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Multifunctional Ca®*/calmodulin-dependent protein
kinase (CaM kinase) is a mediator of calcium signals
in diverse signaling pathways. In human lymphocytes
and epithelial tissues, CaM kinase activates a chloride
channel via a Ca%?*-dependent pathway which is pre-
served in cystic fibrosis, To characterize the CaM ki-
nase present in these tissues we have cloned an isoform
of this kinase from human T lymphocytes. We show
the eDNA structure of twe variants of this human CaM
kinase, yg and yc, which are predicted to translate to
518 and 495 amino acids, respectively. Amino acid
differences between these isoforms and the rat brain v
isoform {which we refer to as v,) are localized to the
variable domain. We used RNase protection of this
variable region to reveal the level of expression of vp
and v; CaM kinase mRNAs in nine human tissues and
cell lines. When transfected into Jurkat T cells, the yn
cDNA encoded a functional kinase which cosedimented
on sucrose gradients with endogenous T cell CaM Kki-
nase activity and formed a large multimeric enzyme.
The recomhbinant vy isoform displayed two phases of
autophosphorylation characteristic of CaM kinases, in-
cluding the phase which converts it to a partially Ca®*-
independent species. Site-directed mutagenesis of the
predicted autoinhibifory domain yielded a mutant
which was ~37% active in the absence of Ca®*/calmod-
ulin, confirming the region as critical for autoregula-
tion, and suggesting this mutant as a tool for studying
the role of CaM kinase in nonneuronal tissues.

Multifunctional Ca?*/calmodulin-dependent protein kinase
(CaM kinase)! is a ubiquitous enzyme mediating diverse ef-
fects of hormones and neurotransmitters that utilize Ca®** as
a second messenger (1, 2). CaM kinase is present in most
tissues as an oligomer, composed of 6-12 subunits, depending
on the isoform and tissue. Although CaM kinase has been
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purified from several mammalian tissues, relatively little is
known about the structure of CaM kinase isoforms outside of
the nervous system. Differences between the cloned mam-
malian isoforms consist mostly of 11-38-amino acid insertions
and deletions in the variabie region which lies between the
calmodulin binding domain and the association domain. Thus
far, five isoforms {a, 3, 8, v, and 3) have been cloned from
mamyinalian (rat) brain. Expression of the o and 8 isoforms
of CaM kinase appears to be mostly confined to the brain.
The rat brain v and 4 isoforma appear to be more widespread
as RNA blot analysis shows transeription in many rat tissues
(3).

All isoforms share a highly conserved catalytic domain at
the amino-terminal portion of the molecule, an auteinhibitory
sequence ovetlapping with a calmodulin binding region, fol-
lowed by an association domain which is important in holo-
enzyme formation. Immunocelectron microscopy of CaM ki-
nase purified from rat brain indicates that the kinase has an
overall “flower”-like structure, with a central core composed
of 8-10 association domains from which radiate globular
catalytic domains (4). This study also sugpests that the «
isoform may assemble into a decamer, while 3 forms an
octamer.

Studies of regulation of the kinase via autophosphorylation
have revealed an intriguing mechanism by which CaM kinase
can maintain activity fellowing a transient rise in the free
Ca®" concentration (reviewed in Ref. 53). As Ca®" increases,
Ca®*-calmodulin binds to and activates CaM kinase, causing
the kinase to phosphorylate itself in the autoinhibitory do-
main {on Thr*®) and leading to two interesting effects on its
activity. First, autophosphorylation on Thr®® sharply de-
creases the rate of dissociation of calmodulin such that even
after free Ca®* levels diminish, calmodulin is trapped, tran-
siently fixing the kinase at maximal Ca®*'-stimulated activity
(6). Second, after dissociation of calmodulin, the presence of
a phosphate at Thr*® disrupts the autoinhibitory demain and
results in a kinase with Ca®**-independent activity of 20-80%
of maximal Ca® -stimulated activity, depending on the sub-
strate and conditions of assay (7-10). This second property
formed the basis of an approach to generate a Ca®*-independ-
ent or constitutive mutant of CaM kinase by mimicking
autophosphorylation at Thr*® by changing this residue to an
aspartic acid. This mutant had ~20-40% activity in the
absence of Ca®*/calmodulin stimulation, could be activated to
100% by Ca®*/calmodulin and, when microinjected into Xen-
opus oocytes, induced initiation of maturation in the absence
of a Ca®* stimulus (11, 12).

A role for CaM kinase has been identified in some nonneu-
ronal tissues, including regulation of a chloride-specific ion
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channel in human tissues, with potential significance for the
disease cystic fibrosis (CF) (13-15). The most common lethal
genetic disease in Caucasians, CF leads to defective regulation
of chloride ion transport in a variety of tissues causing death
by compromising the function of secretory epithelia of the
lung and gut. A major pathway for activation of chloride
conductances via cAMP-dependent protein kinase is blocked
by mutations in the CF gene, the cystic fibrosis transmem-
brane conductance regulator. A parallel pathway utilizing
Ca®* as a second messenger remains functional in CF and has
recently been shown to be mediated by CaM kinase (13, 14).
In whole cell electrophysiclogic experiments, Ca*"-mediated
activation of lymphocyte and epithelial ¢ell chloride channels
was blocked with CaM kinase-specific inhihitory peptides and
mimicked by infusion of activated CaM kinase via the patch
pipet. In excised patch experiments on single lymphocyte
channels, bath perfusion of CaM kinase also activated the
chloride channe) (13}. CF airway epithelial cell lines which
were deficient in chioride channel activation by the cAMP
pathway were activated by Ca®" ianophore or by injection of
activated CaM kinase via the patch pipette (14). Because this
paraliel pathway to activation of chleride channels bypasses
the defective signaling in cystic fibrosis, activation of human
epithelial cell CaM kinase by increasing intracellular Ca®* via
adenosine receptors is being pursued as a therapeutic ap-
proach in this disease (15}. We report here the cDINA struc-
ture, tissue expression, and analysis of two new isoforms of
CaM kinase, the first to be cloned from a nonneuronal or
human tissue.

EXPERIMENTAL PROCEDURES

Isolation of Human CaM Kinase cDINAs—Total RNA was isolated
from human Jurkat T celis uvsing guanidinium thicevanate lysis
followed by CsCl centrifugation {16, 17). One microgram of total RNA
served as template for cDNA synthesis by avian mycblastosis virus
reverse transeriptase (Boehringer Mannheim) primed with oliga(dT)
{18). One microliter of this reaction was then used as template in 40
eyeles of amplification (60 s at 94 °C, 90 s at 46 °C, 120 s at 72 *C}
with primers (degenerate positions indicated by parentheses) CK1.8:
5'CCGGTCGACTTTGCGGCCGCTTGG{AGCTIAAAGIGGE,;
COOH.A: 5'GCCGTCGACAAAGTAAGIAAICTHCTITIAGITG(A
GIAA(AG)YTCY’. These primers correspond to the following regions
of the rat brain (y4} CaM kinase: nuclectides 55-68 {CK1.5) and
nucleotides 1324-1345 {COOH.A). The product of this reaction was
subcloned via Sall sites on the primers and sequenced. This subcloned
PCR product was designated ¢lone C, and its 5° end did not extend
fully to the primer but was truncated due to the presence of an
intrinsic Sall site in the human CaM kinase, The insert from clone
C was **P-labeled and used to screen a Jurkat T cell cDNA plasmid
library (gift of Naoko Arai, DNAX Research Institute) as described
{17). A single cDNA clone of insert size 2.2 kb was isolated, sequenced
and designhated clone B, Anchored PCR (19} was used to isolate the
5' end of the human lymphoeyte + CaM kinase. The specific target
was amplified under the following conditions: total RNA from Jurkat
T cells was reverse transcribed using aligo{dT) as primer and purified
on a Centricon-100 microconcentrator (Amicon). Terminal deoxyn-
uclectide transferase (U. $. Bicchemical Corp.) was used to tail the
cDNA with dATP, and the tailed cDNA was amplified in the presence
of iwo sense primers: 10 pmol olige(dT)-adapter: 5’ AAGGATCCGT
CGACATCGATAATACGACTCACTATAAGGGATTTTTTTTTT
TTTTTTT3 plus 25 pmol of outer primer: 5’ AAGGATCCGTCGA
CATC3" and 25 pmol of a v CaM kinase-specific antisense primer:
S'TAICTITCTCT(GT)GCCACIATIATGTCTTC3' . Amplification
conditions were: 1 cycle of 180 s at 94 °C, 120 s at 46 °C, 600 s at
72 *C follewed by 30 cycles of 60 s at 94 °C, 60 s at 55 °C, and 120 s
a1 72 *C. The presence of specific product was identified on a South-
ern blot probed with a specific oligomer located 5 of the antisense
primer. One microliter of this anchored PCR reaction was subjected
to nested PCR wusing 256 pmol each of inner primern:
S GACATCGATAATACGACS  and a second v CaM kinase specific
primer: 5'CAAGGTCAAACACGAGG3” in the same amplification
protacol as the first round of anchored PCR. This 5° segment was
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digested with Safl {which cut ¥ CaM kinase at nucleotide 195) and
with Clal (the oligo{dT)-adapter includes a Clal site) and subcloned
into the bluescript vecter. Of 12 clones sequenced, 11 of 12 were
independent {one appeared twice} and two were full-length, extending
beyond the 5 translational start site. Due to errors intreduced during
the 60 amplification cycles required for anchored PCR, many of these
11 clones contained a base pair mutation. However, since no two
clenes contained the same mutation, an unambiguous consensus
sequence could be derived and is reported in Fig. 2. Each of the two
fuil-length clones contained a distinct point mutation; however, in
one case the mutation was located in a wobble position {a T was
substituted for & C at nucleotide 72) and still encoded the same amino
acid (Ala®). This anchored PCR subclone, designated 5° v CaM
kinase, was used to generate a full-length construct as described
helow.

DNA Constructs and Mutagenesis—A full-length construct of vg
CaM kinase was assembled in a trimolecular ligation involving three
DNA fragments: vector = the phosphatase-treated 2.9-kb Clal-Notl
fragment of bluescript; 5 v CaM kinase = the 230-base pair Clal-
Sall fragment of the anchored PCR subclone described above; 37 ¥
CaM kinase = the 1.9-kb Sall-Nuotl fragment of clone B. The Clal-
Notl fragment (containing the full-length vg CaM kinase) of this new
consiruct was excised, and EcoRI linkers were added. This 1.8-kb
EcoRI fragment was then inserted into pSRa.BKS {a modified SRo
expression vector (20) in which the Pst[-Kpnl fragment of SRa was
replaced with the PstI-Kprl polylinker region from bluescript), form-
ing a complete yp CaM kinase-8Ra expression construct of 5.3 kb.
To generate a mutant of yp CaM kinase in which Thr**" is replaced
with Asp (T287D), site directed mutagenesia was carried out as
desctibed elsewhere (17, 21} using single-stranded DNA prepared in
M13 and the mutagenic antisense oligomer: 5’ GCAAACACTCCAC
ATCCTCCTGACGATGCY . Mutants were screened and verified by
DNA sequencing (22}.

Analysis of RNA Expression—Human cell lines and human tissues
used as sources of RNA were: T cell, Jurkat cell line {obtained from
ATCC); B eell, Epstein-Barr virus-transformed B cell line GM03299
(Coriel Institute for Medical Research, Camden, NJ}; tracheal epi-
thelium, SV40-transformed fetal human tracheal cell Jine 56 FHTEo™
(14); colonic epithelium, human colon carcinoma cell line T84
{ATCC); keratinocyte, keratinocyte cell line SCC-13 was the gift of
Dr. Hung Nguven, Stanford Department of Pathology; liver, hepa-
toma-derived cell line Hep(G2 (23): neuroblastoma: SH-SY5Y cell line
{24); muscle, myotubes isolated from a normal 25-year-old man (gift
of Mildred Cho, Stanford Department of Pharmacology); heart, left
ventricular wall tissue {gift of Dr. Margaret Billingham, Stanford
Department of Pathology). RNA was isclated by guanidinium thio-
cyanate followed by CsCl centrifugation (16, 17}. RN A blot techniques
were as described (17} with the ™P random-primed insert from clone
B as probe and a final wash of 0.5 X §8C/0.1% SDS at 68 °C. RNase
protection was carried out as previously described (17, 25). The RNA
probe for the variable region was synthesized with T7 RNA polym-
erase (Stratagenel and corresponded to nucleotides 835-1217 of yg
CaM kinase. After overnight hybridization of the RNA probe {10
cpm) with 10 ug of total RNA, the samples were digested with 40 ug/
m! RNase A and 375 units/ml RNase T1 for 30 min at 23 °C. The
RNA was extracted and separated on a 6% polyacrylamide denaturing
urea gel.

Kiiase Expression and Purification—CO8-7 cells were transfected
with 15 ug of DNA per 10-¢m plate via the caleium phosphate method
as described elsewhere (26, 27}. Mock transfected cells received 15 pg
of the SRe parent vector. Jurkat T cells were transfected by electro-
poration with a Bic-Rad GenePulser, set at 250 V, 960 yFarads, in a
0.4-cm cuvette, with 300 pl of RPMI at room temperature, 70-80 h
after transfection, cells were disrupted by sonication with a water cup
sonicator (Heat Systems-Ultrasonics) in a lysis buffer containing 50
mM PIPES, pH 7, 1 mM EGTA, 1 ug/ml leupeptin, 1 xM phenyl-
methylsulfonyl fluoride, 1 ug/ml pepstatin A, 1 uM benzamidine, and
10% glycercl. Cell extracts were prepared by centrifugation in a
microcentrifuge at 12,000 x g for 10 min, and the supernatant was
harvested and frozen at —80 “C. Small scale purification starting from
40 mg of total cellular protein was carried out in a three-step proce-
dure {DEAE-cellulose anion exchange, phosphoceliulese, calmodulin-
Sepharose affinity) as previously described (28}, vielding CaM kinase
that was approximately 80% pure.

Velocity Sedimentation—Total cytosolic protein from COS-7 cells
{~100 ug) or Jurkat T cells (~5 mg) transiently transfected with the
indicated constructs was layered together with protein molecular
weight markers on top of 4.5 ml of preformed 5-20% sucrose gradients



Human CaM Kinase Isoforms

containing 5% glycerol, 50 mM PIPES, pH 7, 150 mM NaCl, 1 mMm
EDTA in (.5 x 2-inch centrifuge tubes as described elsewhere (29).
The tubes were spun at 36,000 rpm for 14 h at 5 °C. 150-! fractions
were removed from the top and assayed for protein quantity to
identify standards and for CaM kinase activity in the presence of
calcium/calmodulin. The sedimentation coefficient of CaM kinase
was determined relative to molecular weight markers of known Sg .-
Based solely on this sedimentation value for CaM kinase, a crude
estimate of molecular mass was derived using the following equation
(29}

Slfsz = (Ml/Mﬂys

Kinase Activity and Autophasphorylation—CaM kinase activity
was assessed hy using a synthetic peptide substrate, KKAL-
RRQETVDAL, or autocamtide-2 (27), Standard assay mixes con-
tained 50 mM PIPES, pH 7, 10 my MgCl,, 10 pg/ml calmodulin, 10
uM autocamtide-2, 20 pyM [v-¥P]ATP (1 Ci/mmol), and either 0.5
mM CaCl; (for calcium-stimulated activity} or 1 mM EGTA (calcium-
unstimulated or autenomous activity), Autocamtide-2 was omitted
from background control assays which contained EGTA and no
calcium, Control activity of vs CaM kinase was <1% of calcium-
stimulated activity. Kinase assays in Fig. 6b were performed with 1
mM [v-2P]ATP (0.16 Ci/mmol). Conditions for autephosphorylation
in Fig. 7 were essentially as described elsewhere (28). 100 ng of
purified vz CaM kinase were used for each lane of Fig. 7a. In Fig. 7b,
each assay was performed in triplicate on 20 ug of total protein from
va CaM kinase transfected COS cell extracts. Following the assay,
reactions were stopped with trichloroacetic acid, assay tubes were
spun at 12,000 X g for 60 5, and 40 ul of the supernatant were applied
to phosphocellulose paper which was washed and measured for Cher-
enkov radiation (30).

Additional Methods—Calmodulin-binding proteins were visualized
with 1 ug/ml biotinylated calmodulin as previously described (31},
followed by detection using avidin and biotinylated horseradish per-
oxidase {Vector Laboratories Inc., Burlingame, CA) and enhanced
chemiluminescence (ECL reagents, Amersham Corp.). DNA sequenc-
ing was carried out using dideoxynucleotide termination (22) and
Sequenase reagents (U. 8. Biochemical Corp.) on double-stranded,
CsCl-purified DNA that had been denatured with NaOH according
to the manufacturer's specifications.

RESULTS

Isolation of Human CaM Kinase Clones—In cloning human
lymphocyte CaM kinases, we chose to use PCR based on
previously cloned isoforms, since they contain large segments
of high homology. Specifically, we designed oligonuclectides
to conserved regions of the v and § isoforms because they are
found in many nonneuronal rat tissues and were therefore
likely to be in lymphocytes. PCR products of the predicted
size {(~1 kb) were amplified from ¢DNA of intestinal epithe-
lium, B and T lymphocytes. Clone C {Fig. 1) was subcloned
from the PCR product of the Jurkat T cell line, Upon sequenc-
ing, this clone was identified as a vy-like CaM kinase. Clone
C corresponded to approximately 70% of the rat brain v CaM
kinase {v,) but lacked the 5' and 3’ ends. In order to isolate
a full length clone of the human v CaM kinase, clone C was
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Fic. 1. Human v CaM kinase cloning and sequencing strat-
egy. Bold line indicates coding region of v5 CaM kinase. Dashed lines
in clone C indicate a 69-base pair deletion relative to clone B. Arrows
depict direction of DNA sequencing. The Sefl site was used to join
clene B to the 5° clone and generate a full-length construct.
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used as a probe to screen a T cell cDNA library. In this screen,
clone C hybridized to a different ~-like CaM kinase ¢cDNA
{clone B). We shall use the convention of referring to the v
isoform with two “inserts” in the variable region and the first
to be cloned as v,. The ¢cDNA from which clone B is derived
has a single insert and will be referred to as v» whereas the
cDNA of clone C which has no inserts will be referred to as
e In addition to a 69-base pair in-frame insertion in the
clone B variable region relative to clone C (Fig. 2), there were
four nucleotide differences between the clones over the 923
bases of overlap; ¥ nucleotide 306 (T} is C in +¢, nucleotide
333 (A)1is T in ye¢, nucleotide 633 {T} is C in ¢, and nucleotide
688 ((G) 15 A in ye. Of these four differences, three are silent
with the most C-terminal change (688} producing a difference
at the protein level; amino acid 230 is Ala in vg and Thr in
ye- Although it is likely that the high degree of homology of
vc to the other v CaM kinases is maintained at its 5° and 3’
ends, definition of its full sequence awaits the isolation of a
full length clone of this isoform.

Because clone B was truncated at the 57 end by 160 bases
and further screening indicated that full length clones were
not present in the library, anchored PCR was used to generate
additional sequence at the 5° end. One anchored PCR clone,
5’ +, was taken to be the 5° fragment of human v CaM kinase
based on three criteria: (1) the 70 nucleotides which overlap
between clone B and clone 5 v are identical; (ii) the eleven
independent anchored PCR clones sequenced originated from
distinct ¢DNA templates (based on different numbers of As
added during the tailing reaction and truncation at distinct
5 sites) and they predict unambiguous consensus nucleotide
and amino acid sequences; and {iii) the catalytic region of
CaM kinase to which this clone corresponds is highly con-
served and the rat brain . isoform encodes the same amino
acid sequence as clone 5 v. A full length vg CaM kinase
construct was assembled using the Sall site to link clone B
and clone 5" 4. The predicted molecular mass of v and v¢
CaM kinases based on their cDNA structures are 58,328 and
55,925 Daltons. respectively.

Comparison of Human v5 and v¢ CaM Kinases to Rat Brain
va—Outside of the variable region all three variants of v CaM
kinase are nearly 100% identical in amino acid sequence.
Comparison of the highly conserved amino and carboxyl
regions of ¥ with &, 3, and § isoforms yields homologies of
~90% for the amino and ~80% for carboxyl regions (3} vp
CaM kinase differs from rat brain v, by the insertion of &
novel 23-amino acid segment in the variable region of vg, and
the deletion of two segments of 21 and 11 aminc acids {Fig,
3). The 23-amino acid insert in vg shares 30% identity with
the corresponding segment in the 3 and 8’ isoforms. The v¢
clone differs from yg primarily in that it does not include the
23-amino acid insert.

mRNA Analysis—Although the human g and vc CaM
kinases were cloned from T cells, RNA blot analysis from the
rat suggests y isoforms may be expressed in multiple tissues
(3). Using clone B as a probe for RNA blotting, a 3.9-kb
message was detected in 7/7 human cell lines examined (Fig.
4a). Because of possible cross-hybridization to highly con-
served isoforms of CaM kinase, it is not possible to establish
what portion of this signal represents vn CaM kinase mRNA.
Therefore, RNase protection was carried out using three
overlapping probes from the variable region of v CaM kinase,
designed to differentiate between expression of vu, ¥¢, and a
putative human -y,. An ethidium bromide stained gel of the
RNA samples used {Fig. 4b} shows the RNA isolated from
various sources to be of consistent quantity and not degraded.
A cartoon of how inserts and deletions in the variable region
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hen

GAT GGC GGT AANG[LCA CAG AGC AAC
AsD Gly Gly Lys|Pra Gln Ser Asn

GTC
Val

AAC
Asn

Lys

AGC
Ser

cec
Pro

GCC
Ala

cce
Fro

™ae
Lau

[as 173
alo

[aiF Y
Pro

AGT
Ser

[yl
Luay

GTA
val

GCC

Ala Glo Glu

AAC
ASD

cha
Glu

GTA
Val

CAL
His

ACO GQCC ATG

1051
351

CCh CAM
Pro Glo

ACC ACT
Ter Thr

GG
Val

aled Y
Arg

1136
a7e

ACQ
Thr

ACh
Thr

QAN
Glu

GAT GAG
App Glu

GAC CTC
Asp Leu

Aan
Lyw

GTG
Yal Lya
1201
401

cue
aly

ATC
Ile

AAT
Aon

GAC TTT
Asp Phe

GAG GCC
Glu Ala

TAC
TYr

ACG
Thr

AAG
Lys

ATT
Ila

1276
426

CAT
His

AAG
Lys

GGT
Gly

AAC
Aan

CTC
Lawu

GTG GAG GGG
val Glu @Qly

ATG GAT
Mot Asp

T™C
Phe Pheo
1351
451

CAl
Hie

aTd
Val

ATT
Ile

CAT
Him

ACC
Thr

ACC
Thr

ATC
Ile

CTA AAT
Leu Asn

CCA CAC
Prec Hie

GTC
Val

ACC
Thr

1426
476

GGT CGG
Gly Arg

ceT
Pro

cGe
Arg

AGC
Ser

CAG
Gla

TR
TyT

ATC
Ils

GAC
Aap

GGG CAQ
Gly Gla

GCC
hla

1501
501

TAT CAC TGC
Tyr Hia Cye

TCA
Ser

GGG
Gly

ARG
Lya

TG
rrp

ore
Lau

AMNT
Aan

GTC CRC
Val His
1558 GCTOAGCCAC AGGGGCTTTA GGACATTCCA GCCGEAGGTT
1648 CTGTTTGTTT GAGGTTTAAA ACARTTCAAT TACAAAAGCG
1738 TGTCTGTCTC TGCTGTACTG AGGTGTTTTT TACATTT

Fi6. 2. Nucleotide and predicted amino acid sequence

CARCCTTCGE AGCCAQTUGE TCTGGAGGG
GCAGCRGCCA ATGCACGCCC CTGCATGCA

ACR
Thr

CAG
Glu

ATC
Ila

GGo
Cly

GCT
Ala

O
Ser

ACTM
Thr

GAT
Aap

ARG

Gly Lys Ser Cya Asn

Qacc
Ala

s o]
Lau

ATT
Ila

TAG
Gln

AAG
Lye

CAG
Glo

ATT
Ila

ATT
Ile

ACA
Thr

GAG
Glu

ATC

Ila Glu

Glu

[ oo
Leu

Goe
Ala

Gac
Gly

cTC
Leu

ACT
Thr

Tce
Ser

TTIT
Phe

GAG
Glu

CCT
Pro

GAG
Glu

TeT
C¥e

GA'T
ABp

cCoM
Pra

ATC
Ile

coT
Pro

AAT
Aao

CTC
Leu

AXC
Aen

AGC
Say

AAG
Lyn

cTG
Leu

e
Ser

AMG
Lyae

TAC
Tyz

TTT
Tha

GAG
Glu

cTC
Leu

ACC
Thr

TAL
TYr

ATC
Ilw

CGG
Arg

GAG
Glu

GAC
Asp

GCh
Ala

QLG
Ala

TGC
Cys

ATC
Ile

G
Ala

GLG
Gly

aGe
aly

CaT
Arg

cG3
Arg

GAT
Anp

CAC
Eik

TCA
Sar

GAM
Gla

GAG
Glu

acc
Thr

CGG
Arg

GTC
Val

TQG
Trp

CAG
Gln

GCA
Ala

alele ]
Pro

CTG
Lauy

CAG
Gln

TEA
End

CCT 3CC
Pro Ala

CCTOASTGAC AGCGGCAUTC
GQCCTCCCGE CUGOCCTTCG

of yg CaM kinase. Amino acids with solid underline are predicted

autophosphorylation sites based on similarity to « CaM kinase. The calmodulin binding domain is underfined in dashes. The boxed segment

ig present in the yg isoform but not in 4¢ CaM kinase.

lead to distinet sizes of RNA probe fragments is shown in Fig.
4c. Importantly, the nucleotide sequences of vz and v¢ are
entirely identical over this region except for the 69-base pair
insertion in yg. Therefore, ys would produce a single protected
fragment of 382 base pairs, y¢ would produce two protected
fragments of 156 and 158 base pairs, whereas v, would pro-
duce three fragments of 45, 111, and 158 base pairs. For
example, protected fragments in Fig. 4d from T cell mRNA
of 382 and 156/158 base pairs suggest that these cells express

both the vg and yc isoforms. The results shown in Fig. 44 are
consistent with information obtained from three overlapping
variahle region RNA probes and one probe from the 5’ end of
the gene. In multiple experiments using each of the four
probes, transcription of vy CaM kinase mRNA was highin T
lymphocytes, tracheal and colonic epithelia, keratinocytes,
neuroblastoma, and moderately high in muscle. vg and ¥yc
mRNA levels were very low to undetectable in B cells, liver,
and heart. The expression pattern of v¢ appeared to mirror
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that of v Mo evidence reliably emerged suggesting the pres-
ence of a putative human counterpart of the rat brain 4
isoform derived from o common parent gene,

3 .
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Fig, & Schematic of ¥ CaM kinase variable domains, Num-
bers instdy booes ndicate saze of imsertion in amino scsds, Shoded
boges are unigue inserts which correspand 1o underlined segmenia
helow, The urshaded bar 18 the 15-amino acid sepment shared by all
thres bsoforms and is bosed below, flashes in amine scod seqeence
irdicate Bo coreespondang residue in that moforn. Cabl kinase jso-
T,::;Em i, f, 3, v, and & are cDNAR derived from eat beain 03, 37, 55,

54TH

Expresaion of v CaM Kinase—Although + and § isoforms
of CaM kinase hove been cloned from rat, they have not been
i:::prm.pd ar I'rﬁwhumhu.“'_l; churecterized. We thersfore ex-
préessed v CaM kinose and examined whether it had the
maltimeric strecture and autoregulatory activity characteris-
tic of this family of kinases. The level of expression and size
of individual subunits of v, CaM kinaze were examined using
hiotinylated calmoedulin to detect enzyme hlotted to nitrocel.
Iulcse (31). COS-T cell expression of yp CaM kinase vielded
n calmaodulin binding protein of =50 kI and o second proten
aof =43 kDa which i= likely a protesdstic product (Fig. 51, The
smaller product appears to be present n sife and not 1o be
produced by proteolysis during cell harvesting based on the
fact that tranafected cells which were lvsed directly in boiling
BDS buffer contsin the 43-kDs product (data not shown),
Recombinant 4, CaM kinase migrated af the snme position
0z the {§ isoform of CoM kinase present in purified rat brain
CaM kinnse (Fig. 5, Brain), Recombinant o CaM kinase is
inchaded in Fig. 5 for comparison,

Bucrase Density Aralvsis—Cald kinase from varius tirsses
is multimeric, containing 612 subunits per holosnzyme (11
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Fie. 4. mBENA analysis: size and isoform distribotion. 2, RNA blot. 10 pg of total RNA isclated from the isdicated cell lines or
tissues were probed with the insert from close B, indscating o message of shoot 59 kb b, denaduring gel of tli-;nmplni}l"l?hl todal RNA
used for HMase protection, stained with ethidium bromide. ¢, strategy for HMase protection of varisble region of 3 Cal kinnses. The 187
base pairs of the probe which correspond o yu CaM kinese mBS5A are from nodectide BE5-1217, or amino ackd 270406, Nonlybndizing
segmeents of the probe are depicted &s angling sway from the mANA. Dashed lines indicate no sequence carrespuniding 1o the probs exisls im
the mAMNA. Predicted sizes of protected fragments are indicated. The presence of a 5, isoform in the buman & hapotbeticsl and could oaly
e detected by this approach if it did not didfer in nocleotide strocture in shared regions as wouald be the case in aliernative splicing of a
comman parent gene. o, RiNase protection. Undigested probe is adjscent to negative control (10 ug of tRNA), In esch case 10 g of tonal RNA
were ussd. No products consistent in size with predictions for 35 were relinhly observed. This experiment & repressntative of five separate

experiments using four distinet KNA probes.
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Fii, & Expression of kinase constructa. From lff, 256 ug of
total cytosclic proein from untraasfected COS ealls (Mock): COS
colls transiected with wild-type vu CaM kinase (3-CaMK), T28TD
a Cal kinase (yp* - CalM ) and wild-type o CaM kinnse |o-Calf K],
or purified mt brain CaM kinase comtaining both « and § soforms

{Hrain) was subjected to SDS-polyacerylamide ;pl electropharesis,
blotted, and detected with biotinylnted calmodulin,

This multimeric strocture & believed to be imporiant for its
sutoregulation (5). We performed sucrose density gradient
analysis to assess whether recombinant v, CaM kinase forma
o holoenzyme and to compare it to the endogenous T cell
CaM kinase. Transfection of v cDMNA into T cells elevated
the CaM kinase activity to 10-fold higher than the endogenous
mctivity present in these cells. The recombinant 4 enzyme
sedimented on sucrose gracients primarily as o single peak of
activity with an S, = 14.0, whereas our measurement for
recombinant o CaM kinase was 16.4 3 (Fig. 6, a and b), These
data indicate that, like the neuronal CaM kinases which form
heloenzymes of 8-12 subunits (4, 32, 33), y5 CaM kinase also
forme & large multimeric structure. The sedimentation belay-
ior of the recombinant CaM kinase is essentinlly identical to
the endogenous T cell CaM kinase (Fig. 6a). Relative wo
transfection inta T cells, the CaM kinase expression level in
CO8 oells was approximately B0-fold higher. This is likely
dhoe Lo the presence of the large T antigen in COS cells,
making expression from the SV4l-based SHa promoter more
effichent (Bl). A similar analvsis of the ya CalM kinase ex-
pressed in COS cells shows it to sediment at two peaks of
equal activity at 4.5 and 14.0 5 (data not shown). By SDS gel
and ealmodulin blot annlysis of sucrose gradient fractions, the
slower sedimenting peak at 4.5 5 s predominantly the 43-
kDa fragment sedimenting as n monomer, with some (=20%)
full- lang;l.h o Call kinase subunits also apparently sedi-
menting as monomers. The faster peak corresponds to a
holoenzyme formed in COS cells with a sedimentation rate
bdentical to the engyme expressed in T cells (data not shown).
Autoreguilobion of vB CaM Kinase—Multifunctional Cabd
kinases which have been characterized to date display two
phases of sutophosphorviotion, s Ca®* -dependent phase which
makes the enzyme partially avtonomous (by The™ astephos-
phorylation) and a subsequent Ca™ -independent phase cos-
ing phosphorviation at other sites (1, 8, 34). We purified vy
CaM kinnse from COS colls (see “Experimental Procedures™)
and examined this kinase for these charscteristics, Incubation
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Fi. 4. Sedimentation velocity analysis, o sucrose gradsnts
were used to investigate the presence and size of hoboenzymes of 1n
CaMl kinsse transfected in Jurkat T cells as well as endoprnows Cal
kinase in T oells, Cyvioeodic extracts (abswit § mag of todal protein) were
separated by 5-20% sucrose gradients, and fractions were analysed
for CaM kinase activity. Hoth endogenous apd s CaM kinnses
displayed peak activity in fraction 17, In arder to facilitate compari:
san, endogenoas Cald kinsse setivity & expeessed om & senle b-fold
higher thim yy. Moleculsr msss marker abhroviations: BSA, bovine
errum afbumin; CAT, calalases THY, thyraglobulin b, comparizon of
sedimentation velocity of holeenaymes: endopenows T cell (T s
CaM kinase Leansfected into eicher Jurkat o DOS-T cells {yg) or o
CaM kinase in C0OS cells (o).

for 60 s in the absence of caleium/calmodulin caused o
perceptible incorporation of P, while 20 s in the presence of
Co™ fenlmodulin caused moderate incorporatbon of label
When a 20-s incubation with ealeium was followed by 40 2 in
the ahsence of calcium (EGTAD, total label was significantly
incrensed and a slower migrating species also appeared. con-
gistent with multiply phosphorylated CaM kinase, A full 60-
& incubation in the presence of Ca®™ fealmodulin dois not yield
either as much total “F incorporation or the slower migrating
species characteristic of the two phase incubation (Fig. Tal.
These findings are consistent with an initial requirement af
Ca™ fealmodulin dependent autophosphorylation prior to a
Co* -independent phase of mutophosphorylation ns described
for other izaforms of CalMl kinase (7-100. A [aster migrating
gpecies (=43 kDa) which appears to be autophosphorylated
by Ca** jealmodulin may be the protealytic fragment of yw
CaM kinase visible in Fig. 5 n a ealmodulin-binding protein.

Dioes yn CaM kinase become Ca**-independent following
Ca™ -stimulated sutophosphorylation? To investigate this, v
CaM kinnse was autophosphorylated by preincubation for 20
seconds with Ca® /ealmodulin and ATP and the offect on its
Ca™*-independent activity was maonitored. Indeed, Ca™ pre-
treatmont increased Ca™ -independent activity from ~1% to
~40% (Fig. Th). For o CaM kinase, Thr™ corresponding to
Thr™ of the 5 CaM kinases) serves as the critical autogehos-
phoryiation site as shown by studies in which generation of
autonomous sctivity correlated with phosphorylation of this
gite (8, 36) and by site-directed mutation of The™ 1o Ala
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Frz. 7. Autophosphorylation and activity of human ys CaM
klnnse. o, autoradiograph of sutophosphorylated, purified yu CaM
kinase., Approsimadely 100 ng of purified vy CaM Rinase swere incis-
bated in ithe presence of labeled ATEF for § froem lefd fo raghil: 1| min
in the absence of caleiem, 200 & in the jrresence al calemim, 50 & wilh
calciam follkowed by 40 8 witheut calcrum, and 1 min in the presencoe
of caleium. Free caleium was calcualated to be below 1080 ny for =Ca™,
nmd =1 miM for +Ca™, & geperation of sutonomy. Cytosolic extrso
from p-tranafected C05 cells was incwhated in the ahsence | Miie)
or presence {Autephospherdated ] of Ca fealmodhilin for 30 & and
then asaayed For the ability 1o phosphorcate & Cad kinsse-specific
peptide. The naive engyme served &8 control, These results are the
average of Lhree experiments each performed in triplicate, o, Kinase
Activity, 4 @ of total proten from cytosolic extrcts ol tramsfected
COS erlls were mssaved for phesphorvlation of 8 Call kinsse-specific
pql{pﬂr in the ahessnre ar presefse ol ealeriem/ealmndhilin for B0 &,
with 1 mm ATF.

o o
i

which destroved the ahility of the kinase to become auton-
miois (271 The amoregulntory rmbe of Thr™ has also been
demonstrated by mutating this residee 10 nspartic ackd, mim-
ieking auntophosphorylation at this site, and generating a
kinase which iz substantially Ca™ -independent (11, 12), We
therefore made the analogous mutation in 5 CaM kinsse
{reforred (o 2 sither T2RTD or yw' | o nssese whether this
threonine has & simifar role in the sutoinhibitory domain of
w &8 o, Indeed, the TIATD mutation mimics the eflfect of
autophosphorylation in dizsrupting the sutoinhilsitery domain,
Thus there is a considerable inerense in the Co'-independent
activity from backgrouns levels (=5%) for 3 CaM kinase to
neardy 40% of total Ca™ fealmodulin-stimalated activity for
the TZRT1E mutant (Fig. Tl Kinnse assave of these conelnacts
tranafected into COS cells vielded total activity in the pres
ence of t_'n"‘,."-,'nlmm'lulin similar to o UnM kinnse (data not
shoswn) and similar “plus calcom” activity for both 35 and
" CaM kinnse (Fig. Teh, The conceniratbon of ATF in the
assny mix was observed to aflect the calcium-independent
activity measuped, with nearly 40% nt 1 md ATPF and 10-
15% at 20 us ATPE. This effect i= consistent with previous
atisdies (12) and the 1| my ATP concentratbon was chisen
hecause it more neatly reflects the intracellulor ATH concen:
tration of =28 ma (36). Interestingly, on SD5 gels the 44*
mutant is hoth perceptibly shifted up ond appears 0 be
reamstant 1o protealyals in s (Fig 51 The diminished pro-
teolysis of 44 and the change in migration may be caused by
a conformutbonal change due 1o the aspariaie,

DISCUSSION

CaM Einase has recently been shown to activate a chlornde
channel in human tracheal epathelia and lymphooytes (135,
14). To understand CaM kinase involvement o sife it is
impartant to study the soforms expressed in these tissues,
Here we describe the eDMNA sirocture, tissue localizsibon, and
charscterization of a8 CaM kinmes eupressed in tracheal epi
thelial cells, lymphscstes, aml other human tissues.

We found two closely related variants of CaM Kinase tran.
scribed in human, 35 and 5, which differ Ir_l.' 2 aming scids
in the varinble domain (Fig. 3), It is possible that these twao
varianis arss from alternative splicing as 1= believed to be the
case for & and &7 (37, 58 There are, however, four nueleotide
differences btween 4p nnd 3 which could indicate that these
two ¢lones are products of distinet genes rather than of
differential splicing of one gene. The fact that three of these
four differences do i affect the amino acil encoded sugpesis
that these are not random POR-generated mistakes (39, 40)
nlthoaegh we cannot rube out this pessability. Our results from
RMase prodection suggesi that the yu and 5 isoforms wre
exprissed in omost hui pot all human Biesoes, In peniernl,
expression of 3¢ seems (o cornelate closely with 5p expression,
while we observed no reproducible evidence of o putative
humnn 5, isoform created by splicing of a parent or closely
related 4 geme. We do not mule out the possibility that 5,
CaM kinase may exist in humans, a= iis expression bevels may
be below our threshold for detection, or it may be present in
tissues we did not study, The lnrge difference in bronscripe
bevels between B amd T lvmphocyies (Fig. 4d) could reflect
|:u|.r1'l:|:'n|.-:-|:t|.-1.'|l"|.-|.' rﬂ:'ull'l'lm:ll relevant to immune function Al-
though the BNA blot in Fig 40 suggests the presence of
substantial guantities of vs CaM kinase in B bymphocytes,
this signal must actually represent cross-hybridization 1o
rebated isofornes, ince nao gu or 5 message is detecied by the
mire specific BNnse protection probes (Fig. 40 ) The RNA
bt annlysis of rat tissues (3) utilized o 5, probe which woulsd
mot have distimgpuished vy nwd 3e messages from .. (her
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nonneuronal CaM kinases appear to exist in human. In an
initial phase of this study we amplified and sequenced three
PCR products derived from epithelial cells, T and B lympho-
cytes which corresponded to the catalytic domain of a CaM
kinase closely related to rat brain 6 and distinct from the -
like isoforms described here (data not shown),

Although we have not directly shown that these human vy
CaM kinase mRINAs are translated in these tissues, there are
at least two links between the g clone and the endogenous
CaM kinase activity of T cells. First, both recombinant and
endogenous lymphocyte kinases form holoenzymes which co-
sediment on sucrose gradients. Second, both share character-
istics of multifunctional CaM kinases. The endogenous and
recombinant T cell kinase activities are dependent on Ca**/
calmodulin and they phosphorylate a synthetic peptide sub-
strate (41) that is phosphorylated by avthentic CaM kinase
but not by protein kinase C, cAMP kinase, or other cellular
kinases,

Recent studies suggest that the holoenzyme structure of
CaM kinase may be important in the regulation of kinase
activity (5}, Although the « and 3 isoforms of rat brain CaM
kinase have been expressed and shown to form holoenzymes,
no expression studies have been reported for v or §. Sucrose
gradient analysis provided evidence that the human recom-
binant vp isoform is capable of forming a holoenzyme com-
posed entirely of homologous subunits which cosediments
with the endogenous T lymphocyte CaM kinase. It is inter-
esting that the vp isoform expressed in COS cells, but not in
its native tissue, is proteolyzed to a considerable degree into
a monomeric, catalytically active form. This finding may be
a consequence of the >50-fold higher level of expression in
COS cells relative to Jurkat T cells, or may be due to an
intringic stabilization of the holoenzyme in the native tissue.

In order to investigate autoregulation of the yr CaM kinase
and to create 2 Ca” -independent or constitutive mutant, site-
directed mutagenesis was employed to replace Thr®' with an
aspartic acid (T287D or vg*). Based on homology to a CaM
kinase, the phosphorylation state of this amino acid regulates
autonomous kinase activity (1, 11) and the yu mutant, yg*,
was indeed “autonomous,” possessing nearly 40% of maximal
activity without stimulation by Ca®"/calmodulin (Fig. 7c).
While Thr®® corresponds to the best characterized autophos-
phoryiation site on a CaM kinase (Thr®®), several other
identified autophosphorylation sites are conserved in ya/¥c
CaM kinases, including Thr*™, Thr*, and Ser®'®. These three
residues have been shown in the o isoform to become phos-
phorylated during the second (Ca®* independent) phase of
autophosphorylation and to inhibit further binding of Ca®*/
calmodulin {28). In analogy to @ CaM kinase, it is likely that
phosphorylation of these sites following removal of Ca®* is
responsible for the higher level of autophospherylation in lane
3 relative to lane 2 of Fig. 7a.

Reports that « CaM kinase can regulate transcription via
the cAMP response element-binding protein (42), phos-
phorylate the inositol trisphosphate receptor in vitro (43),
mediate nuclear envelope breakdown in sea urchin eggs (44),
and affect mammalian cell cycle control {45) suggest intrigu-
ing ways that CaM kinase can interact with signaling cascades
used in many biological systems. Several approaches have
been employed to identify the role of CaM kinase in signalling
pathways including microinjection of antibody, of highly spe-
cific inhibitory peptides or of constitutive forms of the kinase.
CaM kinase-mediated activation of chloride channels in hu-
man T lymphocytes and airway epithelia was demonstrated
using whole cell and single channel patch clamp analysis with
inhibitory peptides or purified CaM kinase (13, 14}. It is likely

Human CaM Kinase Isoforms

that CaM kinase may play a role in some of the many Ca®-
dependent processes for which no mediator has been idenii-
fied. In the T lymphocyte, for example, Ca®" is involved in
multiple processes in addition to chloride channel activation
as described above. These processes include activation and
lymphokine synthesis (46), negative selection in the thymus
(47), clonal anergy (48}, and cell death or apoptaosis (49).
However, identification of the mediator(s) of these calcium
signals has been difficult, with success coming only in the
case of calcineurin’s role in T cell activation (50, 51}, Clomng
the isoform expressed in a given tissue facilitates further
elucidation of CaM kinase function, by approaches such as
microinjection or transfection of constitutive mutants (11,
52), and blockage of CaM kinase expression by antisense
mRNA or oligonucleotides.

Many questions remain regarding the rcles of the multiple
isoforms of CaM kinase. In mammalian tissues, with the
addition of the two human isoforms reported here, there is a
family of seven: «, 8, 8', va, ¥s, Yo, &nd 8. Where analyzed.
these isoforms are found to be regulated developmentally and
to exhibit diverse cellular localization (3, 53, 54). Several
possible functions can be suggested as to why these variants
exist. (i) Isoforms appear to affect holoenzyme assembly. We
have shown evidence consistent with fewer subunits being
expressed in the vy isoform (6-8 subunits} than in o (10-12
subunits). Since autophosphorylation of CaM kinase occurs
within each holoenzyme, the number of subunits per holoen-
zyme may affect the kinetics of autophosphorylation. {ii)
Variation between isoforms may affect calmodulin affinity. A
recent study suggests that « CaM kinase traps calmodulin by
autophosphorylation of Thr®, a mechanism that potentiates
its action (6). The modulation of the affinity for calmodulin
may be dependent on the nature and position of the insertions
since they are adjacent to the C-terminal end of the calmod-
ulin binding domain. (iii} Subcellular localization: the varia-
tions between kinase isoforms may contain or alter exposure
of protein targeting sequences responsible for intraceilular or
nuclear localization. This may allow concentration of the
kinase near selective cellular substrates. (iv) The intrinsic
substrate specificity of the kinase may be modulated, although
isoforms from various tissues have been found lo possess a
highly related in vitro substrate profile (1}. In summary,
although distinct functions have not been characterized for
the isoforms yet, their rich variety and differential expression
suggest that they have become specialized for roles they play
in muitiple {issues.

Acknowledgment—We thank Phyllis Hanson for purified rat brain
CaM kinase, advice, and discussions.
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