaa
aaatgcagaaaaaaaa agaaacaaaa ttctttcagaaatggt ttaataactttgctttce
tttcacagtattggcactttttattttttgttgttgttgctgttcagaggtaatatcaqaggctgtaaggtgatatgcataatccaaaagcagcatgtct
ttcttacatttatgtatcattccaaaagtgattctttttcttttccactttgtgtgtaaagtgcaacaatttcaaaggttacctetttaaaagaatacct
taagtcctcacagttaagtaggcagtgtactttattacaggtgtgtacaatatcagccttaggttgtttgatattaccgagttgtgtacgtgtttcatat
gatttgctcttctgcattcaaaqctcaactaatgtggatgacacaatggtttttaactqctttactctttgttgctaagttcagattgccagcatgtctt
ttccttttcaattgataaagaactcttgttatact ttecttat ttttaatctgattt
ttttctcacgtttttaaatgctttaggcaacaatggggtqtatcttgtaccttaataaaaatatgctaatgttttccctqtttgttaaaccatcagaatt
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FIG. 5. DNA sequence of the chicken genome in the region of the KRP gene transcription unit. The complete DNA sequence of the region
that includes the KRP gene, its 5’ flanking sequences, and additional 5’ sequences that overlap the MLCK-specific part of the MLCK gene
are shown. Numerals in the right-hand margin indicate nucleotide numbering of the sequence shown, with the A of the initiator ATG codon
for KRP (overlined) designated nucleotide 1; numerals in parentheses indicate amino acid numbering for the KRP sequence. Translated
codons are shown with the corresponding amino acids below. Uppercase letters designate amino acids common to both KRP and MLCK;
lowercase letters indicate the amino acid sequence unique to MLCK. The DNA sequence analysis method of Bucher (10) forecast a TATA
box centered at nucleotide —179 (underlined) and at least two potential mRNA cap sites within the 20- to 36-nucleotide window, consistent

with the experimentally determined cap site (see Fig. 6).

zation of the mRNA or protein species present in these other
tissues was not done as part of this study.

Overall, the results do suggest that KRP gene expression
is not tissue specific, although additional studies are required
to address this question properly. It is theoretically possible,
for example, that the hybridizing mRNAs at 2.7 kb in tissues
other than gizzard might be gene products closely related to
KRP, rather than authentic KRP. In this regard, we isolated
a clone during the screening of a chicken embryo fibroblast
cDNA library that has sequence relatedness to KRP and
MLCK cDNAs but is not KRP (the data are not presented
here but have been deposited with GenBank under accession
number M88280). In addition, another mRNA species at
approximately 9.0 kb was detected faintly in nonmuscle
tissues (Fig. 10). Current studies of the cDNA sequence

A B
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FIG. 6. Determination of the transcription initiation site of the
KRP gene by RNase protection and primer extension analysis of
chicken gizzard RNA. (A) Nuclease protection analysis. Samples
containing decreasing amounts of RNA were annealed to a ribo-
probe complementary to bases —381 to 47 of the genomic DNA
sequence shown in Fig. 5, the samples were digested with RNase,
and the protected fragments were resolved by PAGE in the presence
of 7 M urea. The upper arrow marks the mobility of the undigested
riboprobe, and the lower arrow indicates the mobility of the 200-
base protected fragments. The concentrations of gizzard RNA were
as follows: lane 1, 10 pg; lane 2, 5 pg; lane 3, 2.5 pg; lane 4, 1.25 pg.
Lane 5 contained the undigested riboprobe. (B) Primer extension
analysis of poly(A)* RNA. A 75-base primer complementary to
bases —25 to 50 of Fig. 5 was hybridized to 150 g of poly(A)* RNA,
a reverse transcriptase-catalyzed extension reaction was done, and
the resultant products were resolved by PAGE. The relative mobil-
ity of the 200-base extended product is marked with an arrow.
Lanes: 1, primer only; 2, primer annealed with Saccharomyces
cerevisiae RNA; 3, primer annealed with chicken gizzard poly(A)*
RNA.

corresponding to this band, which will be presented else-
where, indicate that this is a different gene product that is
MLCK related. Therefore, the available data indicate that
KRP mRNA is expressed in tissues other than gizzard, but at
a much lower level of mRNA and protein, and indicate that
the expression pattern for this region of the chicken genome
may be more complex than only the KRP-MLCK relation-
ship.

DISCUSSION

The KRP-MLCK relationship is clearly one of a gene
within a gene. The KRP gene transcription unit contains a
canonical TATA motif and transcription initiation site and
produces an mRNA distinct from MLCK mRNA. Although
the structure or organization of an MLCK gene has not
been reported for any species, our results obtained with
the chicken KRP gene indicate that the KRP and MLCK
mRNAs are produced by use of two different promoters. Our
results also provide a well-documented case of alternative
uses of an ATG codon, as either an internal methionine
(MLCK) or an initiator AUG (KRP), that is consistent with
the Kozak hypothesis (29). Furthermore, the results provide
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FIG. 7. PCR analysis of cellular genomic DNA confirms the
genomic organization determined by DNA sequence analysis of
cloned genomic DNA. Multiple sets of PCR primers, based on the
DNA sequence shown in Fig. 5, were used with templates of either
cloned genomic DNA (lanes A, C, E, G, and I) or cellular genomic
DNA (lanes B, D, F, H, and J). Gel electrophoretic analysis of the
reaction mixtures showed that the two templates were indistinguish-
able. The locations within the sequence and the sizes of the PCR
products are shown in the diagram, and the numerical labels
correspond to nucleotide numbering in the genomic DNA sequence
(Fig. 5). For example, product —1597/—1152 spans the sequence in
Fig. 5 from nucleotide —1597 to nucleotide —1152. The schematic is
related to the lanes in the gel as follows: lanes A and B, —1597/
—1152; lanes C and D, —1597/—-890; lanes E and F, —1597/—144;
lanes G and H, —1597/—43; lanes I and J, 3100/4298. Other symbols
in the diagram are as in Fig. 4. CaM, calmodulin.
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FIG. 8. Southern blot analysis with probes that contain both
intron and exon sequences detects only the single KRP gene that is
contained within the MLCK gene. Southern blot analysis was done
with a probe corresponding to bases 798 to 1771 of Fig. 5 on cellular
genomic DNA (10 ug) that was digested with either Sacl (lane A),
PstI (lane B), or HindIII (lane C). The sizes of the single hybridizing
bands (lane A, 3.5 kb; lane B, 6.0 kb; lane C, 2.1 kb) match the
molecular masses calculated from the genomic DNA sequence.

a precedent for coincident production, by use of the same
strand of DNA and reading frame during the same organis-
mal developmental stage, of a single amino acid sequence in
two different molecular contexts and with dissimilar bio-
chemical functions.

Although production of more than one protein from a
single genetic locus in eukaryotic cells by alternative promo-
tion or splicing has been described previously, the predom-
inant theme of these earlier examples has been the produc-
tion of functionally related isoforms, usually at different
times of development or in different tissues (for a review, see
reference 51). While this is in contrast to the molecular
genetic relationship between KRP and MLCK genes shown
here, there is a precedent for alternative splicing producing
two calmodulin-binding proteins from the same gene (39,
41). However, a note of caution is warranted. The studies
reported here are a detailed analysis of the chicken genome,
RNA, and proteins, and a similar analysis has not been
reported for other species. There could be more than one
mechanism of production, or there could be a family of
closely related proteins. For example, potassium channel
isoforms can be produced from a single gene by alternative
splicing or from separate genes (27, 43). Another example is
the close structural relationship between calmodulin and
caltractin-centrin in Chlamydomonas sp. (24, 25, 35), two
calcium-binding proteins made in the same unicellular organ-
ism from different genes. Along these lines, there is a
KRP-like protein, termed telokin (20, 26), that has an amino
acid sequence very similar to that of KRP. However, telokin
appears to differ from KRP in the tissue distribution of its
mRNA (20), and the telokin gene may have an exon-intron
organization different from that of the KRP gene (20).
Additionally, it is not clear whether there is only one telokin
gene, and a linear relationship has not been established at the
DNA sequence level between telokin and MLCK (20).
Clearly, additional studies are needed, but these reports on
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FIG. 9. The KRP (2.7-kb) and MLCK (5.5-kb) mRNAs are
distinct and can be detected selectively by Northern blot analysis of
chicken gizzard poly(A)* RNA. The upper panel shows a Northern
blot of 0.9 pg of chicken gizzard poly(A)* RNA per lane, hybridized
with probes specific for KRP or MLCK, or a probe common to both.
The lower panel shows the locations of the probes (horizontal bars)
relative to the nonmuscle (nm) MLCK and KRP cDNAs. Samples
were hybridized with the following: lane A, a probe selective for
KRP (probe A) corresponding to the 5’ noncoding region of the KRP
cDNA (bases —151 to —43, Fig. 3); lane B, a probe common to both
KRP and MLCK (probe B) corresponding to coding and 3’ noncod-
ing regions of the two cDNAs (bases 389 to 1693, Fig. 3); lane C, an
MLCK:-selective probe (probe C) corresponding to the tail, cata-
lytic, and calmodulin-regulatory (CAM REG) regions of the MLCK
cDNA (50).

telokin and KRP demonstrate the existence of an interesting
new gene family.

The physiological function of MLCK is well established,
but the KRP domain is not required for calmodulin-regulated
protein kinase activity (50). Therefore, the biological role of
the KRP domain in MLCK has not been established, al-
though the testable hypothesis of a role in subcellular
targeting of MLCK has been made (50). Similarly, neither
the biological role of KRP as a distinct gene product nor the
physiological significance of the ability of KRP to bind
calcium selectively is known. If precedent serves as an
indicator (for a review, see reference 60), the series of
studies required to answer these questions will take several
years to complete. Such studies are in progress. However,
two types of results raise the possibility that the KRP
sequence has a role in protein interactions that are important
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FIG. 10. KRP mRNA is detected in muscle and nonmuscle
tissues. Poly(A)* RNAs from chicken gizzard (0.9 pg, panel A),
brain (9 pg, panel B), cultured embryo fibroblasts (9 pg, panel C),
and skeletal muscle (9 pg, panel D) were subjected to Northern blot
analysis with a probe common to both KRP and MLCK (Fig. 9, lane
B). Arrows, from top to bottom, indicate the mobilities of mRNAs
of 9.0, 5.5, and 2.7 kb. Tenfold less chicken gizzard RNA was used
in lane A than in the other tissues to compensate for the greater
abundance of KRP mRNA in gizzard tissue.

for eukaryotic cell structure and function. (i) Some of the
proteins with structural relatedness to KRP are found as
components of supramolecular complexes that are important
in cell structure and regulation (8, 12, 16, 28, 31, 40, 55, 64).
For example, HMG-1, a protein that has the unusual KRP-
like carboxyl-terminal domain composed predominantly of
acidic amino acids (12, 28, 40, 55, 64), is thought to play a
role in the structural organization of chromatin in areas of
active gene transcription, and the activity of HMG-1 in
reconstituted systems is modulated by calcium (2, 40, 42,
54). (ii) The KRP amino acid sequence is found in vertebrate
MLCK (50), an enzyme targeted to and involved in regula-
tion of the cytoskeleton of vertebrate cells (1, 15, 17, 30, 36,
37, 48). As noted earlier (50), the MLCK cDNA sequence
encodes the information required for proper subcellular
targeting and the KRP domain is one logical candidate
region. Altogether, these results make the interaction of the
KRP amino acid sequence with components of the cytoskel-
eton or related supramolecular structures an appealing pos-
sibility for investigation, and the reagents and knowledge
emanating from this report make such studies feasible.

While calmodulin may be a prototypical calcium-modu-
lated protein (60), the calmodulin regulation paradigm (com-
mon regulatory subunit among multiple classes of catalyti-
cally distinct enzymes) is unusual in regulatory biology.
Little information is available about the genomic structure of
calmodulin-regulated enzymes. Therefore, it will be intrigu-
ing to see whether genetic themes similar to the novel one
described here for KRP and MLCK genes are seen with
other calmodulin-regulated enzymes. At the least, this
knowledge will provide insight into the mechanisms of
production of calcium signal transduction complexes and
may reveal how perturbation of the mechanisms can result in
pathophysiological states.
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